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Nonlinear evolution equations with delays
satisfying a local Lipschitz condition

Jin-Mun Jeong! and Ah-ran Park?

1.2 Department of Applied Mathematics, Pukyong National University
Busan 608-737, Korea

Abstract

In this paper, we establish the maximal regularity for the nonlinear functional
differential equations with time delay and establish a variation of constant formula for
solutions of the given equations. We make use of the regularity of the linear differential
equations that appears on given Gelfand triple spaces.

Keywords: Nonlinear evolution equation, regularity, local Lipschtiz continuity, de-
lay, analytic semigroup

AMS Classification Primary 35K58; Secondary 76803

1 Introduction

In this paper, we consider the following nonlinear functional differential equation with
time delays in a Hilbert space H:

2(0) =g° x(s)=g'(s) se[-h0). (1.1)

{ 2 () + Az(t) = [°) g(t,s,x(t), x(t + 5))u(ds) + k(t), 0<t<T,
Here, k is a forcing term, and Ag is the operator associated with a sesquilinear form
defined on V x V satisfying Garding’s inequality, where V' is another Hilbert space such
that V. C H C V*. The nonlinear term g, which is a locally Lipschitz continuous operator
from L?(—h,T;V) to L?(0,T; H), is a semilinear version of the quasilinear one considered
in Yong and Pan [13]. Precise assumptions are given in the next section.

It is well known that the future state realistic models in the natural sciences, biology
economics and engineering depends not only on the present but also on the past state.
Such applications are used to study the stability, controllability and the time optimal
control problems of hereditary systems. The regular problems the semilinear functional

Email: 'jmjeong@pknu.ac.kr( Corresponding author), alanida@naver.com
This work was supported by a Research Grant of Pukyong National University (2017 Year).
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differential equations with unbounded delays has been surveyed in Vrabie [12] and Jeong
et al. [8].

As for the regularity results for a class of nonlinear evolution equations with the non-
linear operator A were developed in many references [1-4]. Ahmed and Xiang [1] gave
some existence results for the initial value problem in case where the nonlinear term is not
monotone, which improved Hirano’s result [7].

In this paper, we will establish a variation of constant formula for solutions of the
given equation with a general condition of the local Lipschitz continuity of the nonlinear
operator , which is reasonable and widely used in case of the nonlinear system. The main
research direction is to find conditions on the nonlinear term such that the regularity result
of (1.1) is preserved under perturbation. In order to prove the solvability of the initial
value problem (1.1) in Section 3, we establish necessary estimates applying the result of
Di Blasio et al. [6] to (1.1) considered as an equation in H as well as in V* in Section 2.
The important technique used is a successive approach method using the regularity and a
variation of solutions of the corresponding linear equations without nonlinear terms.

2 Preliminaries and Assumptions

If H is identified with its dual space we may write V. C H C V* densely and the corre-
sponding injections are continuous. The norm on V', H and V* will be denoted by ||-|], | -|
and || -||«, respectively. The duality pairing between the element v; of V* and the element
vy of V' is denoted by (v, v2), which is the ordinary inner product in H if vi, vy € H.
For [ € V* we denote (I,v) by the value [(v) of [ at v € V. The norm of [ as element

of V* is given by
l,v
il = sup 142

vev oIl

Therefore, we assume that V has a stronger topology than H and, for brevity, we may
regard that
lulls < lul < lull, VueV. (2.1)

Let a(-,-) be a bounded sesquilinear form defined in V' x V and satisfying Garding’s
inequality
Re a(u,u) > wi|ul|* — walul?, (2.2)

where wy; > 0 and wy is a real number. Let A be the operator associated with this
sesquilinear form:
(Au,v) = a(u,v), u, veV.

Then —A is a bounded linear operator from V to V* by the Lax-Milgram Theorem. The
realization of A in H which is the restriction of A to

D(A)={ueV:Auec H}
is also denoted by A. From the following inequalities

wilul® < Rea(u,u) + walul* < C|Aul [u| +wa|uf® < max{C,wa}|ul[p(a)lul,
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3
where
[ullpeay = (|Aul* + |uf*)?
is the graph norm of D(A), it follows that there exists a constant Cy > 0 such that
1/2
[ull < Collul 3¢y lul 2 (2.3)
Thus we have the following sequence
D(A)cV CHCV*CD(A), (2.4)

where each space is dense in the next one which continuous injection.

Lemma 2.1. With the notations (2.3), (2.4), we have
(Va V*)1/2,2 =H,
(D(A),H)1/22 ="V,

where (V,V*)1/2,2 denotes the real interpolation space between V and V* ([5], Section 1.3.3
of [11], ).

It is also well known that A generates an analytic semigroup S(¢) in both H and
V*. For the sake of simplicity we assume that ws = 0 and hence the closed half plane
{A:Re X > 0} is contained in the resolvent set of A.

If X is a Banach space, L?(0,T; X) is the collection of all strongly measurable square
integrable functions from (0,7 into X and W12(0,T; X) is the set of all absolutely con-
tinuous functions on [0, 7] such that their derivative belongs to L?(0,7T; X). C([0,T]; X)
will denote the set of all continuously functions from [0,7] into X with the supremum
norm. If X and Y are two Banach space, £(X,Y) is the collection of all bounded linear
operators from X into Y, and £(X, X) is simply written as £(X). Let the solution spaces
W(T) and Wi (T) of strong solutions be defined by

W(T) = L*(0,T; D(A)) N W"2(0,T; H),
Wi(T) = L*(0,T; V) N Wh2(0,T; V*).
Here, we note that by using interpolation theory, we have
W(T) c C([0,T]; V), Wi(T) c C([0,T]; H).
Thus, there exists a constant My > 0 such that
llxllcomvy < Mollzllwery,  zlleqor;m < Mollzllw, (1)- (2.5)

The semigroup generated by —A is denoted by S(¢) and there exists a constant M such
that
ISl < M, [IS@)][« < M.

The following Lemma is from Lemma 3.6.2 of [10].
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Lemma 2.2. There exists a constant M > 0 such that the following inequalities hold for
all t > 0 and every x € H or V*:

St)a| < Mt |zll., 1Szl < MEH2|al.

First of all, consider the following linear system

{ z(t) + Ax(t) = k(t),
a(

0 (2.6)

By virtue of Theorem 3.3 of [6](or Theorem 3.1 of [8], [10]), we have the following
result on the corresponding linear equation of (2.6).

Lemma 2.3. Suppose that the assumptions for the principal operator A stated above are
satisfied. Then the following properties hold:

1) For g € V = (D(A),H)1/22(see Lemma 2.1) and k € L*(0,T; H), T > 0, there eists
a unique solution x of (2.6) belonging to W(T') C C([0,T1; V') and satisfying

zllwry < Crlllzoll + [l L2 0,70 (2.7)

where C1 is a constant depending on T .
2) Let xg € H and k € L*(0,T;V*), T > 0. Then there exists a unique solution = of (2.6)
belonging to W1 (T) C C([0,T]; H) and satisfying

2l (r) < Crllzol + [[Fl L20mv+))s (2.8)

where C1 is a constant depending on T.

Lemma 2.4. Suppose that k € L?(0,T; H) and x(t fo (t — s)k(s)ds for 0 <t <T.
Then there exists a constant Cy such that

2|l z20,,0(4)) < Crllkll L2007 (2.9)

2l 220,10,y < C2T'| K| 20,115 (2.10)
and

][ 20,750 < CQﬁHkHLz(O,T;H)- (2.11)

Proof. The assertion (2.9) is immediately obtained by (2.7). Since

||x”%2(0,T;H) —fo ]fo (t — s)k(s)ds|?dt < Mfo fo |k(s)|ds)?dt
<M [Tt [T |k(s)dsdt < MZE [T |k(s)|?ds

it follows that

2| 20,7501y < T/ M/2|[K|| 20,1 1) -
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5
From (2.3), (2.9), and (2.10) it holds that
12/ 2.1y < Co/CrT(M/2)Y4[K|| 207119
So, if we take a constant Cy > 0 such that
Co = max{/M/2,Co\/Cr(M/2)'/*},
the proof is complete. O

3 Semilinear differential equations

In this Section, we consider the maximal regularity of the following nonlinear functional
differential equation

{ 2 (t) + Ax(t) = [°, g(t,s,2(t), x(t + s))u(ds) + k(t), 0<t<T,

z(0) =¢° x(s) =g'(s) s€[-h,0), (3.1)

where A is the operator mentioned in Section 2. We need to impose the following condi-
tions.

Assumption (F). Let £ and B be the Lebesgue o-field on [0, c0) and the Borel o-field on
[—h, 0], respectively. Let p be a Borel measure on [—h,0] and g : [0,00) X [—h,0] XV xV —
H be a nonlinear mapping satisfying the following:

(i) For any z,y € V the mapping g(-,-, x,y) is strongly £ x B-measurable.

(i1) g(t,s,x,y) is locally Lipschitz continuous in  and y, uniformly in (¢, s) € [0, 00) X
[—h, 0], i.e., there exist positive constants Lo, Li(r) and Lo such that

l9(t,s,2,y) = g(t,5,2,9)| < La(r)|z — | + Lally = g,
for all (¢,s) € [0,00) X [=h,0],y, g€V, |z] <rand |z| <r.
(iii) There exists a real number Ly such that
l9(t, 5,2, )] < Lo(1+ |z[ + |y]),  [g(t:5,0,0)] < Lo,
for any (t,s) € [0,00) X [—h,0], z € H,and y € V.

Remark 3.1. The above operator g is the semilinear case of the nonlinear part of quasi-
linear equations considered by Yong and Pan [13].

For z € L3(—h,T;V), T > 0 we set
0
G(t,z) = /hg(t7 s,x(t), z(t + s))u(ds). (3.2)

Here, as in [13] we consider the Borel measurable corrections of x(-).
Let U be a Banach space and the controller operator B be a bounded linear operator
from the Banach space L2(0,T;U) to L?(0,T; H).
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Lemma 3.1. Let v € L*(—=h,T;V), T > 0 and ll|lcqom,my < 7. Then the nonlinear
term G(-,x) defined by (3.2) belongs to L*(0,T; H) and

GG, 2) 200y < (=R, O){LoVT+(L1(r)+ L) ||zl 207y + L2llg | 2(-noay } (33)
Moreover, if x1,x2 € L2(—=h,T;V), then

1G(,21) = G(,22) || L20,750) < ([, 0])
x {(L1(r) + Lo)llz1 — @2l 20,mv) + Lallzr — 22l n2(—hovy (3-4)

Proof. From (ii) of Assumption (F), it is easily seen that

IGC,2) | 2., < #([=h, OD{LoVT + Li(r)|zl 20,y + 12l 22(-nry }
< p([=h, OD{LoVT + (L1(r) + Lo)llz|l 20 vy + Lllz | 2 (-0 }-

The proof of (3.4) is similar. O

From now on, we establish the following results on the local solvability of (3.1) repre-
sented by
z'(t) + Az(t) = G(t,x) + k(t), te (0,T]
2(0) = g% 2(s) = g'(s), s €[-h,0].

Theorem 3.1. Let Assumption (F) be satisfied. Assume that (¢°,g') € H x L*(=h,0;V),
k€ L*(0,T;V*). Then, there exists a time Ty € (0,T) such that the equation (3.1) admits

a solution
z € L*(—=h,To; V)N W20, Tp; V*)  C([0,Tp); H). (3.5)

Proof. For a solution of (3.1) in the wider sense, we are going to find a solution of the
following integral equation

2(8) = S(B)g° + /0 S(t — $){G(s,2) + k(s)}ds. (3.6)

To prove a local solution, we will use the successive iteration method. First, put

zo(t) = S(t)g° + /0 S(t — s)k(s)ds

and define x;11(t) as

t
1 (t) = 20(t) +/ S(t— $)G(-, 2;)ds. (3.7)
0
By virtue of Lemma 2.3, we have xo(-) € Wi (t), so that

ol lw, ) < Crllzol + |1kl L2(0,v+))5
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where C is a constant in Lemma 2.3. Choose r > ClMo_l(]a:o\ +11kl|£2(0,¢+)), where My

is the constant of (2.5). Putting p(¢ fo (t —s)G(-,x0)ds, by (2.11) of Lemma 2.4, we
have

1Pl 220.6v) < CoVEIG( 20) ] 2(0:0)

< 02\[{N —h, 0)) LoVt + (L1 (r) + Lo)llz|l 20,750 + LQHQIHLQ(—h,O;V)}
= Cop([—h, 0]) Lot + Cop([—h, 0]) [(L1(r) + Lo) vy + Lallgt | L2 —no)] VE

(3.8)
So that, from(3.5) and (3.6),
|\$1|\L2(0,t;V)
< 7+ Copl[=h, 0Dt + Cop([~h, ON{(L1(r) + Lo) |2 20, 2vy + Lallg | 2 (—non) }VE
<3r
for any
m = min{r(Capu([~h,0])) ",
r{(Copu([=h, 0)) (L1 (r) + La) |z 20,720 + 9" 12 n0:v))} 2}
0 <t < m. By induction, it can be shown that for all j = 1,2, ...
ijHLQ(O,t;V) S 37“, 0 S t S m. (3.9)
Hence, from the equation
zjp1(t) — / S(t—s){G(t,z;) — G(t,xj—1)}ds
From (2.11), (3.7) and Assumption (F), we can observe that the inequality
211 = 2jll2000v) < CoVHIG( 25) = G w1l 20
{Cop([=h, 0))(L1(3r) + Lo)v/t}’
< 7l |1 — 2ol L2(0,4,v)
holds for any 0 < ¢t < m. Choose Ty > 0 satisfying
Ty < min{m, {Cop([—h, 0])(L1(3r) + L)} 2}. (3.10)

Then {z,} is strongly convergent to a function x in L?(0, Tp; V) uniformly on 0 < ¢t < Tj.
By letting j — oo in (3.7), we obtain (3.6). Next, we prove the uniqueness of the solution.
Let € > 0 be given. For e <t < Ty, set

t—e

zé(t) = S(t)g° + ; S(t — s){G(s,x) + k(s)}ds. (3.11)
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Then we have z¢ € Wi (Tp) and for z€, y¢ € B,(Tp) which is a ball with radius r in
L?(0,Ty; V), since

() — <(t) = /0 S(t — $){G(s,2) — G(s,2)}ds

+ S(t — s){G(s,z%) + k(s)}ds,

t—e
with aid of Lemma 2.4,
|z — 2 20,10v) < Copl[=h, O])(L1(r) + L2) v/ Tollz — 2| L20,10,v)
+ Cov/eu([=h, 0D{(LoVTo + (L1 + La)||z| 20,1y + Vol [kl 120,10 }-

we have ¢ — x as e — 0 in L?(0,Tp; V). Suppose y is another solution of (3.1) and
ye is defined as (3.11) with the initial data (¢°, g'). Let 2¢, y¢ € B,. Then From Lemma
2.2, it follows that

To s—e
Hf—¢Mm%mS[A WA S(s — T){(G(2%) = G(-,y"))}dr|Pds]
To S—e€
< M[/O (/0 (s — 1) V2|G(-,2%) — G (-, ) |dr) ds]
— r b S_68—7'_17' o :U67'—57'27'sl/2
SMMfWMMMA‘A( )dﬂ 2<() — v (7)|[Pdrds]

To (™
< Mu(=h 0D Ea(r) oz -2 [ 1o = L0y

so that by using Gronwall’s inequality, independently of €, we get 2¢ = 3¢ in L?(0, Tp; V),
which proves the uniqueness of solution of (3.1) in W;(Tp). O

From now on, we give a norm estimation of the solution of (3.3) and establish the
global existence of solutions with the aid of norm estimations.

Theorem 3.2. Under the Assumption (F) for the nonlinear mapping G, there ezists a
unique solution x of (3.1) such that

z e Wi(T) C C([0,T); H). (3.12)

for any (¢°,¢%) € H x L2(0,T; V), k € L*(0,T; V*). Moreover, there exists a constant C3
such that

[zl < Cs(lzol + [[Ell L2 (0,75v+)); (3.13)

where C3 is a constant depending on T.

Proof. Let y € B, be the solution of the following linear functional differential equation
parabolic type;

{ y'(t) + Ay(t) = k(t), te(0,T].
y(0) = ¢°.
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Let the constant 77 satisfy (3.10) and the following inequality:
T
0001(715)%#([—;1, 0)) (L1 (r) + L2) < 1. (3.14)

Then we have

{ d( —y)(t)/dt + Az —y)(1)) = Glt,2), ¢ € (0,Ty).
(= )(0) =0.

Hence, in view of (F) and Lemmas 2.3 and 3.1,
|z = yllz20,m;000) wr20,1:m) < CLIG( @) 220,10 0)
< Cip([=h, N { Lo/ Ty + (La(r) + Lo) |2l 20,150 + Lallg* | 2(—nosv) }
< Crp([=h, OD)(La(r) + L2) (12 = yll 2 o/my:v) + ¥l 220,13))
+ C1p([=h, 0)) (Lov/T1 + L2||91HL2(—h,O;V))-

Thus, by the above inequality and arguing and (2.3),

1 1
H.%' - yHLz(O,TuV) < COHx - y"22(07T1;D(A))"x - y”i%ogﬁ;]{)
1 T 1
< Collr — yHL2(0,Tl;D(A)){EHx - yHV{/L?(o,Tl;H)}2

Ty .1
< 00(715)2 ||z — y|’LQ(O,Tl;D(A))mWLQ(O,Tl;H)

< Cof \Tf P {Capul[=h, O (La(r) + L) Iyl 2073201
+ Cru([—h, 0]) (Lov/T1 + Lollg" |l r2(-no0v)) }
+ CoCU(5 (=0T (1) + L)l = vl o
Therefore, since

CoCr(Z5)2 ([, O) (L1 (r) + Lo)
1fcocl(T7>% (I=h, OD(La () + L2)

||z — yHL?(o,Tl; ) HyHL2(O,T1;V)

N 0001(?) ([=h, 01) (Lov/T1 + Lallg*l 2(—n0.v))
1- Cocl(%)éﬂ([—hv 0])(L1(r) + L)
we have
1
2|20,y < 3 1yllz20,103v)

1= CoCr(8)2 ([, D (La(r) + L)
CoCr(Z5)2 u([=h, 0)) (LoV/Ti + Lallg*ll12(-n.ov)
1= CoCr(5)2 [~ ) (La(r) + La)
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and hence, with the aid of (2.8) in Lemma 2.3 and Lemma 3.1, we obtain

‘|x"LQ(O,Tl;V)ﬂWLZ(O,Tl;V*) (3.15)
<C1(1¢°l + 1GC 2) | 20,10+ + Rl 2 (0,13:0+))
<Ci UQO\ + M([—hyo]){LO\/ﬁ+ (L1(r) + Lo)llzl 220,750y + L2H91”L2(—h,0;v)}
+ 11kl L20,1:v4)]
<C3(1¢°1 + (1Kl L2031+

for some constant C3. Now from (2.5) and (3.15), it follows that
|2(T)] < |lzlleqommy < MoCs(19°] + 1kl 2 013v+))- (3.16)

So, we can solve the equation in [T7,277] with the initial data (x(71),z7,), and obtain an
analogous estimate to (3.15). Since the condition (3.14) is independent of initial values,
the solution of (3.1) can be extended the internal [0, n77] for a natural number n, i.e., for
the initial w(nT1) in the interval [nT1,(n + 1)T1], as analogous estimate (3.15) holds for
the solution in [0, (n + 1)T1]. O

By the similar way to Theorems 3.1 and 3.2, we also obtain the following results for
(3.1) under Assumption (F) corresponding to 1) of Lemma 2.3.

Corollary 3.1. Let (¢°,g%) € V x L2(—h,0; D(A)) and k € L*(0,T; H). Then there exists
a unique solution x of (3.1) such that

z € L*(0,T; D(A)) n W20, T; H) c C([0,T]; V).
Moreover, there exists a constant Cg such that

2|l z20,7; DA w12 0,750) < Cs(19°l + [kl 20,7:m))

where C3 is a constant depending on T
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Investigation of a-C-class functions with applications

Aftab Hussain®, Arslan Hojat Ansari®, Sumit Chandok®, Dong Yun Shin® and Choonkil Park®*

Abstract: In this paper, we introduce the new idea of a-C-class function and establish new fixed point results
in a complete metric space. It can be stated that the results that have come into being give substantial
generalizations and improvements of several well known results in the existing comparable literature.

1 Introduction and preliminaries

In 1973, Geraghty [7] studied a generalization of Banach contraction principle. In 2012, Samet et al. [20]
introduced a concept of a-1-contractive type mappings and established various fixed point theorems for
mappings in complete metric spaces. The notion of an a-admissible mapping has been characterized in
many direction. For details, see [2, 4, 8, 9, 10, 11, 12, 14, 16, 17, 18, 21, 22, 23] and references therein.

Now, we give some basic definitions, examples and fundamental results which play an essential role in
proving our results.

Definition 1 [20] Let S : X — X be a self mapping and let o : X x X — [0,00) be a function. We say that
S is a-admissible if v,y € X with o(z,y) > 1 = o(Sz, Sy) > 1.

Example 2 [15] Consider X = [0,00) and define S: X — X and a: X x X — [0,00) by Sz =2z and
6%7 x 2 Y,x 7& 07
a(z,y) =
0, T <y.
Then S is a-admissible.

Definition 3 [1] Let S,T : X — X be self mappings and let o : X x X — [0,+00) be a function. We
say that the pair (S,T) is a-admissible if x,y € X such that a(z,y) > 1, then we have a(Sz,Ty) > 1 and
a(Tz, Sy) > 1.

Example 4 Let X = [0,00) and define a pair of self mappings S, T : X = X and a: X x X — [0,00) by
St =2z, Tz =22 and

( ) er, l’,y 2 0)
a(z,y) =
Y 0, otherwise.

Then a pair (S,T) is a-admissible.

Definition 5 [13] Let S : X — X be a self mapping and let o : X x X — [0,400) be a function. We say
that S is triangular a-admissible if x,y € X with o(x,2) > 1 and o(z,y) > 1 = a(z,y) > 1.

Example 6 [13] Let X = [0,00), Sz = 22 + e and

( ) 17 x? y G [O’ 1]?
a(z,y) =
Y 0, otherwise.

Hence S is a triangular a-admissible mapping.

O*Corresponding authors.
OKeywords: fixed point; contraction type mapping; a-C-class function; metric space.
OMathematics Subject Classification 2010: Primary 46540; 47H10; 54H25.
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Definition 7 [13] Let S : X — X be a self mapping and let o : X X X — R be a function. We say that S
is a triangular a-admissible mapping if

(T1) a(x,y) > 1 implies a(Sz, Sy) > 1, z,y € X;
(T2) a(x,z) > 1 and a(z,y) > 1 imply a(z,y) > 1, z,y,z € X.

Example 8 [13] Let X =R, Sz = ¥z and a(z,y) = e* Y. Then S is a triangular a-admissible mapping.
Indeed, if a(z,y) = e*~Y > 1, then x > y which implies Sz > Sy. That is, a(Sz, Sy) = e5*~5¥ > 1. Also,
if a(xz,z) > 1 and a(z,y) > 1, thenx — 2> 0, z—y > 0. That is, x —y > 0 and so a(z,y) =e*Y > 1.

Definition 9 [1] Let S,T : X — X be self mappings and let o : X x X — R be a function. We say that a
pair (S,T) is triangular a-admissible if

(T1) a(z,y) > 1 implies a(Sz,Ty) > 1 and o(Tx,Sy) > 1, z,y € X;
(T2) a(x,z) > 1 and a(z,y) > 1 imply a(z,y) > 1, z,y,z € X.

Example 10 Let X = R and define a pair of self mappings S, T : X — X and a: X x X = R by Sz = /x,
Tx = 2% and a(x,y) = €Y for all x,y € X. Then a pair (S,T) is a triangular a-admissible mapping.

Definition 11 [19] Let S : X — X be a self mapping and let a,n: X x X — [0,4+00) be two functions. We
say that S is an a-admissible mapping with respect to n if x,y € X with o(z,y) > n(z,y) = a(Sz, Sy) >
n(Sz, Sy).

Note that if we take n(x,y) = 1, then this definition reduces to the definition in [20]. Also if we take
a(z,y) = 1, then we say that S is an 7-subadmissible mapping.

Example 12 Let X = [0,00) and S : X — X be defined by Sx = 5. Define a,n : X x X — [0,400) by
a(z,y) =3 and n(z,y) =1 for all x,y € X. Then S is an a-admissible mapping with respect to 1.

Lemma 13 [6] Let S : X — X be a triangular a-admissible mapping. Assume that there exists xo € X
such that a(zxg,Sxo) > 1. Define a sequence {x,} by xp41 = Sx,. Then we have a(xn,xy) > 1 for all
m,n € NU{0} with n < m.

Lemma 14 Let S,T : X — X be a pair of triangular a-admissible. Assume that there exists xg € X such
that a(xzg, Sxg) > 1. Define a sequence x2,11 = Sxa;, and Tai1o = Txai41, where i = 0,1,2,---. Then we
have a(xy, Tm) > 1 for all m,n € NU{0} with n < m.

We denote by Q the family of all functions g : [0, +00) — [0, 1) such that, for any bounded sequence {¢,,}
of positive reals, 3(t,) — 1 implies ¢,, — 0.

Theorem 15 [7] Let (X,d) be a metric space. Let S : X — X be a self mapping. Suppose that there exists
B € Q such that, for all x,y € X,
d(Sz, Sy) < B (d(z,y)) d(z,y).

Then S has a fized unique point p € X and {S™x} converges to p for each x € X.

In 2014, Ansari [3] introduced the concept of C-class functions which cover a large class of contractive
conditions.

Definition 16 [3] A continuous function f : [0,00)? — R is called a C-class function if for all s,t € [0,00),
the following conditions hold:

(1) f(s.0) < s;

(2) f(s,t) = s implies that either s =0 ort = 0.
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An extra condition on f that f(0,0) = 0 could be imposed in some cases if required. The letter C will
denote the class of all C-class functions.

Example 17 [3] The following examples show that the class C is nonempty:

1.

2.

10.

11.

12.

13.

14.

15.

16.

© ®» N>

f(s,t) =s—t.
f(s,t) = ms for some m € (0,1).
f(s,t) = {iipr for some r € (0, 00).
f(s,t) =log(t +a®)/(1+t) for some a > 1.
f(s,t) =In(1 4 a®)/2 for e > a > 1. Indeed, f(s,t) = s implies that s = 0.
f(s,t) = (s +)A/AFDD) 171> 1 for r € (0, 00).
f(s,t) = slog,,,a for a> 1.
f(s.t) =s— (5)()-
f(s,t) = sB(t), where 8 : [0,00) — [0,1) is continuous.
fls,t)=s— kiﬂ
(s,t) = s — ¢(s), where ¢ : [0,00) — [0,00) is a continuous function such that ¢(t) = 0 if and only if

f(s,t) = sh(s,t), where h : [0,00) x [0,00) — [0,00) is a continuous function such that h(t,s) < 1 for
all t,s > 0.

VA
~~

): m%)r7re (0700)

Let @, denote the class of functions ¢ : [0,00) — [0, 00) which satisfy the following conditions:

(a) ¢ is continuous;

(b) o(t) >0,t >0 and ¢(0) > 0.

Lemma 18 [5] Suppose (X,d) is a metric space. Let {x,} be a sequence in X such that d(zn,Tp41) — 0
asn — oo. If {xz,} is not a Cauchy sequence, then there exist an € > 0 and sequences of positive integers
{m(k)} and {n(k)} with m(k) > n(k) > k such that d(Tp, k), Tnk)) > €, ATmk)y—1, Tnr)) < € and

(
(
(

1) Bmp oo d(Tom(k)—1, Tn(k)+1) = €;
i) limp— o0 d(Tm k), Tn(r)) = €;
iii) Himp o0 d(Tum k)1, Tn(k)) = €-

We can also show that limg e d(@pm(k)+15 Tnk)+1) = € and img o d(Zpm(k)s Tr(k)—1) = €-
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2 Main results

In this section, we prove some fixed point theorems satisfying a-Geraghty contraction type mappings in a
complete metric space.

Let (X,d) be a metric space and a : X x X — R be a function. Two self mappings S,7 : X — X are
called a pair of generalized a-Geraghty contraction type mappings if there exists § € {2 such that, for all
z,y € X,

a(z,y)d(Sz, Ty) < B (M(z,y)) M(z,y),

where

M (z,y) = max {d(x7y)’ d(z, Sz),d(y, Ty), d(y, Sz) J2rd(:c,Ty) } '

If S =T, then T is called a generalized a-Geraghty contraction type mapping if there exists f € {2 such
that, for all z,y € X,
a(z,y)d(Sz,Ty) < B (N(z,y)) N(z,y),

where

N(z,y) = max {d@c, Y. d(e, Tx), d(y, Ty), 2 1) +dy, Tx) } .

2

Let (X, d) be a metric space and let a : X x X — R be a function. Two self mappings S,T : X — X are
called a pair of generalized a-C-class function contraction type mappings if there exists F' €C such that, for
all z,y € X,

a(z,y)d(Sz, Ty) < F(M(z,y), o(M(z,y))), (1)

where

M (z,y) = max {d(%y)7 d(z, Sz), d(y, Ty), d(y, Sx) + d(z, Ty) } .

2

If S =T, then T is called a generalized a-C-class function contraction type mapping if there exists F' €C
such that, for all z,y € X,

a(z,y)d(Tz,Ty)) < F(N(z,y),¢(N(z,9))),

where

N(z,y) = max {d(a:, y),d(x, Tx),d(y, Ty), d(z, Ty) ; dly, Tz) } .
Theorem 19 Let (X, d) be a complete metric space and let « : X x X — R be a function. Let S,T: X — X
be two self mappings. Suppose that the following hold:

(i) (S,T) is a pair of generalized a-C-class function contraction type mappings;

(i) (S,T) is triangular a-admissible;

(iii) there exists xog € X such that a(xo, Sxo) > 1;

(iv) S and T are continuous.

Then (S,T) has a common fized point.

Proof. Let 1 € X be such that z; = Sxg and 2 = T'xz;. Continuing this process, we construct a sequence
x, of points in X such that

T2i+1 = Sl‘gi and T2j4+2 = T£E2i+1, where i = O, 1, 2, e
By assumption, a(zg,x1) > 1 and a pair (5,T) is e-admissible. By Lemma 14, we have

a(Xn, Tny1) > 1 for all n e NU{0}.
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Then we have

d($2i+1,$2i+2) = d(5$2i,Tx2i+1) < 04(1'22';x2i+1)d(5x2iva2i+1)
F(M (x2i, x2i11), p(M(x2i, ©2i11))) <M (22, T2i41)

IN

for all € NU {0}. Now

d(w2s, Tw2i41) + (22041, ST24) }

d(z2i, 2i4+1), d(x2i, ST2;), d(T2i41, TT2i41), 5

d(x2i, T2i42) }

M (294, 22i41) = max

— — =

= max  d(22, T2i41), d(T2i, T2i11), d(T2i41, T2iv2), 5
< max < d(w2, ¥2i41), d(T2i11, T2iy2), dwoi, oiv1) +2d(x2i+1’$2i+2)}
= max{d(v2,T2i41),d(T2i11, T2i42)} -
Thus
d(w2i41, T2i42) < F(M(x2i,22i11), o(M (72, T2i11)))
< Fd(w24, 22i41), o(d(@24, T2i41))) < d(22i, T2i41), (2)

which implies that
A(Tn+1,Tny2) < d(Tn, Tnir) U {0}

for all n € N. So the sequence {d(xy,zn+1)} is nonnegative and nonincreasing.

Now, we prove that d(x,,zp+1) — 0. It is clear that {d(z,,2,+1)} is a decreasing sequence. Therefore,
there exists some positive number r such that lim, o d(2y, Zn11) = 7. From (2), by taking limit n — oo,
we have

r < F(r,o(r)),

that is,
r=0 or ¢(r)=0.

Therefore, we have
lim d(z,,zn+1) =0. (3)

n—oo
Now, we show that the sequence {z,} is a Cauchy sequence. Suppose on contrary that {z,} is not a Cauchy
sequence. Then there exist € > 0 and sequences {Z,, } and {x,, } such that, for all positive integers k, we
have my > ny > k such that
ATy, s Ty, ) = €

and
ATy, s Ty, ) < €.

By the triangle inequality, we have

€ < d(@mysTn,)
< d(@my, Tny_y) T ATy, Ty
< e+ d(Tny_ysTny) (4)

for all k£ € N. In the view of (3) and (4), we have

lim d(zp,,Tn,) = €. (5)

k—o0
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Again using the triangle inequality, we have
d(xmk ) xnk) S d(l’mk ) xmk+1) + d(xmk+1 ) xnk+1) + d(xnk“ ) mnk)

and
d(xkarl?xnkJrl) < d(‘rmk+1’xmk) + d(Tmy, Tny) + d(xnk7xnk+l>'

Taking limit as k — 400 and using (3) and (5), we obtain

lim d(x T —e.
k—>+00 (mk+17 nk+1)

By Lemma 14 and o(zy, , Tm,,,) > 1, we have

d(xnk+1 ) zmk+2 )) = d(S‘Tnk ) Txmk+1 )) S a(xnk 9 x”nk+l )d(S‘Tnk 9 T‘rmk+1 ))
S F(M(xnk ) xmk+1 )7 @(M(xnk ’ xmk+1)))'

Keeping (3) in mind and letting k¥ — 400 in the above inequality, we obtain

€ < F(e,p(e)),

that is,
e=0 or p(e)=0.

So e = 0, which is a contradiction. Using a similar technique for other cases, it can be easily seen that {z,}
is a Cauchy sequence. Since X is complete, there exists p € X such that x,, — p implies that x9;11 — p and
Zoiy2 — p. Since S and T are continuous, we get Txo;11 — T'p and Sxo;40 — Sp. Thus p = Sp. Similarly,
p = Tp and so we have Sp = T'p = p. Then (S,7T) has a common fixed point. m

In the following theorem, we drop the continuity.

Theorem 20 Let (X, d) be a complete metric space and let o : X X X — R be a function. Let S,T: X — X
be two self mappings. Suppose that the following hold:

(i) (S,T) is a pair of generalized a-C-class function contraction type mappings;

(ii) (S,T) is triangular a-admissible;

(iii) there exists xg € X such that a(xo, Sxo) > 1;

(iv) if {xn} is a sequence in X such that a(xy,Tpy1) > 1 for alln € NU{0} and , - p € X as
n — +oo, then there exists a subsequence{xn,} of {xn} such that a(xy,,,p) > 1 for all k.

Then (S,T) has a common fized point.

Proof. The proof follows from similar lines of Theorem 19. Define a sequence xg;41 = Sxo; and xg;49 =
Tx9;+1, where i = 0,1,2, -+ -, which converges to p € X. By the hypotheses of (iv) there exists a subsequence
{zp, } of {x,} such that a(zan,,p) > 1 for all k. Now by using (1), for all k, we have

d($2nk+17Tp)) = d(S$2nk7Tp)) < a(x2nk7p)d(sx2nk7Tp))
< F(M(-T2nk 7]7), QD(M(Z‘QTLMP)))'

On the other hand, we obtain

d(xan, , Tp) + d(p, Sxap
M(xanap) max{d(xanap)ad($2nkasx2nk)7d(pan)a ( 21 p) (p 2 k)}

2
Letting & — oo, we have

lim M (zan,,p) = d(p, Tp).

k—o0
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Suppose that d(p, Tp) > 0. Letting k — oo in the above inequality, we have

d(p,Tp) < F(d(p,Tp),p(d(p,Tp)))

and so we obtain that d(p, Tp) = 0, which is a contradiction. Thus we find that d(p, Tp) = 0 implies p = Tp.
Similarly, p = Sp. Thus p=Tp = Sp. m
_ d(y,Sz)+d(z,S _ :
If M(z,y) = max{d(&y),d(x,Sw),d(y, Sy), W} and S = T in Theorems 19 and 20, then

we have the following corollaries.

Corollary 21 Let (X,d) be a complete metric space and let S be an a-admissible mapping such that the
following hold:

(i) S is a generalized a-Geraghty contraction type mapping;

(i) S is triangular a-admissible;

(iii) there exwists xg € X such that a(xo,Tp) > 1;

(iv) S is continuous.

Then S has a fized point p € X, and S is a Picard operator, that is, {S™xo} converges to p.

Corollary 22 Let (X,d) be a complete metric space and let S be an a-admissible mapping such that the
following hold:

(i) S is a generalized a-Geraghty contraction type mapping;

(ii) S is triangular a-admissible;

(iii) there exists xg € X such that a(xg, Sxo) > 1;

(iv) if {zn} is a sequence in X such that a(xy,,Tni1) > 1 for alln € NU{0} and z,, — p € X as
n — +o00, then there exists a subsequence {x,, } of {xn} such that a(zy,,p) > 1 for all k.

Then S has a fized point p € X, and S is a Picard operator, that is, {S™xo} converges to p.

If M(z,y) = max{d(z,y),d(z,Sz),d(y,Sy)} and S = T in Theorems 19 and 20, then we obtain the
following corollaries.

Corollary 23 [6] Let (X, d) be a complete metric space and let o : X x X — R be a function. Let S: X — X
be a mapping. Suppose that the following hold:

(i) S is a generalized a-Geraghty contraction type mapping;

(ii) S is triangular a-admissible;

(iil) there ewists xg € X such that o(xo, Szo) > 1;

(iv) S is continuous.

Then S has a fized point p € X, and S is a Picard operator, that is, {S™xo} converges to p.

Corollary 24 [6] Let (X, d) be a complete metric space and let o : X x X — R be a function. Let S: X — X
be a mapping. Suppose that the following hold:

(i) S is a generalized -Geraghty contraction type mapping;

(ii) S is triangular a-admissible;

(iii) there exists xg € X such that a(xo, Szo) > 1;

(iv) if {xn} is a sequence in X such that a(xp,Tpi1) > 1 for allm € NU{0} and , - p € X as
n — +oo, then there exists a subsequence {x,, } of {xn} such that a(xy,,p) > 1 for all k.

Then S has a fized point p € X, and S is a Picard operator, that is, {S™xo} converges to p.

Let (X, d) be a metric space and «,n : X x X — R be two functions. Two self mappings 5,7 : X — X
are called a pair of generalized a-n-Geraghty contraction type mappings if there exists 8 € Q) such that, for
all z,y € X,

a(z,y) 2 n(z,y) = d(Sz,Ty) < B (M(z,y)) M(z,y),
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where

M) = max {d(@ ), d(z, Sz), d(y, Ty), W50 T d@. Ty) } |

2

Let (X, d) be a metric space and a,n: X x X — R be two functions. Two self mappings S, 7 : X — X
are called a pair of generalized a-n-C-class function contraction type mappings if there exists F' € C such
that, for all z,y € X,

ofx,y) > n(x,y) = d(Sz,Ty) < F(M(z,y), o(M(x,y)),

where

M(z, ) = max {du, 0).d(z. Sz, d(y. Ty), 20 52) +dz. Ty) } |

2

Theorem 25 Let (X, d) be a complete metric space. Let S be an a-admissible mapping with respect to n
such that the following hold:

(1) (S,T) is a pair of generalized a-n-C-class function contraction type mappings;

(ii) (S,T) is triangular a-admissible;

(iii) there ewists xg € X such that a(xo, Szo) > n(xo, STo);

(iv) S and T are continuous.

Then (S,T) has a common fized point.

Proof. Let z; in X be such that 1 = Szg and x5 = Tx;. Continuing this process, we construct a sequence
x, of points in X such that

ZTojr1 = Sxa;, and To;10 = Txoip1, wherei =0,1,2, .. ..

By assumption a(zg, 1) > n(zo,21) and a pair (S, T) is a-admissible with respect to 1, we have, a(Sxg, Tx1) >
1n(Sxz,Tx1) from which we deduce that a(xz1,z2) > n(x1,22) which also implies that «(Tzq,Sxs) >
n(Tz1, Sze). Continuing in this way we obtain a(z,, Zn11) > n(Tn, Tne1) for all n € NU {0}.

d(T2i41, T2i42) = d(Sw2s, Troiq1) < a2, T2i41)d(S22i, TT2i41)
F(M (2i, 22i11), o(M (12i, 2i11))

IN

for all € NU {0}. Now

d(w2s, Tr2i41) + (22041, ST24) }

d(z2i, 2i4+1), d(x2i, ST2:), d(T2i41, TT2i11), 5

d(22i, T2i42) }

M(x9;, x2,41) = max

= max § d(22, Toir1), d(T2i, T2iq1), d(T2i41, T2iq2),

2

d(z2, x2i41) + d(T2i41, T2i42) }

< max 5

d(z2i, T2i41), d(T2i41, T2i42),

— — =

= mnax

—~

d(xzi, $2i+1), d($2i+1, $2i+2)} .
Therefore, we have

F(M(xzia $2i+1)» @(M(fzi, $2i+1))
F(d(z2i, 2i41), (d(22i, ®2i11)) < d(@2i, T2i41)-

d(x2i+17 £U2i+2)

IAIA

This implies that
d(@pi1, Tpto) < d(@n, Tpy1), foralln € NU{0}.

The rest of the proof follows from similar lines of Theorem 19.
Hence p is a common fixed point of S and 7. m
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Theorem 26 Let (X,d) be a complete metric space and let (S,T) be a pair of a-admissible mappings with
respect to 1 such that the following hold:

(i) (S,T) is a pair of generalized a-C-class function contraction type mappings;

(i) (S,T) is triangular a-admissible;

(iil) there ewists xg € X such that a(xo, Szo) > n(xo, STo);

(iv) if {zn} is a sequence in X such that a(zy, Tni1) > N(Tn, Tnt1) for alln € NU{0} and z,, > p € X
as n — +oo, then there exists a subsequence {x,, } of {xn} such that a(xy, ,p) > n(xy, ,p) for all k.

Then S and T have a common fixed point.

Proof. The proof follows from similar lines of Theorem 20. m
If M(z,y) = max{d(ay),d(w,Sw),d(y, Sy), W} and S = T in Theorems 25 and 26, then
we get the following corollaries.

Corollary 27 Let (X,d) be a complete metric space and let S be an «-admissible mapping with respect to
1 such that the following hold:

(i) S is a generalized a-Geraghty contraction type mapping;

(ii) S is triangular a-admissible;

(iii) there exists xg € X such that a(xg, Sxo) > n(xg, Sxo);

(iv) S is continuous.

Then S has a fixed point p € X, and S is a Picard operator, that is, {S™xo} converges to p.

Corollary 28 Let (X,d) be a complete metric space and let S be an a-admissible mapping with respect to
1 such that the following hold:

(i) S is a generalized a-Geraghty contraction type mapping;

(ii) S is triangular a-admissible;

(iii) there exists xg € X such that a(xg, Szo) > 1(xo, Sx0);

(iv) if {zn} is a sequence in X such that a(zn, Tpt1) > N(Tn, Tot1) for allm e NU{0} and z, > p e X
as n — +oo, then there exists a subsequence {x,,} of {xn} such that a(zn,,p) > n(zn,,p) for all k.

Then S has a fixed point p € X and S is a Picard operator, that is, {S™xo} converges to p.

Example 29 Let X = {a,b,c} with metric
ifr=y
if z,y€e X —{b}

if x,ye X —{a}.

a(x’y):{ 1 if z,yeX

d(z,y) =

Nl — gl ©

0 otherwise

Define a mapping T : X — X as follows:

T(z) = a if t#b
= cifxr=0>

and B :[0,400) = [0,1). Then

a(z,y)d(Tz,Ty) £ B(M(x,y))M(z,y).
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Ind

eed, let x =b and y = c. Then

M(b,c) = max{d(b,c),d(b,T(b)),d(c,T(C)), 5

4451 5
MaX{ =, =y, =y = ¢ = =-
7772 7

d(b,T(c)) + d(c,T(D)) }

[6, Theorem 2.1] is not valid to get a fized point of T, since

a(b,c)d (T (b), T(c)) £ B(M (b, c)) M (b, c).

Now, we prove that Theorem 19 can be applied to a common fized point of S and T.

Now, consider a mapping S : X — X be such that Sx = a for each x € X,
where

M(b,c) = max {d(b, ¢),d(b, S(b)),d(c, T(c)), d(b,T(c)) +d(c,S(b)) }

2
4 5 12
= max{7,1,7, 14} =1,
d(Sb,Tc) = d(a,a) =0,
a(z,y)d(Sz, Ty) < F(M(z,y)),¢ (M(z,y)) < M(z,y).

Hence the hypothesis of Theorem 19 is satisfied, So S and T have a common fized point.
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Abstract

We establish a new extended Hua’s inequality in the setting of Hilbert
C*-modules. As for its application, we get several generalizations of norm
Hua’s inequality and more generalized inequalities of the Hua inequality
type.
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equality.
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1 Introduction and Preliminaries

The classical Hua’s inequality states that for any «,d > 0 and real numbers

T1,T2, " ,Tn,
«

and the equality holds iff x1 = 25 = =z, = %

This inequality has been generahzed by Wang [ 4] as follows. If @, § > 0 and
p > 1, then

_ « _
(—or— e —mPar @l al) 2 (o ()

for all non-negative numbers 1, xo, - , T, with 1 + -+ x, < 6. A number

of researchers discussed the above inequality from different angles [1,2,6-15].
In [8], the Hua’s inequality for real convex function was given. Dragomir and
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(11301155), (11271112), IRTSTHN (14IRTSTHNO023) and the Natural Science Foundation
of the Department of Education, Henan Province (16A110003).
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Yang [1] have proved Hua’s inequality in the framework of real inner product
spaces. Their result was generalized by Pecarié¢ [9]. Drnovsek [2] give an operator
version of Hua’s inequality for positive conjugate exponents p,q € R. We also
infer to another interesting Radas and Siki¢ [10] of this type. In particular,
Moslehian [6] extended an operator Hua’s inequality in Hilbert C*-modules,
which is equivalent to operator convexity of given continuous real function. In
recent years, Su, Miao and Li [11] generalize a new Hua’s inequality and apply it
to proof the boundedness of composition operator. Moslehian and Fujii [7] have
shown another type of Hua’s operator inequality. There are other interpretation
of Hua’s inequality [13] and references therein.

In this paper, we establish an extended Hua’s inequality in the setting of
Hilbert C*-modules. As for its application, we get several generalizations of
norm Hua’s inequality and more generalized inequalities of the Hua inequality
type. For this purpose, we first set up some notations.

Throughout the paper, we assume that X and ) are Hilbert A-modules.
The notations B(X,)) denote the space of all bounded linear operators from
X to Y. Let g : [0, 00) = (0,00) be a function such that g(t) > t+ M for some
M > 0.

Recall that an element a € A is positive if a is selfadjoint with a positive real
spectrum or a is the form of u*u for some u € A. We write a > 0 if a is positive.
For more information on the theory of C*-algebra and Hilbert C*-module the
reader is referred to [5] and [4], respectively.

2 Hua type inequality in Hilbert C*-modules

Before prove the main results, we need following auxiliary result.

Lemma 1. [12] Let (G, +) be a semigroup, and let ¢ and ¢ be nonnegative
functions on G. Suppose ¢ is subadditive on G and there is a positive constant
A such that p(x) < Mp(x) for x € G. If f is a nondecreasing convex function
on [0, o), then

ola+b)
flp(a)) + Af((b) > (1 + )\)f(ﬁ) (3)

holds for any a,b € G. When [ is strictly convez, the equality holds in (3) iff

pla+b) = p(a) + ), pb) =M)(b), p(a) = (D).

We now state our main result, which is an extended Hua’s inequality in the
setting of Hilbert C*-modules.

Theorem 1. Let p,q > 1 be conjugate components. Then

—2(g(c) — o)z ||P cllP= L z|IP el =11 5(|p
19— 20(6) = P+ ell ™ P 2 (e P O (4

416 F. G. Gao ET AL 415-420



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

for all x,6 € X and all positive c € A. The equality holds iff

19]llg(c) — "=
lg(e) = ellz + el

lz(g(c) — &) 2| = llz|llg(c) — cll%, ||z] =

Proof. By the functional calculus, g(c) — ¢ is positive and invertible. Put G =
X. Let’s define ¢ : X — C by o(z) = ||lz(g(c) — ¢)2| and ¢ : X — C by
d(@) = |ellllgle) = el =" ||| for any = € X. So p(z) = [lz(g(c) — )2 <

Mp(z)(x € X), where X\ = W. Moreover, putting f(t) = t? (¢t > 0), clear

f is nondecreasing and convex on [0, c0). Hence, Lemma 1 yields that

llell

e —apf) Ma+de@ -7

la(f(e) = )2 |IP + lelP = [Ib]]” > (

(5)
holds for a,b € X. The equality holds iff

Ia+b)(g(c) = )2 || = llalg(c) — )2 | + [Ib(g(c) — )2 (6)

Ib(g(e) = &) || = [1Bllllg(e) el 2, (7)

lag(e) = )2 || = lelllblllg(e) — ol =*. (8)

By choosing z € X such that z(g(c) — c)% = § and replacing a and b by z — z
and z, therefore we can get (4). The equality holds in (4) iff

1 1
16l = 1I6 — 2(g(c) — o) || + llz(g(c) — )2, (9)
1 1
lz(g(c) — )2 = llzllllg(c) — %, (10)
1 1-g
18 = 2(g(c) — )2 || = llell[l«lllg(c) — ¢ =" (11)
q—1
Observe that an easy computation shown that ||z|| = % from above
g(c)—c c
three equations. Consequently, we have
) ) lllg(e) — "=
I(a(e) — o)1 = zlllg(e) — el o) = LMD Z L Z_ g
lg(c) —cllz + [lcl|

The simple computation shows that (12) implies (9), (10) and (11). Now this
observation completes the proof. O

Example 1. Let H and K be Hilbert spaces, then B(H,K) becomes a B(H)-
module via (T,S) = T*S. Replacing xz,d in (4) by T, S and taking p=2 we
get
1 * 1 * c *
1(S =T (g(c) —c)2)"(S = T(g(c) — ¢)?) || + | T*T|| = @HS S

forallc>0 and all T,S € B(H,K). The equality holds iff |T|| = gil)‘.
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If X is a Hilbert space H, which is a Hilbert C-module, then we have the
following corollary.

Corollary 1. Let p,q > 1 be conjugate components. Then

16 = (9(c) — &) z]|? + el ]|” = ( )P~ Hla]|” (13)

¢+ (g(e) —o)?
for any ¢ >0, 2,0 € H.

We also have the following extension of Hua’s inequality in the framework
of Hilbert C*-module.

Theorem 2. Let p,q > 1 be conjugate components. Then

el
aq
llell + lI(g(c) = o)
forallz € X,6 €Y, all positive ¢ € A, and all operators T € B(X,)).

16 =T (x)(g(c)—e) =[P+ el | T|17||]” = ( PH8lP (14)

Proof. Substituting T'(x) for  in (4) we get

||CH p—1 p
ORI

utilizing the facts that ||T'(x)| < ||T||||z|| we obtain

16 = T'()(9(c) = )| + [lel P~ || T ][” = (

c —

16 = T(2)(g(c) = )2 [P + lellP T [l ]]” = (IICH NTPEEIE
O

Recall that the operator T' = u Q) v is defined by T'(z) = u{v, z)(u, v,z € X)
and noting the fact that | T|| = ||u||||v|| we get the following corollary.

Corollary 2. Let p,q > 1 be conjugate components. Then

— (v, 2)(g(c) =)z [P+ |lellP u||P||o||P ||| llell p—1 5P
16 =wuv, z)(g(c) =) 2 1P+ [lellP~ P llol? ||zl Z(Hc||+||(g(c)—c)||%) 1511
(15)

for all x,6,u,v € X and all positive ¢ € A.

When X and ) are normed spaces, let A € B(X,Y), g(t) = t+1,c = || A|| 77,
d =y, the Theorem 2 reduces to Theorem 2 of [2].

Corollary 3. Let p,q > 1 with %—l—% =1. Let X and Y be normed spaces, and
let A be a bounded operator from X to Y. If x € X and y € Y, then

lyll”

— A(2)|P C g (L] —
Iy = A@IP + el > g =
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If we set p = ¢=2 and take § = y(g(c) —c)_% in Theorem 2 then the following
corollary is obtained.

Corollary 4. Let p,q > 1 be conjugate components. Then
1
lelllly(g(ec) — )72
llell + 1[(g(e) = o)l
forallz € X,y €Y, all positive ¢ € A and all operators T € B(X,)).

Next consider inner spaces H and K, then A = C. Let A € B(H,K),
gt)=t+1land c= iz then we deduce the main result of [10] from Corollary
4 as follows.

ly(g(c) — )% — T(z)(g(c) — )2 |1 + e[| Tz ]* >

Corollary 5. Suppose that H and KC are inner product spaces, A: H — K is a
bounded linear operator and o« > 0. Then

2
@]
ly — Aalp + afal? > —21¥

" Tl +a 1o

forallz € H and y € K.

Remark 1. Applying Corollary 5 for elements of the n-fold inner product space
H"™, then inequality 16 can be restated as the following form which is, as noted
in [6], a generalization of the main theorem of [1].

n n 2
2 2 2 ||yl
Yy — E w;x; ||+ « E w; |7z > e
|| P v ’L” 7;:1(| 7«‘ || 1H ) }:;7/:1 |wi|2+a’

where w; € C(1 <i < n), A(@1,-+ ,x,) = Yo q wim; and [|A]|? = D1 Jw;]?.
The special case, where H = C and w; = 1(1 <1i <n), give rise to the classical
Hua’s inequality.
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FOURIER SERIES OF FUNCTIONS RELATED TO
HIGHER-ORDER GENOCCHI POLYNOMIALS

TAEKYUN KIM!, DAE SAN KIM?2, GWAN-WOO JANG?, AND JONGKYUM KWON#*

ABSTRACT. In this paper, we consider three types of functions related to
higher-order Genocchi functions and derive their Fourier series expansions.
In addition, we express each of them in terms of Bernoulli functions.

1. INTRODUCTION

The Genocchi polynomials G\ (z) of order r (r € Zso) are defined by the
generating function

2t " xt __ = (r) L2
<M> et = mz::on (), (see [2:5,8,16,17,20,22]). (1.1)
When z = 0, G = G (0) are called the Genocchi numbers of order r. For
r=1 Gy(x) = el (), and G, = GV are called the Genocchi polynomials and
Genocchi numbers, respectively.

Clearly, Gg)(m) =0,for 0 <m <r—1,and G&’“)(:c) = rl. Thus we will assume
that m > r+1 > 2. Also, as G(T)( ) = —mt BT (), (m >r), degG(mr)(a:) =

(m—r)l~m—r
m—r, (m>r),and GY = T T) ED .
From (1.1), we see that

d . .
%Gﬁn) () =mG")_ | (2), (m > 0),

(1.2)
GOz +1) =2mG -V (2) — GV (x), (m > 0).
In turn, these imply that
GO(1) =2mGU™Y =G0, (m > 0),
(1.3)

1
/O G (z)dx = (m+1 )G Gggll), (m > 0).

2010 Mathematics Subject Classification. 11B68, 11B83, 42A16.
Key words and phrases. Fourier series, Bernoulli functions, higher-order Genocchi polynomials.
* corresponding author.
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2 Fourier series of functions involving higher-order Genocchi polynomials

We also recall from [14] that, for 0 # n € Z,

= 20m)ea (r-1) _ o) )
=- Z 2rin)* ((m —k+1)G,, ) — Gm—k+1) :
k=1
For any real number z, we let
<z>=z—|z] €][0,1), (1.5)
denote the fractional part of x.
The Bernoulli polynomials B,,(x) are defined by the generating function
Lt =Y B (16)
7 1¢ _m:0 m(2) . .

We are going to use the following facts about Bernoulli functions B,,(< z >)

later:
(a) for m > 2,
s eQﬂ'inm
B = —ml o i \m’ 1.7
(<z>) m Z @rin)™ (1.7)
n=—o00,n#0

(b) for m =1,

B i e2mint | By(<x>), forux¢lZ, 18

n=—o00,n#0 2min - 07 for x € Z. :

Here we will consider the following three types of functions ., (< z >), B (<
x >), and v, (< & >) involving higher-order Genocchi polynomials. We will derive
their Fourier series expansions and in addition express them in terms of Bernoulli
functions.

(1) am(<z>)=>7". fo)(< x>)<ax>"k (m>r41);
(2) Bm(< 2 >) = 0, oGy (<@ >) <@ >k, (m > +1);

(3) (<2 >) = T g Gr (<o >) <o >m7k, (m>r 1),

The reader may refer to any book for elementary facts about Fourier analysis (for
example, see [1,18,23]).

As to v (< x >), we note that the polynomial identity (1.9) follows immedi-
ately from Theorems 4.1 and 4.2, which is in turn derived from the Fourier series
expansion of v, (< = >).
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—

m—

() m—k
P k(m - k) Gk (l‘)ﬂ?

m—r
1

(r-1) ")
Z( )6y~ oy

X (Hm—l - Hm—s) + Am—s-i—l}Bs(x)

m—1
2 _ m\ -1 1 ()
s 2t -m) Y (MO8 - e B,

s=m—r+1

where H,, = 3", < are the harmonic numbers and A; = St =] <2kG§€T V-
G,(;')). The obvious polynomial identities can be derived also for a,,(< x >)

and B, (< x >) from Theorems 2.1 and 2.2, and Theorems 3.1 and 3.2, respec-
tlvely It 1s remarkable that from the Fourier series expansion of the function
Zk 1 k(m k)Bk(< 2))B—k({x)) we can derive the Faber-Pandharipande-Zagier

identity (see [7,12,13]) and the Miki’s identity (see [6,9,12,13,19,21]). Recent works
on Fourier series expansions for analogous functions can be found in the papers
[10,11,15]. From now on, we will assume that r > 2.

2. THE FUNCTION (< & >)

Let ap(z) = Do, Gg) (z)z™ % (m > r +1). Then we will consider the
function

m
m(<z>) =Y G (<e>) <>k, (2.1)
k=r
defined on R, which is periodic with period 1.
The Fourier series of a,, (< z >) is

o0

Z A 27rzna: (22)

n=—oo

where
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4 Fourier series of functions involving higher-order Genocchi polynomials

Before proceeding further, we need to observe the following.

(@) =7 (R @)™ 4 (m = WG ()™ 1)
k=r
m m—1
— Z kG(r) ™k 4 Z (m — k) G(T) ) m—k—1

k=r+1 k=r
m—1 m— 1
Z(k+ 1)G( r) Mk )xm—l—k
k=r k:'r
= (m+ Dagp—1(x).

From this, we obtain
/
(W) — ozm(ac), (2.5)

(2.4)

m+ 2

and
/O ()02 = —— (@1 (1) = i1 (0)). (2.6)

m+ 2

For m > r + 1, we put

I
[
Q
=3
=
|
Q
=3
o
3
o
N—

Now, we see that

and

1
1

Now, we would like to determine the Fourier coefficients AS{”).
Casel:n # 0.

1
Aglm):/ am(x)672ﬂinmd‘r
0

1 —2minz]l 1 ! / —2minx
= —5——lam(z)e lo+ 5= ap (x)e™ """ d
0

2min 2min

(2.10)
= (1) — ) + 2

2min
mAl oy _ 1

n

2min

1
/ Q1 (x)e—Qﬂ'inmdx
0

my

2min 2min
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from which by induction on m, we can easily show

+1),4
A(m _ (m J _
" : 27in)I I+
=t 2.11)
1 " (m+2) -
j
= - m—j+1
m+ 2 = (2min)7
Case2:n =0. )
m 1
Al — /0 ()i = —— Ay, (2.12)

am(< z >), (m > r+41) is piecewise C*°. Moreover, o, (< x >) is continuous for
those integers m > r+1 with A,, = 0, and discontinuous with jump discontinuities
at integers for those integers m > r + 1 with A,, # 0.

Assume first that A, = 0, for an integer m > r 4+ 1. Then @,,(0) = a,,(1).
Hence o, (< x >) is piecewise C*° , and continuous. Thus the Fourier series of
am (< © >) converges uniformly to ay, (< z >) , and

1 > 1 &R (m+2)
m(< >) = Am _ j i 2minx
(<z>) m42" " + Z m+ 2 (2min)J an
n=—o00,n#0 j=1

1 1 m-—r m-+2 s e27rinx

g omtl + i) ; ( J ) j+1 | —J n__gn?éo (2min)i
1 1 & (m+2

=——A, —_— _ Ap—jr1Bj(< x>
m + 2 +l—i_m+2j—2< J ) sraby(< =)

LA x Bi(<z>), forx¢Z,
" 0, for x € Z.
(2.13)

Now, we can state our first result.
Theorem 2.1. For each integer ! > r + 1, we put
l
A= (26 - 6) — 6.
k=r

Assume that Am =0, for an integer m > r + 1. Then we have the following.
(@)Y, G (< x >) < x >k has the Fourier series expansion

m

ZG (<x>)<az>mFk

(2.14)
1 0o m—r m+2 )
— A . 2minx
m+ 2"t +n77§n¢0 m+2 ; 2min)J Am—ji1 | € ’
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6 Fourier series of functions involving higher-order Genocchi polynomials

for all x € R, where the convergence is uniform.

ZG (<x>) <x>m"“—; 75 mA2D\N B
- . m—j+1 ](<$>),
m+2, i\

(2.15)
for all x in R, where Bj(< = >) is the Bernoulli function.

Assume next that A, # 0, for an integer m > r 4+ 1. Then a,,(0) # an,(1).
Hence a,,(< z >) is piecewise C*° , and discontinuous with jump discontinuities
at integers.

The Fourier series of oy, (< © >) converges pointwise to a,, (<  >) , for = ¢ Z,
and converges to

1 1

) (am(0) + (1)) = i (0) + iAma (2.16)
for x € Z.

We now state our second result.
Theorem 2.2. For each integer l > r 4+ 1, we put

l
A= (2k60 = 6) — 6.

k=r
Assume that A, # 0 , for an integer m > r + 1. Then we have the following.

o0

1 1 (m+2);
Am _ ]Am_ 2minx
(a )m+2 e 72 m+2 &= (2min)i anl
n=—eenz0 7= (2.17)
- N<z>)<z>mF  forzdZ,
1Am» for x € Z.
m—r 9 m i
<m+ ) m— j+1Bj(<x>):ZG,(€)(<x>)<x>m*k, forax & Z;
J:O k=r

(2.18)

1 m—r m + 2 ) 1
2 ‘_Z < j )Am—j+1Bj(< z>) =Gy + iAm’ forx e Z. (2.19)

3. THE FUNCTION S, (< z >)

Let B (z) = Y1, mGg)(x)xm_k, (m > r+1). Then we will consider
the function

(< T >) Zk"m i Gl(<z>)<a>mFk

defined on R, which is periodic with period 1.
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The Fourier series of 3,,(< x >) is

i B'Ezm) eQﬂ"inac7

n=-—oo

where

1 1
Bﬁlm) :/0 Bm (< x >)6727”'mdx:/0 B (z)e 2™ dy,

To proceed further, we need to observe the following.

/ - k r m— m—k r m—k—1
5m(m):Z{]{;|(,71_1€)|G1(€—)1(x)x k+k!((m—k)'G’(“)(x)x k }

k=r )
m m—1
=Y 'G,gﬂl(x)xwk + , L ,
Vo (k—1D)!(m —k)! — k (m—Fk—1)
m—1 m—1
_ 1 (F) (N m—1—k 1
T2 Hm-1- i G (@) T2 Hm -1 k)
=2Bm_1(x)

From this, we get

(Z2) = o),

and

/01 Bm(x)dx = %(ﬁm-}-l(l) — ﬁm+1(0))_

Form >r+1, we let

Qm = ﬁm(l) - Bm(o)

m

1 T T
=2 i = GV = G o)
k=r
R 1 (r=1) _ (r) )
- kz_: W 1 (RGY — 6 = G b}
e 1 =) A L
= o (G - 61) - G,

>
Il

T

From this, we now see that
Bm(0) = Bn(1) <= Q,, =0,

and

! 1
/ Bm(z)dx = ngH.
0

427

(3.4)
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We are now ready to determine the Fourier coefficients B,(Lm).
Case 1:n # 0

1
B£L7*rL):/0 Bm(:c)ef%mzdx

" 2min

= [ﬂ ( ) —27rimc}1+ 1 1ﬂ/ (x)e—%rinwdx
mn 0 2min m

2 o
— ' m . ‘ﬂ'lnId
s (Bn(1) ~ () + 2m/ B ()27 dy
_ 2 gm-y_ 1 g
2mwin_ " omin.

from which by induction on m we can easily derive

m—=r 2]‘,1

B™ = — ey L
" JZ: (2min)J AR

Case2: n=0

1
m 1

Bm(< x >), (m > r+1) is piecewise C*°. Moreover, 5, (< x >) is continuous for
those integers m > r + 1 with ,,, = 0 and discontinuous with jump discontinuities
at integers for those integers m > r + 1 with Q,, #0 .

Assume first that €2,,, = 0, for an integer m > r+1. Then 5,,(0) = 5, (1). Hence
Bm (< x >) is piecewise C*°, and continuous. Thus the Fourier series of 3,,(< z >)
converges uniformly to 5,,(< z >), and

Bm(< x>)
1 oo mor gj-1 ,
= §Qm+l + Z ( 27_(_2” m j+1) min
n=—o00,n#0 j=1
1 m-—r 9i—1 e e2ming
-0 e )
g imit T Z U me (Y 2 (2min)i
j=1 n=—o00,n#0
m—r
m+1 + Z m_j+1Bj(< x >)

LQ, Bl(< x>), forx¢Z,
0, for x € Z.

Now, we are going to state our first result.

Theorem 3.1. For each positive integer | > r + 1 , we set

T s 1 T
Zk' z— (Qkag D -a) - el

Assume that Q,, = 0, for an integer m > r + 1 . Then we have the following.
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(a) > e, mGg)(< x >) < x >"™"F has the Fourier series expansion

~ 1 - -
k=r :

) mer i (3.5)
_ 2mint
N §Qm+1 + Z ( Z (2min)J L J+1) ’
n=—o00,n#0
for all x € R, where the convergence is umform.
1 () k
b —G m
()kz_rk!(m—k)! Wi<z>)<z>
B (3.6)

1 271
- §Q7n+1 =+ Z TQTVL—j+1Bj(< x >)7
Jj=2 ’

for all x € R, where B;(< x >) is the Bernoulli function.

Assume next that ,, # 0, for an integers m > r + 1 . Then, 3,,(0) # B (1).
Hence f,,(< z >) is piecewise C*° and discontinuous with jump discontinuities at
integers. Thus the Fourier series of S,,(< & >) converges pointwise to S, (< x >),
for x ¢ Z, and convergence to

1 1
5 (Bm(0) + B (1)) = Bin(0) + 5m,

for z € Z.
Now, we are going to state our second result.

Theorem 3.2. For each positive integer | > r + 1 , we set

T T 1 T
Zk'l— (2re) - a) - 6t

Assume that Q,, # 0, for an integer m > r + 1 . Then we have the following.

oo m—-r

(a) %Qerl + Z

n=—o00 n;éO

J
{Zk r k'(m k)r ( ) <z >m_k7 for x ¢ Z,

271
(2min)J

2minx
Qm j+1) 4
j=1

G —|—1Qm, forx e Z.
moT gj—1
(b) %'Q7n_j+1Bj(< x >)

=0

Z Gl<z>)<a>""F  forzgZ

-Tr 2] 1

3 Qm j+1B (<$ >)

i=0g71 I

1 ) 1
= me + iﬂm’ for x € Z.
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4. THE FUNCTION 7, (< & >)

Let v (x) = Zk = k)G’m( )x™=* (m > r +1). Then we will consider

the function
m—1 )
m(<x>) = <z >)<xz>mF
ka k ( )
k=r

defined on R, which is periodic with period 1.
The Fourier series of vy, (< z >) is

)

m) 2minT
E Clme ,
n=-—o0

where C{™ = fol Y (< >)e 2Ty = fol Y (z)e 2™ "% dx. Before proceeding
further, we need to observe the following.

m—1 m—1
1 r e 1 ek
)= Y G @ Y G @
+ k=r
m—2 1 m—1 1
— . kGI(CT)(x)xm—l—k + %G](;) (l‘)mm 1-k
k=r k=r
(! 1Y\ () 1 o
_ - T m—1—k r
n k_r<m—1—k+k>Gk ()2 +m—1Gm71(m)

=~ Dy () + G (2),

from which we see that

1 1 (r) "
(5 Om10) = G0 ) = (o) (1)
This entails that
' 1 1 , ,
/0 Y (x)dz = - (7m+1(1) — Ym+1(0) — m(dn)ﬂ(l) - ng)ﬂ))

1 - r
= = (31 (1) = Yn42(0) - ((m+1GG™ - GLy)).

m(m+ 1)

For m > r + 1, we put

! CYe
B k(m — k) (G (1) = G om k)
k=r
— 1 (r=1)  A(r) o)
_ r—1 N r r
=Y (2kG 0 = G = G o)
- 1 (r=1) _ r)
_ r—1 r
o P k(m — k) (szk’l G )
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Note here that
’Ym(o) = 'ym(l) < Ay =0,
and

! 1 2
= — (A _ NGr-1 _ g )

We are now ready to determine the Fourier coefficients Cy(bm).
Case 1: n#0

1
C’V(lm) — / ,ym(x)e—Qﬂ-inacdx
0

URE! 1 1 )
—2minx / —2minx
m - d
[m(@)e2mme] 4 = / Yoo (@)e 2

1 ! 1 (r) —2minx
- _27_”.,” ('_Ym(l) - 7m(0)> + 2rin A ((m - 1)77n—1(x) + ,rn_le—l(‘T)> € dx

m—1 1 1 1 )
= 70(7”*1) _ A / G(T) 727r7,n93d
in " i 2min(m — 1) J, m-1(z)e v

2min 2min
m—1 1 1
=— —Cm-1 _ Ay—————06,
2min " 2min 2min(m — 1) "
where
m—2
2 - 1 k 1 r—1 r
1; (2min)k ((m - k)ngfk)*l B G’(”)*k) ’

By proceeding induction on m we can show that

m—-r

m)_ N~ (m—1) e (m=-1)4 ,
o

= 2min)i(m — j

Here we note that

m—r

— —1),_
Z M@m_j_ﬂ

¢ (2min)’ (m — j)

<
Il

1

3

—-r m

_ (m—1);1 iy 2(m — j)k—1 : (r—1) ()
~ 2 Grnpn ) 2= Gmn (m ==k 1670~ G i)
1 & 2m D)k , (r—1) ()
:Zm—j Z (2min)ith ((m_J_k"'l)Gm i=k = Gmj- k+1)
j=1 k=1
m—r m—1
1 2(m — 1)s—s .
- m— (QWin;S (< ot I)G( an) ‘5+1)
Jj=1 J s=j+1

(4.2)
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_— ((m — S+ 1)G£;:? - Gg:,)—erl) (Hmfl - Hmfs)

—  (2min)®
m—1
2(m — 1)572 r—1 ”
+ T (@riny ((m —s+1)GITY — an),sﬂ) (Hp—1 — Hy_1)
s=m—r+1 (4 3)
1= 2(m), (r—1) 1 ")
= — G — 7G Hm, _ Hm—s
m 4= (2min)® ( mes T g ] mestl ( 1 )
m—1
L 2(m)s (r-1) 1 (r)
J— G — 7(; Hm, _ Hrf .
+ m s (27‘rzn)5 < m—s m—s -+ 1 m—s—+1 ( 1 1)
Also, we note that
m—r (m . 1)j71 1
- m—j+
= (2min)?
m—r ( ) (4.4)
1 m
- - Am—s
m 4~ (2min)* +
Putting everything altogether, we have:
1< (m)s -1 1
C(WL) — _ s (2 G(r ) . 7G(r)
n m Sz:; (27TZ71)S ( m—s m — S—|-1 m—s+1)
s ) "

m—1
1 2<m>s (r—1) 1 ()
w2 (2m'n)S(GmS s g1 Cmms1 ) (Hmor = Hio)

s=m—r+1

Case2: n=0

1
Cy /0 Y (z)dx m( ml 7m(m+1)((m+ )G, Goli1) | -

Ym (< x >), (m > r+1) is piecewise C*°. Moreover, v,,(< x >) is continuous for
those integers m > r+ 1 with A,, = 0, and discontinuous with jump discontinuities
at integers for those integer m > r + 1 with A,, # 0.

Assume first that A,,, = 0, for an integer m > r+1. Then ~,,(0) = v,,,(1). Hence
Ym (<  >) is piecewise C*° and continuous. Thus the Fourier series of 7., (< z >)

432 T.KIM ET AL 421-437



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

T. Kim, D. S. Kim, G.-W. Jang, J. Kwon 13

converges uniformly to ~,,(< = >), and

’Y'm(< T >)
1 2
= — - (r=1) _ ~(r)
. (Am+1 iy (m+ DG Gm+1)>
) 1 mr (m) (r-1) _ 1 )
' n—go:n#o{ m3a (2min)? ( (Cn—s m— s+ 1Gm_s+1)

o0

. m)s ( Ar-1) 1 (")
+ Z {_E mzr (27rm) (Gm s _ms+1Gm_s+1>

n=—oo,n#0

s=
27r17u
-1 7’ 1

A — nGE=Y - gt
( m—+1 — m(m+1)((m+ )Gm Gm-‘rl)

< (m o1y 1 )
~ (S>{2(Gm5 m— s+ 1Gm—s+1)

x (H
1
S m

1
_A'_i
m

2min

X (Hp—1 — Hiy—s) + An—st1 } (_S! i (;m'n)s)

n=—o00,n#0

m—1
2 MY (a(r-1) 1 (r)
—(H,p-1 — H,_ G, J———G
+m( 1 1)8_7,’;,+1( >( m—s m—s—+1 ms-‘rl)
0 2minx

x (_S! Z (Zm'n)s)

n=—o00,n#0

2
= (r—1) _ ~(r)

1
m
1= _ 1
o> (MEETY - e
m 5=2

s m—s+1 mstl

X (Hm—l - Hm—s) + Aer—s+1}Bs(< x >)

m—1

2 m r—1 1 T

2t i) Y (M) - 6 )B< )
s=m—r+1

A Bl<:13>) for x ¢ Z,
for x € Z
I 1) 1 (r)
— 2Gy—y ———G,
mg g;;él( >{ m—s+1 m_é"’l)

X (Hmfl - Hmfs) + Amfs+1}Bs(< xz >>

m—1
2 m r—1 ]- r
+ o (Hin1 = Hy—1) > (S>(G£n—s) - menls+l)Bs(< z>)
s=m—r—+1

433 T.KIM ET AL 421-437



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

14 Fourier series of functions involving higher-order Genocchi polynomials

LA X Bi(<x>), forx¢Z,
" 0, for x € Z.

Now, we get the following theorem.

Theorem 4.1. For each integer I > r+1 , we let

-1
1 r—1) (r)
A=Y (G - 6.
: Ig k(L — k) k-1 k )
Assume that A, = 0, for an integer m > r + 1 . Then we have the following.

(a) St 1 G,(:)(< x >) < x >"™"F has the Fourier series expansion

k=r k(m—k)
m—1 1 -
G\ m—k
kz_:—rkm_k) p (e >) <z >
1 2
= — Am 1 G(rfl) _ G(r)
m( o 77”L(m+1)((m+ )G m+1)
) iy (m) - ) o
R S 200G T o IS
“rn__%:n#o{ m = (27Tin)5( ( m—s m—s+1 m—s—&-l) (4.6)

oo m—1
1 2(m)5 ( (r—1) 1 (r)
+ Z {_* |G - ————G )
n=-—00,n7#0 m s=m—r+1 (27””) m—s+1

b (r) m—k
(b) kgr 7k(m—k)G’“ (<z>)<z>
1 2
[ = (r=1) _ ~(r)
m <Am+1 m(m + 1) ((m + 1)Gm Gm+1)>
1 mzfr m -y 1 ")
+ m (S){2(Gm—9 m—s+ 1Gm75+1)

s=0,s#1
X (Hm—l - Hﬂ’L—S) + AnL—s—i—l}Bs(< X >)
2 (MY e LI
Z(H. . _ H._ r—1 - T B
2t i) Y (MO0 - G Bu< o 2),
(4.7)

s=m—r+1

for all x € R, where Bs(< x >) is the Bernoulli function.

Assume next that A,, # 0, for an integer m > r 4+ 1 . Then 7,,(0) # v (1).
Hence 7,,(< x >) is piecewise C*°, and discontinuous with jump discontinuities at
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integers. Thus the Fourier series of 7v,,,(< z >) converges pointwise to v, (< x >),
for x ¢ Z, and converges to

1 1
5(%n(0) +vm (1)) = vm(0) + §Am,
for z € Z.
Now, we have the following theorem.

Theorem 4.2. For each integer > r +1 , we let

-1
_ 1 (r=1) _ ~(r)
A = kgk(l_k) (2kG0 - 6).

Assume that A, # 0, for an integer m > r +1 . Then we have the following.

! 2 r— (r)
((1) E <Am+1 - W((m -+ 1)G£n 1) _ Gn7;+1)>
00 1 mr (m)s (r—1) 1 )
E : - 206G, — ) — ————
* e om0 m ‘= (271’i77,)5 ( ( m=s m—s4+1 m—s+1)

1 2(m)s [ Ar-1) 1 (r)
— — (G e €
+ Z { m Z (2min)® ( mTS s 1 mosH
n=-—00,n#0 s=m—r+1
% (Hmfl _ Hril)}e%rinx

{ . mG,(:)(< r>)<ax>"k forx ¢,

1A, for x € 7.

1§ (m (r-1) LIS
b) — 2 R
( ) m ‘ (S){ (Gm—s m_s_i_lefs%»l)

X (Hm—l - Hm—s) + Am—s+1}Bs(< x >)

2 AT L 40
— (Hp—o1— Hy_ Gy ————G,._ B
b=t 3 (V)G - OB )

m—1

1 r m—
= 2 WG;)(<x>) <x>"F forx ¢ 7
Ly (m (1) L a0
- 2 - -
m <5>{ (Gon—s mfs+1Gm_S+1)
s=0,s#1

X (Hmfl - Hmfs) + Amfs+1}Bs(< x >)

m—1
2 m (r—1) 1 (r)
+ —(Hpo1— H_ E S —0G By
m( ' 1)s=m—7“+1<3>(Gm s m—s—i—le s+1)Bs(< 2 >)

1
= §Am’ forx € Z.
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Abstract: In this paper, we consider certain types of g-difference poly-
nomials in the complex plane by using the Nevanlinna’s theory. Some
results about the value distribution and uniqueness are obtained, which
are the counterparts of the properties of the general difference polyno-
mials.

Keywords: Value distribution; ¢-Difference; Share fixed-points.

AMS Mathematics Subject Classification(2010): 30D35; 34A20.

1. Introduction and Results

Throughout this paper, we assume f(z), g(z) be non-constant meromorphic (or entire)
functions in the complex plane and use the basic notations of the Nevanlinna’s theory
[1,2,12]. In particular, the order of growth of f(z) is represented by o(f) and the exponent
of convergence of the zeros of f(z) is represented by A(f). In addition, S(r, f) represents
any quantify which satisfies S(r, f) = o(T(r, f))( r — o0), possibly outside a set of finite
logarithmic measure.

If f(#) —1 and g(z) — 1 assume the same zeros with the same multiplicities, then we
say that f(z) and g(z) share 1 CM. If f(z) — z and g(z) — z assume the same zeros with
the same multiplicities, then we say that f(z) and g(z) share z CM, or say that f(z) and
g(z) have the same fixed-points[9].

In the past decade, many scholars have focused on complex difference and difference
equations and presented many results[3-5] on value distribution theory of meromorphic
functions. Meanwhile, g-difference is also becoming an important topic in complex anal-
ysis, so the research of it is very meaningful. The aim of this paper is to investigate the
value distribution and uniqueness of certain types of g-difference polynomials.

We now introduce some related results. Liu and Laine [3] discussed the problem when
a difference polynomial assumes a nonzero small function, and showed the following result.
Theorem A Let f(z) be a transcendental entire function of finite order, not of period c,
where ¢ is a nonzero complex constant, and let s(z) be a nonzero function, small compared

*This research was supported by the National Natural Science Foundation of China, under grant
No.11171013 and No.11371225.
tThe corresponding author. Email address: yunfeidu@yeah.net.
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to f(z). Then the difference polynomial f(2)" + f(z+c¢) — f(2) — s(z) has infinitely many
zeros in the complex plane, provided that n > 3.

Chen [4] investigated the value distribution of a certain difference and obtained the

following theorem.
Theorem B Let f(z) be a transcendental entire function of finite order, and let a,c €
C\ {0} be constants, with such that f(z +c) Z f(2). Set ¥, (2) = Af(2) —af(z)", where
Af(z) = f(z+¢) — f(2) and n > 3 is an integer. Then ¢, (z) assumes all finite values
infinitely often, and for every b € C' one has A(¢,(z) — b) = o(f).

Laine and Yang [5] analyzed the difference f(z)" f(z + ¢), and presented the following
result.

Theorem C Let f(z) be a transcendental entire function of finite order and ¢ be non-zero
complex constant. Then for n > 2, f(2)"f(z + ¢) assumes every non-zero value a € C
infinitely often.

In this paper, we first prove the analogous results in ¢-difference type as follows.
Theorem 1 Let f(z) be a transcendental meromorphic (entire) function of zero order and
let a(z) be a non-zero function, small compared to f(z), q is a non-zero complex constant.
Then forn > 6(n > 2), f(2)"f(qz) — a(z) has infinitely many zeros in the complez plane.
Corollary 1 Let f(z) be a transcendental meromorphic (entire) function of zero order
and q is a non-zero complex constant. Then for n > 6(n > 2), f(2)"f(qz) = 1 has
infinitely many solutions in the complex plane.

Corollary 2 Let f(z) be a transcendental meromorphic (entire) function of zero order and
q is a non-zero complex constant. Then for n > 6(n > 2), the f(2)"f(qz) has infinitely
many fixed-points in the complex plane.

Theorem 2 Let f(z) be a transcendental entire function of zero order, and let a(z) be
a non-zero function, small compared to f(z). q € C\ {0} is a complex constant. Set
Un(2) = f(2)" + Ay f(2), where Ayf(2) = f(qz) — f(2) and n > 2 is an integer. Then
n(z) — a(z) has infinitely zeros in the complex plane and \(,(2) — a(z)) = 0.

We now recall the following Theorem DI[6].

Theorem D Let f(z) and g(z) be two nonconstant meromorphic(entire) functions, n >
11(n > 6) a positive integer. If f(2)"f(2) and g(2)"g(z)" share z CM, then either f(z) =
e, g(z) = e~ where ¢y, ¢y and ¢ are three constants satisfying 4(cico)"c? = —1
or f(z) = tg(z) for a constant such that t"*1 = 1.

Naturally, we ask whether there is a corresponding uniqueness theorem in g-difference
polynomials. In this paper we give an affirmative answer to this question, and obtain the
following results.

Theorem 3 Let f(z) and g(z) be two transcendental meromorphic (entire) functions of
zero order. Suppose that q is a non-zero complex constant and n is an integer n > 8(n >
4). If f(2)"f(qz) and g(2)"g(qz) share = CM, then f(z) = tg(z) for t"*' = 1.

Theorem 4 Let f(z) and g(z) be two transcendental meromorphic (entire) functions of
zero order. Suppose that q is a non-zero complex constant and n is an integer n > 8(n >

4). If f(2)"(f(=) — D f(qz) and g(=)"(g(z) — D)g(q=) share = CM, then f(z) = g(2).
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2. Some Lemmas

In this section, we summarize some lemmas, which will be used to prove our main results.
Lemma 2.1[7] Let f(z) be a non-constant zero-order meromorphic function and q €

C\ {0}. Then
. (T’ f(gz)

W) — o, 1(2))). (2.1)

on a set of logarithmic density 1.
Lemma 2.2[8] Let f(z) be a non-constant zero-order meromorphic function and q €

C\{0}. Then
T(r, f(gz)) = (L + o(L))T(r, f(2))- (2.2)

on a set of logarithmic density 1.
Remark 2.1 Equation (2.2) implies that

T(r, f(qz)) = T(r, f(2)) + S(r, f). (2.3)

Lemma 2.3[8] Let f(z) be a non-constant zero-order meromorphic function and q €

C\ {0}. Then
N(r, f(gz)) = (1 4+ o(1))N(r, f(2)). (2.4)

on a set of logarithmic density 1.
Lemma 2.4 Let f(z) be a transcendental entire function of zero order and q be non-zero

complex constant. Then forn > 2, f(2)"f(qz) is not a constant.

Proof Let F(z) = f(2)"f(qz). If F(z) is a constant c¢. Then f(2)" = oz~ From the

Lemma 2.2 and an identity due to Valiron-Mohon’ko [10, 11], we get

nT(r, f(z)) = T(r,f(2)")

= 1(nss)
= T(r,f(2))+58(r, f),

which is a contradiction for n > 2. Therefore F(z) is not a constant.

3. Proof of Theorem 1

Proof Denote F(z) = f(2)"f(qz). We claim that F(z) — «(z) is transcendental if n >
2. Otherwise, we suppose that F(z) — a(z) = f(z), where 8(z) is a rational function.
Combining Lemma 2.2 and the identity of Valiron-Mohon’ko, we have

nT(r, f(2)) = T(r, f(2)")
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This contradicts the fact that n > 2. Hence F(z) — a(z) is transcendental. Then, we
consider the following two cases.

Case 1. Suppose that f(z) is a meromorphic function. From Lemma 2.2, Lemma 2.3
and the second main Theorem for three small targets [2], we get

nT(r, f(z)) = T(r, f(2)")

= T(r75)

< T(r F(2) +T(r, f(2) +5(r, f) (3.1)

< N(r,F(2)+N <r, Fé)) + N (r, F(z)ia(z)>

+ T(r f(z)+S(r. f),

N(r,F(z)) = N(r f(2)"f(qz))

< E(?‘, f(2)") +_N(73 f(gz)) (3.2)
= N(r, f(2)) + N(r, f(qz)) '
< 2T(r, f(2)) + S(r, f),

and

IN
S =

=1
/N
=
|
ol
N—
I
=1
7 TN N
=
~
o
=
|~
S
0
=
N—

T f(1Z)> +N ("” féz)) (3.3)

I IA
N
=
=
&.’
w

It follows from (3.1), (3.2) and (3.3) that

1
7 ( W> > (n —5)T(r, f(2)) + 5(r, /).

The assertion follows by n > 6.

Case 2. Suppose that f(z) is an entire function. Applying Lemma 2.1 — 2.3 and the
second main Theorem for three small targets, we obtain

(n+1T(r, f(z)) = T(r f(z)"")

m(r, f(2)"*)

m (r, f(%?)) +m(r, F(2))+ S(r, f) (3.4)
T(r, F(2)) +5(r, f)

N(r,F(2))+ N <r, F%Z)) +N <r, m) + S(r, f),

Since f(z) is a zero-order entire function, F'(z) = f(2)"f(qz) is an entire function with
zero-order, then

IN

IA

N(r,F(z)) =0. (3.5)
It follows from (3.3) — (3.5) that

1
N (r, m) +S(r, f) > (n—1T(r, f(2)).

This holds for n > 2. The proof of Theorem 1 is completed.

4
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4. Proof of Theorem 2

Proof We claim that v,,(z) — a(z) is transcendental if n > 2. On the contrary, we suppose
that ¥, (z) — a(z) = B(z), here §(z) is a rational function. Then

F2)" = al2) + B(2) = Bqg(2),

An application of Lemma 2.1 and the identity due to Valiron-Mohon’ko yields

T(r S = nT(r f(2) + S(r.f)
= Tra(:) + B) ~ Ay(2)
T(r.0(:)) + T(r, 8(2) + T(r, (a2) - F(2)) + S(r.)
Fla) = FE)N |, .
w (n SO i ) + 50
T(r, f(:)) + S(r. )

This contradicts the fact that n > 2. Hence ,(z) — a(z) is transcendental. Thus we
discuss the following two cases.

Case 1. Suppose that a(z) is an entire function. Clearly, 1, (2) —a(z) is a transcendental
entire function for n > 2.

Case 2. Suppose that «(z) is a meromorphic function. Set a(z) = gé 7, where g(z) and
h(z) are entire functions with T'(r,g(z)) = o(T(r, f(2))) and T'(r,h(z)) = o(T(r, f(2))),
respectively. Then

IN A

v

e o 1 B GG Fa2) ~ F()a(z) — h)
n(2) = al2) = S+ £(02) = 1) = 25 e .
If ¥, (2z) — a(z) has finitely many zeros, then (f(2)" + f(qz) — f(2))g(z) — h(z) must

be a polynomial. Denote by p(z) = (f(2)" + f(¢z) — f(2))g(2) — h(z), where p(z) is a
polynomial. From Lemma 2.1 | we have

T f(5)7) = nT(r, f(2)) + 50, 1)

- 7 (WP ) e
T(r, p(2)) + T(r, 9(2)) + T(r, (=) + T(r, (a2) — (2))
<m ( %) Sl £(2)) + S0, f)
= T(r 1)+ 50 )

which gives a contradiction since n > 2. Hence ¢, (z) — a(z) has infinitely many zeros in
the complex plane.

Moreover, by the fact 0 < A(¢,(2) — a(z)) < o(f(z)) = 0, it follows that A(i,(z) —
a(z)) = 0. We finish the proof of Theorem 2.

IA
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5. Proof of Theorem 3

Proof From f(2)"f(¢qz) and g(z)"g(qz) share z CM, we know that w and w
share 1 CM.

By the assumption of Theorem 3, there exists an entire function p(z) such that

i)
z —_ bz
d@relex) _ (5.1)

Since the order of f(z) and g(z) is of zero, then e?*) is a non-zero constant, let it be c.
Rewriting the equation (5.1), it follows that

S)telez) )" fez) (5.2)

Denote F(z) = w and G(z) = g(z)nzg(qz).
First, assume that ¢ # 1. We take into account the following two cases.

Case 1. Suppose that f(z) and g(z) are meromorphic functions. Combing Lemma 2.2,
Lemma 2.3 and equation (5.2), we obtain

T(r, F(2) < N(, F(2)) + N ( %) ' < .

N(r,F(2)) = N <7“, f(Z)"Zf(QZ)
< N(r, f(2)") + N(r, f(g2)) + N (1. 1) (5.4)
= N(r, f(2)) + N(r, f(gz)) + S(r, f)
< 2T(r, f(2)) + S(r, f),
and
N () = A f(Z)"Zf(q2)>_ B
< N (re) + X (1 ) + N9 -
= N{m f(12)> N (r’ féz))
< 2T(r, f(2)) + S(r, f).
Similarly,
_ 1 — 1
N (7”, m> =N <7’, m) S 2T(T,g<2)) + S(Tﬂ g) (56)

By substituting (5.4) — (5.6) into (5.3), it follows that

T(r,F(z)) <AT(r, f(2)) +2T(r,g(2)) + S(r, f) + S(r, g). (5.7)
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On the other hand, from Lemma 2.2, we have

T(r, f(2)") = nT(r,f(z)) +S(r, f)

< T(rz)+T(r F(2)+T (T’ @)

— T(r, f(q2)) + T(r, F(2)) + S(r, f)
= T(r, f(2)) +T(r, F(2)) + S(r, f),

which means

(n—=1T(r, f(2)) < T(r, F(2)) + 5(r, ). (5.8)
Substituting (5.8) into (5.7), we have
(n—5)T(r, f(2)) < 2T(r, g(2)) + S(r, f) + S(r, g). (5.9)
Similarly, we can get
(n—=5)T(r,g(2)) < 2T(r, f(2)) + S(r, f) + S(r, g). (5.10)
Combining the above two inequalities (5.9) and (5.10), we obtain
(n = 7)(T(r, f(2)) + T(r,g(2))) < S(r, f) + S(r,g),

which contradicts with the assumption n > 8. o o
Case 2. Suppose that f(z) and g(z) are entire functions. From N(r, f(z)) = N(r,g(2)) =
0, then we have

N(r,F(z)) =N (7’, w> < N(r, f(2)") + N(r, f(gz)) + N (r, %) = S(r, f).
(5.11)
Substituting (5.11), (5.5), (5.6) into (5.3), we obtain
T(r,F(z)) < 2T(r, f(2)) + 2T'(r, g(2)) + S(r, ) + 5(r, g)- (5.12)
On the other hand, by using Lemma 2.1 to obtain
T(r, f(2)") = (n+1T(r, f(2))+S(r, f)
= m(r, f(z)"")
= m|r Mz z
N ( gt )>
< m(r,F(z))+m <r, %) + S(r, f)
< T(r,F(2)) + 5(r, f),
which implies
(n+1)T(r, f(2)) <T(r,F(z)) + S(r, f). (5.13)

7
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By substituting (5.13) into (5.12), we get
(n—DT(r, f(2)) < 2T(r, g(2)) + S(r, f) + S(r, g). (5.14)
Similarly, we can obtain
(n—1)T(r,g(2)) < 2T(r, f(2)) + S(r, f) + S(r, 9). (5.15)
Combining (5.14) and (5.15) yields
(n=3)(T(r, f(2)) + T(r,9(2))) < S(r, f) + S(r, 9),

this is impossible when n > 4.
Then, assume that ¢ = 1. From (5.2), we can get

f(2)"flqz) 9(2)"9(612)‘

z z

f(z)

g(2)

Let h(z) = £ then we have

h(z)"h(qz) = 1. (5.16)

From Lemma 2.2, we obtain
T(r,h(z)") =nT(r,h(2))+ S(r,h) =T (7’, @) =T(r,h(z))+ S(r,h).

So h(z) must be constant from n > 4. Suppose that h(z) = t. We conclude that " =1
from (5.16). Thus, Theorem 3 is proved.

6. Proof of Theorem 4

Proof From f(z)"(f ( ) 1)f(q ) and g(z)"(g(z) — 1)g(gz) share z CM, we know that
FE"FE=De2) 41 q 92" @E)19e2) ¢hare 1 CM.
Denotez )

poy - U =D el = Dee)

z z

It follows from Lemma 2.1 that

T(r, f(2)"(f(z) = 1)) = (n+2)T(r,f(2)) +S(r, f)

Il
3
VRS
=
=
&
N
i
I
S~—
SN—— |

IAIA
N 3
S =
ol
S
+ 4+
SO
-~

- TN
~~ \j
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which implies
(n+2)T(r, f(2)) <T(r, F(2)) + S(r, f). (6.2)

Since F'(z) and G(z) share 1 CM, then by the same arguments in the proof of Theorem
3, there exists a non-zero constant ¢ such that

F(z) —1=1¢(G(z) = 1). (6.3)

Assume that ¢ # 1. By using Lemma 2.2, Lemma 2.3, (6.1), (6.3) and the second main
theorem to F'(z), we deduce that

T, F() < N FE) + 8 (rop ) + 8 (npge ) + 500 (64)

N F(z) = N (T’ f(Z)"(f(zZ)—l)f(q2)>
< N ()" + N(r, f{z) = 1)+ N(r, f(g2)) + N (1, 1) (6.5)
- S(h f)a

and

N(rsg) = N f(z)ﬂ(f(5—3f<qz)> B B
< N, f(i)”) +N (7“, @) + N(r,z) + N (7“, ﬁ) (6.6)
< 3T(r, f(2)) + S(r, f).

Similarly, we can get

N (r, m) N (7‘, %(Z)) < 3T(r, g(2)) + S(r. g). (6.7)

Substituting (6.5) — (6.7) into (6.4), we have
T(r,F(2)) < 3T(r, f(2)) + 3T (r,9(2)) + S(r, ) + S(r, 9). (6.8)
It follows from (6.2) and (6.8) that
(n—1)T(r, f(2)) < 3T(r,g(2)) + S(r, f) + 5(r,9)- (6.9)

Similarly,
(n = 1)T(r, g(2)) < 3T(r, f(2)) + S, f) + S(r,9). (6.10)

Combing (6.9) and (6.10) yields

(n—=4)(T(r, f(2)) + T(r,9(2))) < S(r, f) + S(r, 9).
Clearly, it isn’t established for n > 6.
Assume that ¢ = 1, this means

F(2)"(f(z) = Df(az) _ 9(2)"(9(2) — Dy(a2)

z z
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Denote h(z) = %, we obtain

9(=)(h(=)" " h(gz) — 1) = h(=)"h(gz) — L. (6.11)

Assume h(z) is not a constant. By using Lemma 2.4, we know that h(z)""'h(gz) is
also not a constant. If there exists a point zg such that h(z9)""™h(gz0) = 1. Combing
(6.11) and g(z) is an entire function, we obtain h(zo)"h(gzy) = 1. Hence h(zy) = 1, then
it follows that

Y (iema) = )

A
=
=
Na}
O
_|_
=

IN
=
N
=
=
I\
~| =
|
—
‘3\_//_\

IA
~
=
=
N
+
©
=

ie.,
1
N
(“ By Th(gz) 1
We now set H(z) = h(z)""'h(gz). Applying the second main Theorem to H(z), we
have

> <T(r,h(2))+ S(r,h). (6.12)

— — 1 — 1
T(r,H(z)) < N(r,H(2))+ N (r, m) + N (7‘, m) + S(r, h). (6.13)
Combing Lemma 2.2 and Lemma 2.3 yields
N(r,H(z)) <2T(r,h(2)) + S(r, h) (6.14)
and
— 1
N (r, W) < 2T(r,h(z)) + S(r, h). (6.15)
Substituting (6.12), (6.14), (6.15) into (6.13), we get
T(r,H(z)) < 5T(r,h(2)) + S(r, h). (6.16)

It follows from Lemma 2.2 and (6.16) that
T(r,h(2)"™) = (n+1)T(r,h(2)) + S(r,h)
(O
=7 (%)
< T(r,H(2))+T(r,h(z)) + S(r,h)
< 6T(r,h(2)) + S(r, h).

Obviously, it is a contradiction with the assumption n > 6. Thus, h(z) is a constant, let
it be t. Then, substituting it into (6.11), we have

g()(t" T — 1) ="t — 1. (6.17)

Since g(z) is a transcendental entire function, from (6.17), we know that t"*? = 1 and
t"*! = 1, which means ¢t = 1. Consequently, f(z) = g(z). The proof of Theorem 4 is
completed.

10
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Abstract. In this paper, in order to solve a class of nonlinear bilevel programming
problems, we equivalently transform the nonlinear bilevel programming problem-
s into corresponding single level nonlinear programming problems by using the
Karush-Kuhn-Tucker optimality condition. Then, based on penalty function theo-
ry, we construct a smooth approximation method for obtaining optimal solutions
of classic [1-exact penalty function optimality problems, which is equivalent to the
single level nonlinear programming problems. Furthermore, using e-approximate
optimal solution theory, we prove convergence of a simple e-approximate optimal
algorithm. Finally, through adding parameters in the constraint set of objective
function, we prove some perturbation convergence results for solving the nonlinear
bilevel programming problems.

Key Words and Phrases: Nonlinear bilevel programming problem, new exact
penalty function method, smooth approximation, e-approximate algorithm, pertur-
bation convergence.
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1 Introduction

Since 1980s, bilevel programming problems had been very widely used in supply chain management,
engineering design, network planning and other fields [1]. The theory and algorithms for bilevel
programming problems have been deeply explored by many researchers. See, for example, [2, 3] and
the reference therein. Recently, there are quite mature theoretical support and algorithm design on
how to solve bilevel programming problems. For instance, by using the most famous pole search
method, the global optimal solution of the problems can ultimately be obtained (see [4]). Zheng
et al. [5] pointed out that a class of exact penalty function methods to solve the weak linear
bilevel programming problem is feasible. But the present research to nonlinear bilevel programming
problems is mainly focused on some special structure problems, and the proposed methods for solving
the problems are mostly applied to aim at some particular examples which are of special properties
or structure. In 2010, replacing the lower level problem with its Kuhn-Tucker optimality condition,
Pan et al. [6] transformed a class of nonlinear bilevel programming problems into normal nonlinear
programming problems with the complementary slackness constraint condition, and introduced and
studied a penalty function method to solve the problems. Through appending the duality gap of the
lower level problem to the upper level objective with a penalty and obtaining a penalized problem,
Lv [7] presented an exact penalty function method for finding solutions of a class of special nonlinear
bilevel programs, i.e. the lower level problem is linear programs. Gupta et al. [8] provided a fuzzy
goal programming approach to solve a multivariate stratified population problem which was turned
out to be a non-linear bilevel programming problem.

*The corresponding author: hengyoulan@163.com (H.Y. Lan)
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Very recently, based on definition of partial calmness for a single level optimization problem,
Lii and Wan [9] constructed an exact penalized problem of a semi-vectorial bilevel programming
problem by using the dual theory of linear programming. Based on approximate approach, Hos-
seini [10] attempted to develop an effective method for solving a nonlinear bilevel programming
problem in virtue of transforming the nonlinear bilevel programming problem into a smooth single
problem via using the Karush-Kuhn-Tucker conditions and Fischer-Burmeister functions. Hosseini
and Kamalabadi [11] proposed a modified genetic algorithm combining particle swarm optimization
using a heuristic function and constructed an effective hybrid approach, which is a fast approximate
method for solving the non-linear bilevel programming problems. Based on a novel coding scheme,
Li [12] developed a genetic algorithm with global convergence to solve a class of nonlinear bilevel
programming problems where the follower is a linear fractional program. Moreover, Miao et al.
[13] introduced and studied a bilevel genetic algorithms to solve a class of particular mixed integer
nonlinear bilevel programming problems, which have been widely appeared in product family prob-
lems. Based on exact penalty function method, Di Pillo [14] proposed an efficient derivative-free
unconstrained global minimization technique and proved that for every global minimum point, there
exists a neighborhood of attraction for the local search under suitable assumptions. By using a
simple exact penalty function method, Gao [15] studied an optimal control problem subject to the
terminal state equality constraint and continuous inequality constraints on the control and the state.
However, a general method to solve nonlinear bilevel programming problems has not yet been dealt
with in the literature.

Motivated and inspired by the above works and this work is organized as follows: In Section 2,
a class of nonlinear bilevel programming problems are equivalently transformed into corresponding
single level nonlinear programming problems by using the Karush-Kuhn-Tucker optimality condi-
tion. Further, based on penalty function theory, we construct a smooth approximation method
for obtaining optimal solutions of classic l1-exact penalty function optimality problems. By using
e-approximate optimal solution theory, convergence of a simple e-approximate optimal algorithm is
proved in Section 3. In Section 4, by adding parameters in the constraint set of objective function,
we discuss some perturbation convergence results for solving the nonlinear bilevel programming
problems.

2 Smooth approximation method

In this section, by using penalty function theory and Karush-Kuhn-Tucker optimality condition, we
shall construct a smooth approximation method for solving a class of nonlinear bilevel programming
problems.

In this paper, we consider the following nonlinear bilevel programming problem:

yin L f@y)
min  F(z,y) (2.1)

(I,y)eRn+7n
s.t. gz(x7y)§0a 7’:1727 ala

where f(z,v), F(z,y),g:(z,y) : R*™™ — R are continuously differentiable mappings fori = 1,2,--- 1.
By using Karush-Kuhn-Tucker optimality condition (see [16]), the lower level programming problem
in (2.1) can be rewritten as follows:

l
VyF(z,y) + Y AiVygi(z,y) =0,
=1

!
> Nigilz,y) =0,
i=1

gl(x,y)SO, i:1727"'7l
>0, i=1,2,--- 1
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Thus the problem (2.1) can be expressed as the following single level nonlinear programming problem:
yin  T@Y)
st gi(z,y) <0, i=1,2- 1,
!
VyF(2,y) + ) MiVygi(r.y) =0, (2.2)
i=1
Nigi(z,9) =0, i=1,2,---,1,
- <0 i=1,2,---,L

Let z = (2,9, A1, Ao, ...\;) € R"T™+. Then we have

l
hi(z) s = VyF(a,y) + > AiVygi(a,y) =0,

=1
hiyi(2) : = Nigi(z,y) =0, i=1,2,---,1 (2.3)
hivivi(2) : = gi(z,y) <0, i=1,2,---,1
hivori(2) s ==X <0, i=1,2,--- 1.

It follows from (2.3) that the problem (2.2) can be stated as

Lo )
st hi(z)=0, i=1,2-- 141, (2.4)
hi(z) <0, j=1,2,---,2I,

where f(z) : R"*™* — R is a continuously differentiable mapping. Let D = {z|h;(z) < 0} be
the feasible set of the single level nonlinear programming problem (2.4). According to theory of the
penalty function, we give the following /;-exact penalty function programming problem:

1+3l

() = F(2) Y () (25)

min
(2,n)ERN+m+1x R+

where p is called a penalty factor and [h; (2)]" = max {0, hj(z)} for j =1,2,---,1+4 3L
Now we prove that the problem (2.5) is equivalent to the problem (2.4).

Theorem 2.1 Suppose that (z*,p) € R"™Fl x R* is optimal solution of the ly-evact penalty
function programming problem (2.5), where R* = (0, +00) and pu is large enough. Then, z* must be
the optimal solution of the single level nonlinear programming problem (2.4).

Proof. Let z] be an optimal solution of the problem (2.4), and (23, j1-;) be an optimal solution of
the problem (2.5), where penalty parameter Hzz € R™ must exist. Then we get

[ (D] =0, (26)
and
ll(zgvﬂz;) < ll(zikvﬂz;)- (27)
By (2.7) and (2.5), now we know that
1431 1431
FG3)+ Y ey [ (23)]T < F() + D g (DT
j=1 j=1
and so it follows from (2.6) that
f(z2) < (=) (2.8)
3
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If 25 € D, then we have
f(z1) < f(23). (2.9)

Otherwise, there must exists a j € .J such that h;(25) > 0 holds. Thus, we have ph; (23) — +00
with 4 — +00. Hence, z5 may not be an optimal solution of the single level nonlinear programming
problem (2.4). Therefore, z5 € D must be satisfied.

Combining (2.8) and (2.9), we know that the result of Theorem 2.1 is right. It completes the
proof. m

Next, we establish a new smooth function for equivalently approximating the [i-exact penalty
function in (2.5).

Theorem 2.2 Give the following programming problem:

1431

L(z,pu,7) = f(2) + Z In [1 + e“him} , (2.10)
j=1

min
(z,p,r)ERMTMHIX RT X RT
where p,r > 0 are two parameters. Then smooth approzimation of optimal solution for the L-exact

penalty function programming problem (2.10) is the optimal solution of the l;-exact penalty function
programming problem (2.5) as r — 0.

Proof. For all j =1,2,---,3, if h;(z) <0, then
[hi(2)]" =0, (2.11)

where [h;(2)]" is the same as in (2.5). Further, letting t = 1. then we have t — +00 as r — 0T and

uhy() " In[1 4+ etrhi(2)
lim In {1—&—@ T ] = lim Mzo_ (2.12)

r—0+ t——+oo t

By (2.11) and (2.12), one can see that the optimal solution of the problem (2.10) is equivalent to
the optimal solution of the problem (2.5) as r — 0F.
If hj(z) > 0, then taking r = }, and we get

_ why ()" . In[14etrhi(®)]
lim In|l1+e - = lim —
r—0+ t—+o0 t
. 1
= ph;(z) - t£+moo [1 T1xe etuhj(z)]
= ph;(z) > 0. (2.13)
()17
Thus, it follows from (2.13) that in [1 + "L ] = pu[hy]" as v — 0, where [h;]" is the same as

in (2.5), and so lim,_,o+ L(z, u,7) = l1(2, p)-
From the above, it completes the proof. m

3 e-approximation algorithm

In this section, we shall construct an e-approximation algorithm to solve the nonlinear bilevel pro-
gramming problem (2.1) via using e-approximate optimal solution theory.

Definition 3.1 Let zZ be an optimal solution of the nonlinear bilevel programming problem (2.1).
Then a point zo is called e-approximate optimal solution of the problem (2.1), if for given constant
€ > 0, the following inequality holds:

f(2) = f(20) <, (3.1)
where f(z) is defined as in (2.4) for any z € R+,
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shy(2)

K
1::1” In [1 +e } be a nonlinear function for all z €

Lemma 3.2 Let ¢(z,p) = lim, o+ ) ;

R™™m+l and € RT, and let (2,[1) be an optimal solution of the li-evact penalty function pro-
gramming problem (2.5) with enough large fi. If there exists (z*, p*) € R"™+ x Rt such that for
each € > 0,

o(2%, 1*) < e, (3.2)

then z* must be an e-approximate optimal solution of the nonlinear bilevel programming problem
(2.1).

Proof. Since (Z, i) is an optimal solution of the problem (2.5), we have

Lz m) < h(z" ),

ie.,
1431 1431
FE+RY [N < fE) +u Y (" (3-3)
j=1 j=1
By Theorem 2.1, we have
1431
B> (2] =0, (3.4
j=1
Thus, it follows from Theorem 2.2 and (3.2) that
1431 1431 e "
w* Z [hi(z*)]" = lir(r)1+ Z In [1 +e T ] =(z*, 1) < e (3.5)
r—
j=1 j=1

Combining (3.4) and (3.5) into (3.3), we get
f(2) = f(z7) < (3.6)

which implies that the point z* is an e-approximate optimal solution of the nonlinear bilevel pro-
gramming problem (2.1). m
By Lemma 3.2, now we propose the following e-approximation algorithm.

Algorithm 3.3 Step 1. Give a constant € > 0, initial points u* > 0 and r* € (0,0.01), a positive
integer N > 1, k:=1.

Step2. Find optimal solution of the following smooth programming problem with the gradient
descent method for (u*,7%), and denote by (2%, u¥,r*):

1431 W h () rk
min Lz, pk,r8) = f(2) + In|{l4+e +* 3.7
(z,p,7) ERMTMFLX RE X R (21 )= 1) ; (87)
hi(z)7T
Step3. Let ¢(z,u,r) = Z;i?l In [1 teF } . If the point (2%, u* r*) satisfies

@, pFrk) — @z, pF r¥) <€, VzeD,
then stop. Otherwise, let r¥+1 = (rk)N and p**tt = NpF, k:=k+ 1, and go to Step2.

Theorem 3.4 Assume that {(*, u*,r*)} is a sequence generated by Algorithm 3.3, and the feasible
region D = {z|h;(z) < 0,7 =1,2,...,14 31} of the single level nonlinear programming problem (2.4)
is nonempty. Then the following results hold:
(i) If z* € D, then
L(zk,,uk,rk) Z L(Zk+1,,uk+1,7“k+l).
(i) when zF ¢ D, we have

lim L(2*, u*, %) = 4o0.
k—o0
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Proof. By Algorithm 3.3, we know that z¥ and 2**! are the minimum points of the L-exact penalty
function (3.7) with respect to (u*,7%) and (u**+1,rk*T1)  respectively. Thus, we have

1+31

WhHLp (kT rREl
LEM L) = f ) 1Y [1 - }
j=1
1+3l1 WL () rhtt
)+ Z In [1 +e T ]
1+31 kL (R
MJE:M{1+€ T } (3.8)
hj(z) . 2
Let @(z, p,r) = ZHBl In[1 eM'T]T. For z € D, it follows that — ( ) >0 and
whj(2) whj(2) B ph;(2) phj(2)
8ﬂmuw)_[1+e }“41+6 } r© 0 (3.9)
or = 1h; (2) > 0.
14+e—r
Further, if z* € D, then it follows from r**1 < 7¥ (3.9) and p**! > p¥ that for any j = 1,2,--- , 1+
3, hj(z%) <0, pkTih;(2%) < uFh;(2*) and
1431 r )
Ry 4 phtt Zln 1—&—67-’““}
13t kt1p, (K
2F) 4 rk Zln 14 ) Tk](z )}
1+3l - k k
k k pohy(27)
In |1 —_—
)+ Zl n _ +e -
= L(z*, u*,rh). (3.10)
Thus, by (3.8) and (3.10), we know that for z* € D,
L b ) < LR, b, o). (3.11)

Moreover, if z¥ ¢ D, then there must exists a positive integer j, € {1,2,...,1 + 3[} such that
hj.(z¥) > 0. It follows from Theorem 2.2 that 7¥ — 0 and u* — 400 as k — oo, and

1431 Mkh’(zk) T
lim Lz, u*, vk li k In |1 o
Jim L%, ot Jdim FE)+ Y | 1e

ukhj(zk)

= 1 k 1 rk
klir{:of(z )+klirrgoj;ln [1+e

1431 ] rk

S 1 k . ky . k
> klgrolo 5+ kILII;O [M hj, (2 )}
e (3.12)

It completes the proof. m
From Theorem 3.4, we have the following result.

Theorem 3.5 Let the feasible region of the single level nonlinear programming problem (2.4) denoted
by D = {z]h;(z) < 0} be nonempty. Let {(z*,u* ,r*)} be a sequence generated by Algorithm 3.3.
Then there must exists a subsequence of sequence {(2*, ¥, %)} to converge to an optimal solution
of the nonlinear bilevel programming problem (2.1).
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Proof. Let f(z) > 0 always hold. Otherwise, let f(z) := e/*) 4 1. Let {(z*,u"*,r*)} be a
subsequence of the sequence {(z*, u*,r*)} with 2*¢ € D. Thus, from Theorem 3.4, it follows that
L(z, u¥ r*) is monotone and bounded. Let z* be an optimal solution of the nonlinear bilevel

wFnj %)
programming problem (2.1). Since 7¥ > 0 and In[l +e  +* | > Inl = 0 for every k > 1 and
wFhj(zF)
j=1,2,---,1+3l, we have r¥in[l + e~ % ] >0 and
1431 ukin (2R
L(zkt,,uk‘,rkt) = f(zkf) + Z rFin [1 + erkt}
j=1
> F() > £(2). (3.13)
From (2.12), we have for r* — 0% as k; — +o0 and
1431 ) rht
1 kt =
Jim Z In [1 +e } 0. (3.14)

It follows from (i) of Theorem 3.4 that L(z"t, u*t %) is monotone decreasing and bounded for all
z* € D. Combining (3.13) and (3.14), we get

1431 jktn (Rt rkt
kt k?t ky — kt
k}li)nooL( T ) k,}gnoof( + kllin[)Jr Z ln |:1 te :|
= khm Ry = f(27). (3.15)
£+ —>00

Thus, from the above, we have that L(z*¢, u*¢ r¥t) and 2%t converge to f(z*) and 2* as k; — oo,
respectively. Combining the equivalence relation between the single level nonlinear programming
problem (2.4) and the nonlinear bilevel programming problem (2.1), it completes the proof. m

4 Perturbation theorem

By adding parameters in the constraint set of objective function, we will discuss some perturbation
convergence results for solving the nonlinear bilevel programming problems (2.1) in this section. Let
Q. be a set defined by

Qo = {z € R"™™ M |h(2) < a}, (4.1)

where a > 0. If & = 0, we can obtain that € is a feasible set of the single level nonlinear program-
ming problem (2.4). Let ¢¢(a) be perturbation function of the single level nonlinear programming
problem (2.4) defined as follows

1) = inf f(z),Ya >0, (4.2)

where f is the same function as in (2.4). By (4.2), we know that ¢ () is monotone decreasing at
a >0, and so ¢¢(a) is a upper semi-continuous function at & = 0*. Denote

¢5(0) = inf f(2), (4.3)
and
1¢(0) = min f(2). (4.4)

It is easy to see that the optimization problem (4.4) is equivalent to the single level nonlinear
programming problem (2.4).

Theorem 4.1 If ¢¢(a) defined in (4.2) is a lower semi-continuous function at « = 0%, then (4.3)
is equivalent to the nonlinear bilevel programming problem (2.1).
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Proof. From (4.1) and (4.2), it follows that ¢¢(«) is a upper semi-continuous function at o = 0%.
If ¢f() is also a lower semi-continuous function at o = 07, then ¢¢(a) is continuous at a = 07.
Hence, ¢(0) = ¢¢(0).

On the other hand, the optimization problem (4.4) is equivalent to the single level nonlinear
programming problem (2.4). Combining the equivalence relation between the nonlinear bilevel pro-
gramming problem (2.1) and the single level nonlinear programming problem (2.4), we know that
(4.3) is equivalent to the original programming problem (2.1). It completes the proof. m

Theorem 4.2 Let {(2*, u*,r*)} be a sequence generated by Algorithm 3.3. Assume that feasible
set D = {zR"'+m+l|hj (z) < 0} of the single level nonlinear programming problem (2.4) is nonempty.
Then, there must exists a subsequence {(z*», uF» rke)} of the sequence {(2*, u*,7*)} such that for
k

z" e D

kp

1431 wkp s Rey "
1 kP =
kilinoo Z In{l1+e 1 0. (4.5)
Proof. By (3.9), we know that for z € D,
0p(z, p,7)
———F——= > 0. 4.6
o (4.6)

Let {(z*, u*» ,r*»)} be a subsequence of the sequence {(2*, u*,r*)} generated by Algorithm 3.3 with
P € D. From (4.6), one can know that for each 2*

1431 kh (:Fp) r*
B i) Zzn[l+e ]
k+1

1+31 “}V+1h zkpy1"
>3 in [14—@ }
= cp(z b, b R, (4.7)
Since @(zF», pF*+1 rk+1) > 0 holds invariably, it follows from (4.7) that

lim @(z", u* %) = 0. (4.8)
k—o0
Taking p* := pk» and 7¥ ;= r¥» then it follows from (4.8) that

lim (2", utv, rtv) =0,

kp—o00

and so
1431 rkp

kiiinooz:ln {l—i—ev’“P} =0.

It completes the proof. m

Theorem 4.3 If ¢¢(a) defined in (4.2) is a lower semi-continuous function at o = 0%, and a
subsequence {z¥v, i*v r*r} is the same as in Theorem 4.2, then z*» converges to an optimal solution
of the nonlinear bilevel programming problem (2.1).

Proof. If there exists a subsequence {z*», u¥» rkr} satisfying (4.5), then we know that for each
z€D,
lim @(z%, pPv rPe) = lim @(z, uh», r*) =0,

kp—00 kp—r00

and so for any positive number €, there exists a positive integer M such that when k, > M, we have

Bz, b, vhr) — p(Fr, ke, rhe) < e, (4.9)
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By (3.7), we know for each z € D
L2k, pfr rke) < Lz, pke, ),
ie.,
FE) 4 @(Fr, pbe ) < f(2) + (2, 1, ). (4.10)
Combining (4.9) into (4.10), we have for k, > M,

FE) < f(2) + @la, e rhe) — g(ehr, e, e
< f(z) +e (4.11)

If ¢ ¢(cv) is a lower semi-continuous function at & = 0", from Theorem 4.1, it follows that inf,cp f(z) =
¢5(0). Let f(2) = ¢4(0). By (4.11), now we know that

F(2*7) < 65(0) + e,

which implies
¢5(0) < f(2") < ¢4 (0) + €. (4.12)
Thus, when € — 0, it follows from (4.12) that there exists an accumulation 2 for the sequence {z*»}

such that f(2) = ¢;(0). Hence, from Theorem 4.1, we know that 2*» converges to an optimal
solution of the nonlinear bilevel programming problem (2.1). =
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APPROXIMATE n-JORDAN xDERIVATIONS ON INDUCED FUZZY
C*-ALGEBRAS

GANG LU, JINCHENG XIN, CHOONKIL PARK", AND YUANFENG JIN

ABSTRACT. Using the fixed point alternative theorem, we investigate the Hyers-Ulam stability of
of n-Jordan *-derivations on induced fuzzy C™-algebras associated with the following functional
equation f(z —y+2)+ f(x —2)+ f 2z +y) = f (4z).

1. INTRODUCTION AND PRELIMINARIES

The stability problem of functional equations originated from a question of Ulam [39] concerning
the stability of group homomorphisms. Hyers [19] 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 Rassias [34] for linear mappings by considering an unbounded Cauchy difference.
Those results have been recently complemented in [7]. A generalization of the Aoki and Rassias
theorem was obtained by Gavruta [18], who used a more general function controlling the possibly
unbounded Cauchy difference in the spirit of Rassias’ approach. The stability problems for several
functional equations or inequalities have been extensively investigated by a number of authors and
there are many interesting results concerning this problem (see [6, 12, 13], [20]—[28], [35]-[37]).

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 x = y;
(2) d(z,y) = d(y,z) for all z,y € X;
(3) d(z,z) < d(xz,y) +d(y,z) for all z,y,z € X.

Theorem 1.1 (see [11, 15]). 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"x, J"z) < oo, for all n > no;
2) the sequence {J"x} converges to a fized point y* of J;

(2)
(3) y* is the unique fized point of J in the set Y = {y € X|d(J™x,y) < oo};
(4) d(y,y*) < Zzd(y. Jy) for ally €Y.

2010 Mathematics Subject Classification. Primary 39B62, 39B52, 47H10, 46B25.

Key words and phrases. Fuzzy normed space; additive functional equation; Hyers-Ulam stability; fixed point
alternative; induced fuzzy C*-algebra.
*Corresponding author.
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By using the fixed point method, the stability problems of several functional equations have
been extensively investigated by a number of authors (see [8, 10, 11, 9, 16, 25, 29, 30, 33, 42]).

In 1984, Katsaras [24] defined a fuzzy norm on a linear space and at the same year Wu and Fang
[40] also introduced a notion of fuzzy normed space and gave the generalization of the Kolmogoroff
normalized theorem for fuzzy topological linear space. In [5], Biswas defined and studied fuzzy
inner product spaces in linear space. Since then some mathematicians have defined fuzzy metrics
and norms on a linear space from various points of view [4, 17, 27, 38, 41]. In 1994, Cheng
and Mordeson introduced a definition of fuzzy norm on a linear space in such a manner that
the corresponding induced fuzzy metric is of Kramosil and Michalek type [26]. In 2003, Bag and
Samanta [4] modified the definition of Cheng and Mordeson [14] by removing a regular condition.
They also established a decomposition theorem of a fuzzy norm into a family of crisp norms and
investigated some properties of fuzzy norms (see [3]). Following [2], we give the employing notion
of a fuzzy norm.

Let X be a real linear space. A function N : X x R — [0, 1](the so-called fuzzy subset) is said
to be a fuzzy norm on X if for all x,y € X and all a,b € R:
(N1) N(z,a) =0 for a < 0;
(N2) x =0 if and only 1fN(x a) =1 for all a > 0;
(N3) N(az,b) = N(z, |a|) if a # 0;
(N4) N(z +y,a+b) > min{N(z,a), N(y,b)};
(N5) N(z,.) is a non-decreasing function on R and lim,—oo N(z,a) = 1;
(Ng) For z #0, N(x,.) is (upper semi) continuous on R.
The pair (X, N) is called a fuzzy normed linear space. One may regard N (z,a) as the truth value
of the statement the norm of z is less than or equal to the real number a .

Definition 1.2. Let (X, N) be a fuzzy normed linear space. Let z,, be a sequence in X. Then z),
is said to be convergent if there exists x € X such that lim, oo N(x, —x,a) =1 for all a > 0. In
that case, x is called the limit of the sequence x,, and we denote it by N-lim, oo T, = .

Definition 1.3. A sequence z,, in X is called Cauchy if for each ¢ > 0 and each a > 0 there exists
no such that for all n > ng and all p > 0, we have N(zp4p — Tpn,a) > 1 —€.

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

We say that a mapping f : X — Y between fuzzy normed vector space X,Y is continuous at
point z¢ € X if for each sequence {z,} converging to z¢ in X, then the sequence {f(x,)} converges
to f(xzo). If f: X — Y is continuous at each z € X, then f: X — Y is said to be continuous on
X (see [2])

Definition 1.4. [32] Let X be a x-algebra and (X, N) a fuzzy normed space.
(1) The fuzzy normed space (X, N) is called a fuzzy normed x-algebra if

N(xy,st) > N(z,s)- N(y,t) and N(z*t) = N(z,t).

(2) A complete fuzzy normed x-algebra is called a fuzzy Banach *-algebra.
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Example 1.5. Let (X, ||.||) be a normed x-algebra. Let

& 0,re X
— ) ot 7Y )
N(z,a) {0, a<0,z¢X.

Then N(z,t) is a fuzzy norm on X and (X, N(x,t)) is a fuzzy normed x-algebra.
Definition 1.6. Let (X, || - ||) be a C*-algebra and N a fuzzy norm on X.

(1) The fuzzy normed *-algebra (X, N) is called an induced fuzzy normed *-algebra.
(2) The fuzzy Banach x-algebra (X, N) is called an induced fuzzy C*-algebra.

Definition 1.7. Let (X, | -||) be an induced fuzzy normed *-algebra. Then a C-linear mapping
D:(X,N)— (X,N) is called a fuzzy n-Jordan *-derivation if

D(z") = D(z)z" ' +zD(x)z" 2+ + 2" D(x)x + 2" 1 D(z),
D(z*) = D(x)*
for all z € X.

Throughout this paper, assume that (X, N) is an induced fuzzy C*-algebra.

2. MAIN RESULTS

Lemma 2.1. Let (Z,N) be a fuzzy normed vector space and f: X — Z be a mapping such that

N(f o=yt S a=2) 41 o +0)0) 2 N (140 5) (2.)
forall z,y,z € X and all t > 0. Then f is additive.

Proof. Letting x =y =z =0 in (2.1), we get

NGF0).1) = N <f(0), ;) > N (f(0)7 ;)

for all t > 0. By (N5) and (Ng), N(f(0),t) =1 for all ¢ > 0. It follows from (N2) that f(0) = 0.
Letting x =y = 0 in (2.1), we get

N(f(2) + f(=2) + f(0),t) > N (f(o), ;) —1

for all t > 0. It follows from (N3) that f(—z)+ f(z) =0 for all z € X. Thus

for all z € X.
Letting x = 0 in (2.1), we get

N(f(z=y) + f(=2)+ ), t) = N <f(0),t> ~1
for all t > 0. It follows from (N2) that

fy)+f(=2)+ f(-y+2)=0
for all y,z € X. Thus

fly+2)=fly) + f(2)

for all y,z € X, as desired.
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Theorem 2.2. Let ¢ : X3 — [0,00) be a function such that there exists an L < 1 with

Ty z L
Z 2 )<« 2 )
¢(2,272> < 59y, 2) (2.2)
forall z,y,z € X. Let f: X — X be a mapping such that

N (f (ux =y +2)) + f (ple = 2)) + [ (022 +y)) — pf (42) 1)

t (2.3)
= t+ o(z,y,2)
N (f(w") — f(w)w”_1 — wf(w)w"_2 N — w"_gf(w)w — w"_lf(w)
t (2.4)

)=S0 2 5 )

for all z,y,z,w,v € X, allt >0 and all p € T' := {c € C : |c| = 1}. Then the limit A(z) =
N — limy, 00 2™ f (2%) exists for each x € X and the mapping A : X — X is a fuzzy n-Jordan
x-derivation satisfying

2(1 - L)t

N(@) = AL > 5 P o] (2.5
for all z € X and all t > 0.
Proof. Letting p =1,y =0, z = x in (2.3), we have
t
N (2f () — f(22),1) > 16(2,0,7) (2.6)
2:Y 2
and so
T t t
NEr(E) @) 2 e 2 e
for all x € X. Thus
L Ly t
N ) - e 1 - .
(2f(2) f(@), 4t) = L+ Ly(2,0,2) t+¢(x,0,2) @7)

for all x € X.

Consider the set

G={g: X — X}
and introduce the generalized metric on G:
s + . t
d(g,h) :=inf{a € R™ : N(g(x) — h(x),at) > YEN) %)}

for all z € X and all ¢ > 0, where inf ¢ = +o0o. It is easy to show that (.5, d) is complete (see the
proof of [?, Lemma 2.1]

Now, we consider the linear mapping @) : G — G such that

x
Qg(z) :=2g (§>
for all x € X.
Let g,h € G be given such that d(g,h) = . Then
N —h > —n
(90) ~ hla)oet) 2 s
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for all z € X and all ¢ > 0. Hence

(Qote) - Qua),Le) = & (29 (3) ~ 20 (5) 22t) = (o (5) -0 (5) )
Lt Lt
STe(303) B b0
t
T i+ 6(2,0,2)

for all z € X and all ¢ > 0. Thus d(g,h) = ¢ implies that d(Qg, Qh) < Le. This means that

d(Qg, Qh) < Ld(g, h)

for all g,h € G.
It follows from (2.7) that d(f,Qf) < £.
By Theorem 1.1, there exists a mapping A : X — X satisfying the following:

(1) A is a fixed point of Q, i.e.,
T 1
A (5) = SA®) (2.8)

for all z € X. The mapping A is a unique fixed point of Q) in the set
M={geG:d(f,g) < oc}.
This implies that A is a unique mapping satisfying (2.8) such that there exists an a € (0,00)
satisfying
t

N(f(z) — A(z), at)_m

for all z € X.
(2) d(Q*f, A) — 0 as k — oo. This implies the equality

— lim 2kf< ) — A(z)

k—o00
for all x € X;
(3) d(f,A) < =7 d(f,Qf), which implies the inequality
L
A< 2
dif, A) = 41-1L)

This implies that the inequality (2.5) holds.
Next we show that A is additive. It follows from (2.2) that

ok Z\ Ty z 02 z
;;) ¢(2k’2k’2k)_¢(x’y’ )+2¢<2 2 2) ¢(22,22,22>+
< @(z,y,2) + Lo(z,y,2) + L*¢(z,y,2) + -
1
— ﬁgb(xay) Z) < 00
for all x,y,z € X.
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By (2.3),
o g () ) () )
t
>

£ ¢

> =
Tt ) t+2%0 (g o)
for all 2,7,z € X, all t > 0 and all ;1 € T!. Since limj_,o

[\~

—t _—1forallz,y,z € X
20 ( 5 3 )
and all ¢t > 0,
N Az —y+2)+A(pe —2)) + A(uz +y)) — pA(dr) 1) =1
for all z,y,2 € X, allt >0 and all x € T'. So
A(p(e —y+2)) + A(u(z — 2)) + A(p(2z +y)) = pA (4z) (2.9)

for all z,y,2 € X, all t > 0 and all u € T!. Letting x =y = z = 0 in (2.9), we have A(0) = 0. Let
pw=1,z=0in (2.9), by the same reasoning as in the proof of Lemma 2.1, one can easily show
that A is additive. Letting y = 2z, 2 = 0 in (2.9), we get

pA@) = 24 (13 ) = A(ua)

for all # € X and p € T'. The mapping A : X — X is C-linear by [31, Theorem 2.1].
By (2.4) and letting v = 0 in (2.4), we get

(et () 0 30) () e () )

(3G @) ) ) o

2k 9
for all w € X and all ¢ > 0. Thus

V(o () () ) () ()

o () () () () ) 2
= (2"—1L§k¢(w,0,0)

for all w € X and all t > 0. Since limy_, T

2,1,1;)%(%070) =1 for all w € X and all t > 0, we get

N(D(w™) — D(w)w™ ' —wD(w)w" 2 — - —w" 2D(w)w — w" ' D(w),t) = 1
for all x € X and all t > 0. So
D(w™) — D(w)w" ™t —wD(w)w"™ 2 — - —w" 2 D(w)w — w" ' D(w) = 0
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for all w € X.

Letting w = 0 in (2.4), similarly, we get D(v*) — D(v)* =0 for all v € X.

Therefore, the mapping D : X — X is a fuzzy n-Jordan x-derivation. O
Corollary 2.3. Let p be a real number with p > 1 , 0 > 0, and X be a normed vector space with
norm || - ||. Let f: X — X be a mapping satisfying

N (f (e —y+2) + f (u(x = 2)) + f (22 +y)) — pf (47) 1)
N t (2.10)
0zl + lyllP + [1=]P)°
N (f(w"™) = fw)yw" —wf(w)yw"? - — w2 fw)w — " f(w)
¢ (2.11)

HW) = f0) 1) 2 5 +0(|lw|P + |lv]P)

for all x,y,w,v € X, allt >0 and all p € T'. Then the limit A(x) = N —lim, o 2" f (2%) exists
for each x € X and the mapping A : X — X is a fuzzy n-Jordan x-derivation satisfying

N(f(@) - Ale) t) > 2 =

(2P — 2)t + O||x|P
for all z € X and all t > 0.

Proof. The proof follows from Theorem 2.2 by taking

¢(@,y,2) = O(ll=[” + llyll” + 1l=11")
and L = 3!7P. O
Theorem 2.4. Let ¢ : X3 — [0,00) be a function such that there exists an L < 1 with

3L (5.5.2) < ola.y.2)

for all x,y,z € X. Let f : X — X be a mapping satisfying (2.3) and (2.4). Then the limit
A(z) = N — limy, 00 Q%f (2"x) exists for each x € X and the mapping A : X — X is a fuzzy
n-Jordan *-derivation satisfying

N(f(2) = Al2).0) > 5
forallxz € X and allt > 0.

21— L)t
(1-L)t+ ¢(x,0,2)

(2.12)

Proof. Let (G,d) be a generalized metric space defined in the proof of Theorem 2.2. Consider the
linear mapping @ : G — G such that

1
Qolx) = Lg(22)
for all x € X.
It follow from (2.6) that
1 1 t

N 1 T [ L A—
(f(x) 2/ 20):5 ) ~ i+ ¢(x,0,2)

for all x € X and all t > 0. Thus d(f,Qf) < % Hence

1

d(va) S mv
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which implies that the inequality (2.12) 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 positive real number with p < 1. Let X be a normed
vector space with normed || -||. Let f : X — X be a mapping satisfying (2.10) and (2.11). Then
A(z) = N — limy 00 3%f(3”x) exists for each x € X and defines a fuzzy n-Jordan *-derivation

A: X — X such that
(2 —2P)t

(2 —27)t + Of|||P

N(f(z) = Alx), )

Vv

forall z € X and all t > 0.

Proof. The proof follows from Theorem 2.4 by taking
oz, y,2) = 0([=]|” + [lyll” + =)
and L = 3P~ L O
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RECURRENCE FORMULAS FOR EULERIAN POLYNOMIALS
OF TYPE B AND TYPE D

DAN-DAN SU AND YUAN HE

ABSTRACT. We perform a further investigation for the Eulerian polynomials
of type B and type D. By making use of the generating function methods and
Padé approximation techniques, we establish some new recurrence formulas for
the Eulerian polynomials of type B and type D. Some of these results presented
here are the corresponding extensions of some known formulas.

1. INTRODUCTION

When computing values of the alternating (-function (also called Dirichlet eta
function)

(s) ii(_l)m il R0 (L)
s) = — 1 - - _ . e(s .
n = ns 2s 3s 48

at negative integers, Leonhard Euler introduced the Eulerian polynomials A, (t)
given by the following generating function

t—1 = A x"

T eat-1) Z n(t)ﬁ’ (1.2)
n=0

and determined n(—n) = 27""1A,,(—1) for positive integer n. It is interesting to

point out that the Eulerian polynomials can be computed by the recurrence relation

(see, e.g., [7])

(14 (= D A1 () + 11— 2 (A1 (0) (02 1), (13)
and some classical polynomials and numbers can be expressed by the Eulerian
polynomials (see [15] for details). The Eulerian polynomials are also called the
Eulerian polynomials of type A, and various combinatorial identities for them have
been explored by many authors (see, e.g., [8, 10, 12, 13, 14, 15, 16, 20]). Perhaps
the best known result is Leonhard Euler’s recurrence formula (see, e.g., [7])

Ao(t) =1, An(t)

Ao(t) =1, A,t) = Z_: (Z) At — DR (n>1). (1.4)

k=0

2010 Mathematics Subject Classification. 11B83; 05A19.
Keywords. Eulerian polynomials of type B; Eulerian polynomials of type D; Padé approxi-
mants; Recurrence formulas.
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We now turn to the Eulerian polynomials of type B and the Eulerian polynomials
of type D, which are defined by means of the generating function (see, e.g., [3, 6])

(1—t)er-t & "
Ty = 2 BT (15)
n=0
and
(1 —t)e*=D — gt(1 — t)e2*(-) & "
1— t€2x(1_t) = Z()Dn(t)ma (16)

respectively. Like the recurrence relation (1.3) of the Eulerian polynomials of type
A, the Eulerian polynomials of type B satisfy the recurrence relation (see, e.g., [3])

Bo(t)=1, Bu(t) = [1+(2n71)t]Bn_1(t)+2(t7t2)%(3n_1(t)) (n>1), (1.7)

and the Eulerian polynomials of type D obey the recurrence relation (see, e.g., [6]):
Dy(t) = D1(t) =1,

Duialt) = [n(1+50) + 4]Dyir (1) + 441~ 1) (Do (1)

+[(1 = )% = n(1+ 3t)* — 4n(n — 1)t(1 + 2t)| D, (t)

—[dnt(1 —t)(1 + 3t) + 4t(1 — t)Q]%(Dn(t)) —42(1 — t)Q%(Dn(t))

+2n(n — 1)t(3 4 2t + 3t*) — 4n(n — 1)(n — 2)t*(1 + )] D, _1 ()
0
+2nt(1 —1)*(3 +1t) + 8n(n — 1)t*(1 —)(1 + £)) 57 (Dna(#)
62
+4nt? (1 — t)*(1 + t)@(Dn_l(t)) (n>1). (1.8)
In the year 2016, Hyatt [11] discovered the corresponding recurrence formulas anal-
ogous to (1.4) for the Eulerian polynomials of type B and type D, as follows,

b = & (o E ()3 )

k=0 k=0
= P+ P(1/t) (n>1), (1.9)
and
B n—1 n ~ - nn—l n } 1_ n—1—k
Da(t) = ;}(,{)wax:: Dl g kz_o(k)m(t)(t 1)
= Qu(t) +t"Qn(1/) (n>2), (1.10)

say, and interpreted them combinatorially. It is worth mentioning that the polyno-
mials Py, (t), t"P,(1/t), Qn(t), t"Qn(1/t) were introduced by Savage and Visontai
[21] and used to prove Brenti’s [3] conjecture that the Eulerian polynomials of type
D have only real roots. See also [11] for a further exploration for P, (t), t" P, (1/t),
Qu(t), t"Qu(1/2).

Motivated and inspired by the work of Hyatt [11], in this paper we establish
some new recurrence formulas for the Eulerian polynomials of type B and type
D by making use of the generating function methods and Padé approximation
techniques. Some of these results presented here are the corresponding extensions
of Hyatt’s recurrence formulas (1.9) and (1.10).
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This paper is organized as follows. In the second section, we recall Padé approxi-
mation to general series and their expression in the case of the exponential function.
In the third section, we give some recurrence formulas for Eulerian polynomials of
type B, and show the recurrence formula (1.9) is obtained as a special case. In the
fourth section, we establish some recurrence formulas for Eulerian polynomials of
type D, by virtue of which the recurrence formula (1.10) is deduced.

2. PADE APPROXIMANTS

It is well known that Padé approximants provide rational approximations to
functions formally defined by a power series expansion, and have played important
roles in many fields of mathematics, physics and engineering (see, e.g., [4, 17]).
We here recall the definition of Padé approximation to general series and their
expression in the case of the exponential function.

Let m,n be non-negative integers and let Py be the set of all polynomials of
degree < k. Given a function f with a Taylor expansion

&)y =>"cnt? (2.1)
k=0

in a neighborhood of the origin, a Padé form of type (m,n) is a pair (P, Q@) such

that
P=> pt* €Pm, Q=) at*€Pn (Q#0), (2.2)
k=0 k=0
and
Qf —P=0@""*h) ast—0. (2.3)

It is clear that every Padé form of type (m,n) for f(t) always exists and satisfies
the same rational function, and the uniquely determined rational function P/Q is
called the Padé approximant of type (m,n) for f(t); see for example, [1, 5]. For
nonnegative integers m, n, the Padé approximant of type (m,n) for the exponential
function e’ is the unique rational function (see, e.g., [9, 18])

Pt
Rm,n(t) = Q Eti (Pm € PmaQn € PnaQn(O) = 1)7 (24)
which obeys the property
¢! — Rnn(t) = O™ ™) ast — 0. (2.5)
In fact, the explicit formulas for P, and @, can be expressed as follows (see, e.g.,
[2, 19]):
"o (mAn—k)!-m! th
Pn(t) = C— 2.
=2 tvnl m—m! W (26)
n
(m+n—Fk)!-n (—t)k
_ . 2.
@n®) kzz()(m+n)!.(n—k)! k! 27)
and

m-+n—+1
nt

1
Qn(t)et — Pp(t) = (—1) m/o 2"(1 — x)™e" du, (2.8)

where P, (t) and Q,(¢) is called the Padé numerator and denominator of type
(m,n) for €', respectively.
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We shall use the above properties of Padé approximants to the exponential func-
tion to establish some new recurrence formulas for the Eulerian polynomials of type
B and type D in next sections.

3. RECURRENCE FORMULAS FOR EULERIAN POLYNOMIALS OF TYPE B

Let m,n be non-negative integers. It is easily seen that if we denote the right
hand side of (2.8) by Sy, »(t) then we have
P, (t S t
Qn(t)
By multiplying the numerator and denominator in the left hand side of (1.5) by
e®®=1) and then respectively substituting z(t — 1) and x(1 — t) for ¢ in (3.1), we

discover
<Pm(x(t — 1)) + Sy (z(t — 1))
Qn(z(t —1))
. Pr(z(1 —1)) + Spn(z(l —1)) - ﬁ_ _
N R (e ) DL R

which means

[P (@(t = 1)) + S (2t = 1)) Qu(z(1 = 1)) Y Balt)—

n=0

— [P (@(1 = 1)) + S (@(L = £)]Qn(x(t = 1)) Y Bn(t)%r,b
n=0 !

=1 =8)Qun(z(t —1))Qn(z(1—1)). (3.3)

We now apply the exponential series e® = "2 j 2*t* /k! in the right hand side of
(2.8). With the help of the beta function, we obtain

tm+n+1 s tk 1

v n+k 1—2)™d
(m+n)!k:0k! 0 T —w)da

Sm,n(t) = (*1)

_ i": (=)™ -m! - (n+k)! gmAnthtl (3.4)
N  (m+n)l-(m+n+k+1)! kK '

Let prmoniks @monik and Sp .k be the coefficients of the polynomials Py, (1), Qy(t)
and Sy, ,,(t) given by

Pm(t) = mem;ktkz Qn(t) = ZQm,n;ktk7 Sm,n<t) = Z Sm,n;ktm+n+k+1-
(3.5)
It follows from (2.6), (2.7) and (3.4) that
~ ml-(m+n—k)! _(=DFnl- (m+n—k)!
iy v ooy R L ety e ey R G
and
—1)" .m) - !
(=)™ -m!-(n+k) (37)

Smonk = El-(m+n)-(m+n+k+ 1)
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If we apply (3.5) to (3.3) then we get
(mevn?ixi(t - 1)i + Z Sm,n;i$m+n+i+1(t - 1)m+”+i+1)
=0 =0
n . ' 0o xk
S 19 S B
J=0 k=0 :

m )
—t (Z pm,n;ixi(l - t)i + Z 3m7n;ixm+n+i+1(1 _ t)m+n+i+1>

=0 =0

) . T
X E Qi@ (t—1)7 E Bk:(t)ﬁ
i=o k=0

= (10X tmr = 1) (L a1 1)) (33)

i=0 =0

which together with the Cauchy product yields

o0

. By(t
> Y bt~ a0 - 1y P
1=0 i+j+k=l ’
1,5,k>0
c- Bi(t)
| B,
+> > Smnsi(t — 1) gy g (1= )7 u a!
1=0 i+j+k=l—-m—m—1 '
i,5,k>0
oo
, By(t
3 Y Dol gt 17 2
1=0 i+j+k=l ’
1,5,k>0

S By(t)
) B,
—t Z Z Smn;i(1 — t)m+n+z+1Qm,n;j (t-1) %l a!
1=0 i+j+k=l-m—-n—1 '
1,5,k>0

= (1 - t) Z Z Qm,n;i(t - 1)iQm,n;j(1 - t)jxl~ (3.9)
1=0 i+j=l
4,720

Comparing the coefficients of 2! in (3.9) gives that for non-negative integer | with
0<I<m+n,

i By (t
Z Prmnii(t = 1) G (1 — ) k‘s )
i+j+k=l ’
1,5,k>0
i ; Bi(t)
itj+h=l
i,5,k>0
=(1-1 Z Gm,nsi(t — 1)iqmn;j(1 - t)j- (3.10)
i+ji=l
1,520

473 DAN-DAN SU ET AL 469-483



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

6 DAN-DAN SU AND YUAN HE

Observe that
(1 _ t)ex(l—t) (1 _ %)ext(lf%)

1—te2e(1=0) | _ 1,2at(1-3) (3.11)
t
It follows from (1.5) and (3.11) that
1
B,(t) = t"B, <t> (n > 0). (3.12)
By applying (3.12) to (3.10), we get
< o Bt
Z (_]‘)me,n;iQm,n;j (t - ]-) Jr]%
itjt+k=l ;
1,5,k>0
] 1 ity Bk(l)
g1 Z (=1 PrnnsiGmns (t — 1) k't
itjtk=l :
,J,k=>0
= _(t - 1)l+1 Z (_1)ij,n;iQm,n;j- (313)
itg=l
1,520

Thus, applying (3.6) to (3.13) gives the following result.

Theorem 3.1. Let m,n be non-negative integers. Then, for non-negative integer
Lwith0<I<m+n,

S () (5) i -1y B0

it it k=l
0,7, k>0
m\ (n , N (1 " Bi(1)
— ¢t Z (i><j>(m+n—z)!-(m+n—j)!~(t—1) k!t
it k=l
1320

— (- 1)l+1§ (?) (z " Z) (—D)i(m+n—i)-(m+n+i—0L (3.14)

We next discuss some special cases of Theorem 3.1. By taking [ = m + n in
Theorem 3.1, we have

Corollary 3.2. Let m,n be non-negative integers. Then

2 (7)(?)<m+”—i>!'<m+n—ﬁ!-<t—1>1‘+J'B/’2§t)

i+j+k=m+n
4,7,k>0
it+J 1
_ 4m+n+l m n o o 1 _ Bk(f)
ji,j,kZO
m—+n n n

= —(t—1)mtrtl 1) -4l (3.15
=" Y (3) (g ) Dt n =it (@319

If we take n = 0 in Theorem 3.1 then we have
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Corollary 3.3. Let m be non-negative integer. Then, for non-negative integer |
with 0 <1 < m,

O Ty e

it+k=1 i+k=l
i,k>0 i,k>0

= —(t—1)!*? (?) (m =1 (3.16)

In particular, by taking [ = m and substituting n for m in Corollary 3.3, we have

Corollary 3.4. Let n be a positive integer. Then

é(g)Bk( )t —=1)" —t"“Z( ) ( )(1—1>nk (3.17)

The above Corollary 3.4 can be easily used to give Hyatt’s recurrence formula
(1.9). For example, by multiplying the both sides of (3.17) by 1/(¢t — 1), we get
that for positive integer n,

i (Z) Br(t)(t —1)" 1 = " zn: (Z) By, (1) C - 1) nilik, (3.18)

k=0 k=0

which means

n—1 n—1—k
n 1 1 et 1
= " E Bel=)=-—-1 —B,l - ). 1

Hence, applying (3.12) to (3.19) gives the recurrence formula (1.9) immediately.
We next consider the case [ being a positive integer with [ > m +n+ 1 in (3.9).
By comparing the coefficients of z! in (3.9), we obtain

. Bt
Z Pmon;i (t - l)l%n,n;j(l - t)J ICE )
itjt+h=l :
i,7,k>0
By (t
+ > Smmsi(t— 1) g (1= ) Zf )
i+jt+k=l—-m—-n—1 !
1,j,k>0
, Bt
S bt~ Dt 17250
i+j+k=l ’
,J,k>0
: By (t
—1 > Smonsi(1 = )™ g (8 — 1) k;$ )
i+jt+k=l-m—-n—1 :
i,5,k>0
1*t Z anz an](l t)j; (320)
i+j=l
,j2>0

475 DAN-DAN SU ET AL 469-483



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

8 DAN-DAN SU AND YUAN HE

which together (3.12) gives

) . B(t
Z (71)me,n;iQm,n§j (t - 1)l+j %
i+j+k=1 :
1,5,k>0
) By,
D™ (D st (¢ - )2
i+j+k=l—-m—m—1
1,5,k>0
' 1 i+j Bk(l)
*tl+1 . Z (71)]pm,n;iQm,n;j <t - 1> k't
i+j+k=l
i,j,k>0

1 m+n+1 4 X i Bk(;)
l
it (t - 1) Z (=1) 8 nsiQm,nyj (t — 1) k!t

i+j+k=l-m—m—1

i,5,k>0
= _(t - 1)l+1 Z (_1)qu,n;iqm,n;j- (321)
i+j=1
4,70

Thus, by taking [ = m 4+ n + 1 and applying (3.6) and (3.7) to (3.21), in view of
By(t) =1, we get the following result.

Theorem 3.5. Let m,n be non-negative integers with m > n. Then

S (T )emrn im0

i+j+k=m+n+1
4,5,k>0

_ ygmAnt2 3 (TZn) (2) (b D) (m ). (1 - 1)%’+J’ Bkk(!%)

i+j+k=m+n+1

i,7,k>0
1. p)
= —[(~D)™t+ (—D)") (= et 399
[(C)™e+ (1 - e I (3.22)
If we take n = 0 and substitute n for m in Theorem 3.5, we have
Corollary 3.6. Let n be a non-negative integer. Then
n n—=k
n\ Bi+1(t) 42 Bi1(3) (1
t—1)" " — " -—1
> (1) > (1) % (G
(t* )nJrl
=—[(-1)™"+1 3.23
Come il )
If we multiply the both sides of (3.23) by 1/(¢ — 1), we get that for non-negative
integer n,
(1 Br(t) 1-k +1 n\ Br+1 % 1 S
t—1)"" + " - —1
> (1) Gte- > (1) %5

= —[(—1)"t+ 1]%, (3.24)
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which implies

— Bi41 _yn—1—k | g+l n\ Bea(3) (1 A
()k+1 DA Z Rl \¢

k=0

M

"2 Buii(3) 1 Bn+1(t) (t—1)"
- : - : (=)t 1 . (3.2
t—1 n+1 t—1 n+1 (=1 Jr]n—&—l (3.29)
It follows from (3.12) and (3.25) that
Buia(t) _§~ (n) Bena(t) | _ qynm1-k
n+1 Pt k) k+1
Bk+1 l) 1 n—1—k
tn+1 t -1
* Z ( ) kr1 \7
e+ Y=Y s ), (326
n+1 - '

which can be regarded as an analogous version to Hyatt’s recurrence formula (1.9).

4. RECURRENCE FORMULAS FOR EULERIAN POLYNOMIALS OF TYPE D

We now multiply the numerator and denominator in the left hand side of (1.6)

by e**=1 we have

ex(t—1) _ tex(1-t)

(1—t) —at(l —t)e”™) iDn(t)%a (4.1)

which together with (3.1) gives

<P m (2 (t — 1)) + Smn(z(t —1))
Qn(z(t —1))
P =) + Sl - 1)) i z"
Qn(x(1—1)) )nz_oDn(t) n!
= (1 - t) — IL't(l — t) Pm(iﬂ(l Q];)()af(lsin;;;x(l — t)) . (42)

It is obvious that (4.2) can be rewritten as

[Prn(z(t = 1)) 4+ Smn(2(t = 1))]|Qn(z(1 — 1)) Z Dn(t)x

n=0
— [P (2(1 = 1) + Sma(z(1 = )]Qn(a(t — 1)) > Da(t)*
n=0

= (1 =8)Qu(a(t = 1))Qn(z(1 —1))
— 2t(1 = 8)[Pr(2(1 = 1)) + S (2(1 = 1))]Qu(x(t — 1)).  (4.3)
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If we apply (3.5) to (4.3) then we have

m o0
(mem;ixi(t - 1)+ Z sm7n;ixm+"+i+1(t _ 1)m+n+i+1>

=0 =0

zk

XY Gy (L—1) Di(t) 7
j=0 k=0

m oo
—t (Z pm,n;ixi(l — t)i -+ Z SM,n;¢$m+n+i+1(1 _ t)7n+n+i+1)

i=0 =0

zk

<Y dmagal (=17 Y Du) 35
J=0 k=0 ’
= 10X tmr = 1) (L s’ 1)
=0 =0
—xt(l —1) (Z Pt (1 —1)" + Z Sy ™ T (1 — t)m+n+i+1)
=0 i=0

XY Gmnga’ (= 1)7. (4.4)
j=0

It follows from (4.4) and the Cauchy product that

oo

. Dt
Z Z Pmynsi(t — 1) Gmonyi (1 — )7 kf ):I:l
1=0 i+j+k=l !
,5,k>0
> Di(t)
. Dy
Y a2,
1=0 i+j+k=l-m-n—1 !
1,5,k>0
o0
. Dyt
_tz Z Pmnsi (1= 1) G s (t = 1) kf )xl
1=0 i+j+k=l !
i,5,k>0

_ti Z s (1 — t)m+n+i+1 (t— 1)j Dy(t) 7
m,mn;t qm,n;]

k!
=0 i+j+k=l—m—m—1
,J,k>0

o0
=(1-1) Z Z Gmni(t — 1)iQm,n;j(1 - t)jxl
1=0 itj=I
1,50

o0
1= D" Pl = D) gy (t — 1)
1=0 i+j=I—1
4,520

—t(1—1)Y > Smomsi(1 — )"t gt — 12l (4.5)
=0 i+j=l—-m—n—2
1,5,k>0
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By comparing the coefficients of z! in (4.5), we get that for non-negative integer
with 0 <l <m+n,

i Dy (t
Z pm,n;i(t - 1) Qm,n;j(l - t>j k?f )
i+j+k=l :
i,5,k>0
i 'Dk(t)
-t Z pm,n;i(l - t) dm,n;j (t - 1)j k!
i+j+k=l
i,5,k>0
=(1-1) Z G nii(t — 1)iQm,n;j(1 —t)’
itj=l
i,j>0
“t1=1) > i1 = D s (= 1) (4.6)
i+j=1—1
$,j>0
Observe that
1— z(1—t) _ 1— 2z(1—t) 1— z(1—t) -1
(1—1t)e zt(1 —t)e _ (1—1te ot t . @7)
1 — te2z(1-1) 1 — te2z(1-1%) t — e2z(t—1)
Applying (1.2), (1.5) and (1.6) to (4.7) gives
Dy, (t) = Bu(t) —n2" " 'tA, _1(t) (n>0). (4.8)

It follows from (3.12) and (4.8) that
1 1
Dn(t) = tnDn (t) —|—n2"71t"71A,,L_1 (t) —n2”71tAn_1(t) (Tl Z O) (49)

Hence, in light of (4.9), we can rewrite (4.6) as

j X ‘Dk t
> (Y Pmnsitmons (t = 1)#]%
i+j+k=l !
1,5,k>0
_tl+1 Z (_1)]p’rn,n;iqm,n;j (t — 1) k't
i+j+k=l |
1,5,k>0
) ) ,k2k71(tk71Ak,1(l) —tAp_1 (1)
=t Z (=1 P ynsiGm,nss (1 — t) k! t
itj+k=l I
i,5,k>0
—(t— 1)1t Z (=1 o nsiGmnyg — (1 — 1) Z (=1 Drrsi sy
s itj=l-1
1,520 72
. ) .Qk(tkAk(l)_tAk(t))
=t Z (_1)Jp7n,n;iqm7n;j(l — t)“"] tk'
i+j+k=l—1 !
1,§,k>0
—(t—1)*! Z (=1 Gy msihnms
itj=l
1,520
—t1- t)l Z (71)jpm7ﬂ;iQm.,n;j' (4.10)
i+j=l—-1
1,520
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Noticing that from (1.2) we have

L (1 —t)ext=1 t(1 —t)er(1-t)
o er(t—1) _ tez(1—t)  pu(t—1) _ pem(l—t)
o0 1 n
> [(2t)”An (t) 2"tAn(t)} =, (4.11)
n.
n=0

which implies

20(t0A0<1>—tA0(t)>:1—t, 2"<t”An(1>—tAn(t)>:0 (n>1). (4.12)

So from (4.10) and (4.12), we obtain

; ivs Dr(t
Z (_1)]pm,n;i%n,n;j (t - 1) +j%
it tk=l :
4,7,k>0
. 1 +i (L1
s Z (=1 nsi@mons (t — 1> ];{:('t)
itjrk=l :
i,5,k>0
= _(t - 1)l+1 Z (_1)ij,n;iQm,n;jo (413)
it+j=1
1,520

Thus, applying (3.6) to (4.13) gives the following result.

Theorem 4.1. Let m,n be non-negative integers. Then, for non-negative integer
L with0<I<m+n,

S () () omtn =it et gyt 1y 2

it it k=l J
07, k>0
m\ (n : N (1 TIDy(])
— Z <i>(j>(m+n—z)!-(m+n—j)!-(t—l) k!t
i+jtk=l
13420

— (- 1)l+1§ (?) (z " Z) (—1)i(m4n—i)-(m+n+i—0 (4.14)

It becomes obvious that taking | = m + n in Theorem 4.1 gives the following
result.

Corollary 4.2. Let m,n be non-negative integers. Then

S (M) ity 1y 20

i+j+k=m+n
1,7,k>0
_ metntl m\ (n o o (1 )HJD,C(;)
t i+j+kz_m+n<i>(j><m+” e lmn= ) (t YT
i,5,k>0
m—+n
= —(t -ty (:”) (m _:;_Z_)(—l)i(m—kn—i)!-i!. (4.15)
=0
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If we take n = 0 in Theorem 4.1 then we have

Corollary 4.3. Let m be non-negative integer. Then, for non-negative integer |
with 0 <1 < m,

> (7>(m—i>!-<t—1)iD,’jt)—tl+l 3 (Tj)m_i);. (1_1>iD2(!1>

itk=l i+k=l
i,k>0 i,k>0

=—(t—1)"" (?) (m—1)!. (4.16)

In particular, by taking [ = m and substituting n for m in Corollary 4.3, we have

Corollary 4.4. Let n be a positive integer. Then
i ") Dy(t)(t — 1)k = ¢ntl zn: Voo (2) (Lo " (4.17)
— k)F = 2 k)R 7 7 . .

We now use Corollary 4.4 to give Hyatt’s recurrence formula (1.10). By multi-
plying the both sides of (4.17) by 1/(¢ — 1), we get that for positive integer n,

n

i <Z> Di(t)(t —1)" =y (Z) DkC) (1 - 1) nilik? (4.18)

k=0 k=0
which is equivalent to

Da(t) = (n e
= +§<k)Dk(t)(t1) 1=k

n—1 n—1—k
n 1\ /1 g+l 1
= —t" E Dil=)[=-1 —D,(=). 1

Noticing that from (4.9) and (4.12) we have

1
D,(t) =t"D, <t> (n>2). (4.20)
Hence, applying (4.20) to (4.19) gives Hyatt’s recurrence formula (1.10) immedi-

ately.
We next consider the case | = m+n+1in (4.5). By taking! =m+n+1in
(4.5), in view of Dy(t) = 1, we discover
, Dy(t
Z pm,n;i<t - 1)7’Qm,n;j(1 - t)] k'( ) + (t - 1)m+n+15m,n;OQm,n;O
i-l—j—&-lkl:m-‘rn-‘rl '

i,5,k>0

. Dy (t
—t Z pm,n;i(l - t)ZQm,n;j (t - 1)] k‘f ) - t(l - t)m+n+15m,n;OQm,n;0
i+j+k=m+n+1 :
4,7,k>0

= (1 - t) Z %n,n;i(t - 1)7;Qm,n;j(1 - t)j
1+j=m+n+1
1,520

—t(1=1) > Pl = 1) Gy (t — 1), (4.21)
1+j=m+4n
,§>0
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So if we apply (4.9) to (4.21), in light of (4.12), we get

] Dy (t
Z (_l)me,n;iQmm;j(t—1)“%&

k!
i+j+k=m+n+1
1,4,k=>0

. 1 +ip, (1
_tm+n+2 Z (_]—)]pm,n;iQm,n;j ( _ 1) k( t)

t k!
z+]+k m+n+1

4,7,k>0
=—(t- 1)m+n+2 Z (_1)ij,n;iQm,n;j
i+j=m+n+1
4,520
+t(1 - t)m+n+15m,n;O(Im,n;O - (t - 1)m+n+15m,n;OQm,n;O~ (422)

Thus, applying (3.6) and (3.7) to (4.22) gives the following result.
Theorem 4.5. Let m,n be non-negative integers with m > n. Then

S (M) mrn—aronrn—y -2

2+]+k: m4+n+1
1,7,k>0

s (Y (i (1) 2

i+j+k=m+n+1

i,5,k>0
1. p)
= (=)™t + (—D)")(t — pmrn (493
O [ )
If we take n = 0 and substitute n for m in Theorem 4.5, we have
Corollary 4.6. Let n be a non-negative integer. Then
n n—Fk
n\ Di41(1) n+2 Diega ( %) 1
(-1 —t -1
> () > (1) e (G
(t _ 1)n+1
=-—[(-D)"t+1]—————. (4.24
Come il 2y

We now multiply the both sides of (4.24) by 1/(t — 1) to obtain that for non-
negative integer n,

— Diia _yn—l—k | g+l n\ Dea(3) (1 e
()k+1( DA Z Rl \r !

k=0
"2 Dpyi() 1 DnH(t) (t—1)"
= . - . — (=)™t +1 . (4.25
t—1 n+1 t—1 n+1 (=1 Jr]n—&—l ( )

It follows from (4.20) and (4.25) that

— (n\ D Dia(P) 1\
”+1 k+1 n—1—k n+1 k+1
t—1 t ——1
e (1) By e & () 2P ()
t-1"
n+1
which is very analogous to Hyatt’s recurrence formula (1.10).

M

+ [(=1)"t +1]

(n>1), (4.26)
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CERTAIN SUBCLASSES OF BI-UNIVALENT FUNCTIONS OF COMPLEX ORDER
ASSOCIATED WITH THE GENERALIZED MEIXNER-POLLACZEK
POLYNOMIALS

C. RAMACHANDRAN!, T. SOUPRAMANIEN?, AND NAK EUN CHO?

ABSTRACT. In the present paper, we introduce and investigate two new subclasses of the func-
tion class X of bi-univalent functions of complex order defined in the open unit disk, which are
associated with the one of the orthogonal polynomial namely Generalized Meixner-Pollaczek
polynomials, and satisfying subordinate conditions. Taylor-MacLaurin coefficients |as| and |as|
were estimated for functions in new subclass. Furthermore, several known consequences are also

investigated.

1. INTRODUCTION

Let A denote the class of all functions f(z) of the form
fR) =24 a,2" (1.1)
n=2
which are analytic in the open unit disk U = {z € C : |z|< 1}.

Let S be the class of functions which are subclass of .4 and is univalent in U. Some of the
essential and well-scrutinized subclasses of the class S include, for example, the class S*(«) of
starlike functions of order o in U, and the class K(«) of convex functions of order o in U, with
0<a<l.

It is prominent that every function f € S has an inverse f~!, defined by

fTHf(z) =2 (2€D)
and

sty =w (Jul< ) nin = 7).

2010 Mathematics Subject Classification. Primary 30C45, 33C50; Secondary 30C80.
Key words and phrases. Analytic functions, Univalent functions, Bi-univalent functions, Bi-starlike functions,

Bi-convex functions, Generalized Meixner-Pollaczek polynomials, Gaussian hypergeometric function.
1
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g(w) = fFHw) = w — agw? + (243 — az)w® — (5a5 — Sasas + ag)w* + - - - (1.2)

A function f € A is said to be bi-univalent in U if f(z) and f~!(w) are univalent in U, and let
Y. denote the class of bi-univalent functions in U.

The convolution or Hadamard product of two function f,h € A is denoted by f x h, and is
defined by

(fxh)(z):=z+ Z by 2",
n=2
where f is given by (1.1) and h(z) = z + Z b 2"
n=2

For complex numbers «; (i = 1,2,...,p)and 5, (j = 1,2,...,q) where §; # 0, —1,-2,...;
j=1,2,...,q, the generalized hypergeometric function ,F,(z) is defined by

n

(0 () 2"

qu(z) =p Fq<041, ceey Opy 61; ce aﬁq;z> = ‘ (ﬂl)n .. (5(1)” n!7

(1.3)

where p < ¢ + 1,
) :F(/\+n): 1 ifn=20
" T(n) AAM+DA+2)...(A+n—1) ifneN={1,2,...}

The series given by (1.3) converges absolutely for |z|< oo if p < ¢ + 1 and for z in the
open unit disk U = {z : |z2|< 1} if p = ¢ + 1. For relevant values «; and f3;, the class
of hypergeometric functions ,F} is proximately cognate to classes of analytic and univalent
functions. It is well-known that hypergeometric and univalent functions play significant roles
in a large variety of problems undergone in applied mathematics, probability and statistics,
operations research, signal theory, moment problems, and other areas of science (e.g., see Exton
[6, 7], Miller and Mocanu [16] and Ronning [23]). In this sequel, we construct a new pathway
for studying the connection between classes of hypergeometric and analytic univalent functions
and also derive some new bounds for their respected Fekete-Szego coefficients.

2. PRELIMINARIES

For p = ¢ + 1 = 2, the series defined by (1.3) gives rise to the Gaussian hypergeometric series
o Fi(a,b; c; z). This reduces to the elementary Gaussian geometric series 1 + z + 2% + - - - if (i)
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a=candb=1or(ii)a = 1 and b = c. For £(c) > R(b) > 0, we obtain

) — I'(c) Lgb=1(] — ¢)e=b-l
Filebed) =ty |, ey

As a special case, we observe that

1 46-1 1 — a—2
o F1(1,1;a;2) = (a — 1)/ Mdt

and
Fi(a,1;1;2) bt
a N Z =
2471 W, Ly 4, (1 _ z)a

so that
1
oFi(a,1;1;2) % oF(a,151;2) = . o F1(1,1;1; 2).

The classical Koebe function is a function holomorphic in U = {z € C : |z|< 1} and given by
the formula

A L Y Sl e ey €U
22—(1_2)2—4 T =2+ 2z P4, 2 .

The important function ks (z) follows from extremality for the famous Bieberbach conjecture.
The Koebe function is univalent and starlike in U and maps the unit disk U onto the complex
plane minus a slit (—oo, —1].

Certain generalizations of ky were appeared in the literature. Robertson [22] proved that

z
k2(17a)(z) =

(1 _ 2)2(1701)

1s the extremal function for the functions starlike of order aw. The function

ho(2) = — {(1”)&—1} (a € R\{0}, = € 1)

0<a<l)

:% 11—z

was widely studied by Pommerenke [21], who investigated a universal invariant family 4, .
The definition of k, was extended for a non-zero complex number o by Yamashita [27]. From
the classical result of Hille [11], we see that &, is univalent in U if and only if o # 0 is the
union A of the closed disks {|z + 1|< 1} and {|z — 1|< 1}. Making use of the geometric
properties, Yamashita [27] described how k,, tends to be univalent in the whole U as « tends to
each boundary point of A from outside.

On the other hand, The properties of log k., where

ho(2) = {(1+2)C_1} (c € C\{0}) and ko(z)zélog(ii) (zeU), @)

:2_0 1—=z2
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were studied by Campbell and Pflatzgraff [4]. Pommerenke [21] studied the special case of

(2.1), that is,
1 142\
ki (2) = —— 1
v (2) 22,7{(1_2) } (vy>0, zel),

, B 1
kiy(2) = (14 2)1=7(1 — 2)1-ir

An obvious and consequential extension of (2.1) was given by the following formula.

for which

0

1 1-— ¢ . ,
ko(0,9;2) = (ew—ew)c{(l—j:iw) —1} (c € C\{0}, e’ # ¢, 0,9 € R, 2z € U)

and for the case when ¢ = 0,

1 i i
ko(ejwsz)zmlog (m) (" #e™, 0,9 €R, z€ ).

We have

ke(0,9;2) = 020 (1 209 (ceC).

Comparing
1

(1 — zei?)' =" (1-— zew)lﬂ7

with the generating function for Meixner-Pollaczek polynomial P} (x; 6) [13], we obtain

ki (0,9;2) =

1
Noif) 0\ — A
GNx;0,—0;z2) = - zeie)k_w(l o) pew E PNx;0)z

where A > 0,60 € (0,7) and z € R.
Definition 2.1. For A > 0,0 € (0,7) and z € R

2GMx;0,—0;2) = _© ZP’\ z;0)2"

(1-— Zezﬂ)/\*w (1 — ze~i0) Aty

— Z (2X)n ey Fy ( n,\+ix,2)\; 1 — e_m) 2t

n!

Y R (2.2)

where F,,, = Pneinf, by (—n,A+iz,2\;1 —e*)andz € U

n!
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To note the significance of the class, we list the following special cases for various values of A,
x and 0:

atl
() Ly(z) = lim P, ? (—i, gb) , called the Laguerre polynomial.
¢—0 2¢
-_-n )\ - )\
(2) Hy(z) = lim n! A2 P <N_—COS¢
A—00 sin ¢
T ¢

5 5) , called the symmetric Meixner-Pollaczek polynomial.

(4) P(z) = /l\iné P2 (z), shows that these polynomials are orthogonal polynomials in a strip
H
—1<%(2) <1
3
(5) Wy(x) = /l\ir% =5 (g, g) , arises as the the Mellin transform of the odd Hermite orthog-
%

onal functions.

, gb) , called the Hermite polynomial.

(3) Un(x) = lim P (

For A > 0,6 € (0,7) and = € R, using the Generalised Meixner-Pollaczek polynomial (2.2),
we introduce convolution operator F,, : A — A, by

]:Q’j\ﬁf(z) = (ZGA(I; 0,—0; z) x f(z)) =z+ Z F,a,z", (2.3)
n=2
where
F (2/\>(n—1) in=1)0_ . . —2i0
n:me 2 1(—(77,—1),>\+Z[L',2)\,1—€ ) (ZGU) (24)

Let U be the class of analytic functions w, normalized by w(0) = 0, satisfying the condition
|w(z)|< 1. For analytic functions f and g, we say that f is subordinate to g in U, denoted by
f < g, if there exists a function w € U so that f(z) = g(w(z)) in U. In particular, if g is
univalent in U, then f < g < f(0) = ¢(0) and f(U) C g(U).

Recently there has been triggering interest to study bi-univalent function class Y and obtained
non-sharp coefficient estimates on the first two coefficients |ay| and |as| of (1.1). But the coef-
ficient problem for each of the following Taylor-MacLaurin coefficients |a,| ((n > 3) is still an
open problem (see [2, 1, 3, 14, 17, 26]). Many researchers (see [8, 10, 15, 24]) have recently
introduced and investigated several interesting subclasses of the bi-univalent function class X
and they have found non-sharp estimates on the first two Taylor-MacLaurin coefficients |as| and

|as].

In [18], the authors defined the classes of functions P,, () as follows:
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Definition 2.2. [18] Let P,,,(5), with m > 2 and 0 < § < 1, denote the class of univalent
analytic functions P, normalized with P(0) = 1, and satisfying

/2” ReP(z) — 5‘
0 -8

1 df < mm,

where 2z = re?? € U.

For § = 0, we denote P,, := P,,(0), hence the class P,, represents the class of functions p
analytic in U, normalized with p(0) = 1, and having the representation

b= | T,

1+ zett H

where 1 is a real-valued function with bounded variation, which satisfies

2w 2
/ du(t) =2r  and / l[du(t)|[<m, m > 2.
0 0

Remark that P := P, is the well-known class of Carathéodory functions, i.e. the normalized
functions with positive real part in the open unit disk U.

Motivated by the earlier work of Deniz [5], Peng et al. [20] (see also [19, 25]) and Goswami
et al. [9], in the present paper, we introduce new subclasses of the function class > of complex
order v € C* := C\{0}, involving Generalised Meixner-Pollaczek polynomial operator ]-"379,
and we find estimates on the coefficients |ay| and |as| for the functions that belong to these
new subclasses of functions of the class Y. Several related classes are also considered, and
connection to earlier known results are made.

Definition 2.3. For 0 < o < land 0 < 8 < 1, a function f € X is said to be in the class
Sé’x’e (v, a, ) if the following two conditions are satisfied:

1 < (]:aé\,ef(z))/

B [T R Py oo Bl I 2.5)
and ( )
1 w ]:3,99(10) /

Ty [<1 “oywtaFgw) | P(B), (2.6)

where v € C*, the function g is given by (1.2), and 2z, w € I[_J

Definition 2.4. For 0 < o < 1 and 0 < § < 1, a function f € ¥ is said to be in the class
K%’x’e(% a, () if the following two conditions are satisfied:

3 [ (Flaf () + 2 (Bl ()" |
7L G- a)ztaz(FfE)

€ Pr(B) 2.7)
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and

v (1 —)w+ aw (Faigg(w))
where v € C*, the function g is given by (1.2), and 2z, w € U.

\ , 9 \ 7
1 |w(Feg(w)) +w (}—x,eg(wé) —1| € P(B), (2.8)

On specializing the parameters «, one can state the various new subclasses of X as illustrated
in the following examples. Thus, taking o = 1 in the above two definitions, we obtain:

Example 2.1. Suppose that 0 < 3 < 1 and v € C*.

(i) A function f € X is said to be in the class Sg’”ﬁ (v, B) if the following conditions are satisfied:

1+%[M—1l € Py (B) and 1+~ w (Fro9(w))

Y

Frf o) Paglw) 1] & Pl

where g = f~!and z,w € U.

(ii) A function f € X is said to be in the class IC%’I’Q(% ) if the following conditions are
satisfied:

Ll [ (P20 )"
(]:gz\,ef(z))

where g = f~'and z,w € U.

1
S Pm<ﬂ) and 1+ ;

w (-Fa?,eg(w))ﬂ

7 Pm
Pty | <7

Taking o = 0 in the previous two definitions, we obtain the next special cases:
Example 2.2. Suppose that 0 < 3 < 1 and v € C*.
(i) A function f € X is said to be in the class %g’w(% B) if the following conditions are satis-
fied:
+% (F0f(2) = 1] € Pu(8) and 1 +% [(Fag(w)) = 1] € Pu(s)
where g = f~!and z,w € U.
A,z,0

(ii) A function f € X is said to be in the class Q3" (v, 3) if the following conditions are
satisfied:

42 [ +2 (Ff) - 1] € Puls),
and
1+ [(Rgw)' + 0 (Fag(w) = 1] € Pu(d)

where g = f~'and z,w € U.
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In order to derive our main results, we shall need the following lemma.

Lemma 2.1. [9] Let the function ®(z) =1+ Z hnz" (z € U), such that ® € P,,(/3). Then,

n=1

hn|<m(1=5) (n2=1).

By employing the techniques which used earlier by Deniz [5], in the following section, we
find estimates of the coefficients |ay| and |as| for functions of the above-defined subclasses
Sg’x’e(% a, ) and /cngﬂ(% «, [3) of the function class Y.

3. COEFFICIENT BOUNDS FOR THE FUNCTION CLASS 8%’“’9(7, a, f)

We begin by finding the estimates on the coefficients |ay| and |as| for the functions f given by
(1.1) belonging to the class ng”(% a, ).

p(z) =14 pz* (2€D) 3.1)
k=1
and -
gw) =1+ qu* (wel), (3.2)
k=1
from Lemma 2.1, it follows that
lpr] < m(1—p) and (3.3)
lge] < m(1—p) (for all k > 1). (3.4)
Theorem 3.1. If the function f given by (1.1) belongs to the class Sp™’ (v, @, 3), then
mpy|(1 = 5) _my|(1 = B)
ja2]= Im{\/| T2+ (BB (2—a)F } (35
and
_fm|y|(1 = B) m|y|(1— pB) _
jas] < mm{ B-a)Fs |0 —20)FZ+ (3— a)F3|
1—
OS2 (el - 552
m|y[(1— B) |(0? — 20) F§f + 2(3 — o) F}|
a (b0 | oo

where F5 and Fj are given by (2.4).
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Proof. Since f € ng’”(y, a, B), from the definition relations (2.5) and (2.6), it follows that

14 L 1 2 (Frof(z ))/ 1
7| (L =a)z+aF),f(z)
2 2_9 -
=1+ aF2a22 + [a aFgag + 3TQF36L3] 224 = p(z) (3.7)
and
14 1 w (Feg(w))’ 1
v | (1= a)w+ aFyg9(w)
2 2 _9 -
=1- aFQaQw + [a aFgag + 5 S aF3(2a§ — CL3>] w? 4 - =: q(w), (3.8)

where p, ¢ € P,,(f3), and are of the form (3.1) and (3.2), respectively.

Now, equating the coefficients in (3.7) and (3.8), we get

2 -«
Fray = py, (3.9)
22 3 -
S Ha TSR = (3.10)
2—«
- Faas = qi, (3.11)
a? — 2 33—«
Fjas + F3(2a5 —a3) = qo. (3.12)
From (3.9) and (3.11), we find that
P1 —Tq
— = 3.13
2T e _0R T 2-a)R (3.13)
which implies
[y[m(1 - 5)
< - 3.14
eel< S =R (5.14)

Adding (3.10) and (3.12), by using (3.13) we obtain
2(e® — 2a)F5 +2(3 — a)Fs] a3 = v(p2 + 2)-

Now, by using (3.3) and (3.4), we get

|CL2|2: m|7’(1_ﬁ)
(a2 = 2a)F5 + (3 — ) Fy|’
and hence
m|y|(1 - B)
<
ja2]= ¢| “20)F7 + (3— a)Fy|’
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which gives the bound on |as| as asserted in (3.5).

Next, in order to find the upper-bound for |as|, by subtracting (3.12) from (3.10), we get

2(3 — a)Fyas = Y(p2 — @) + 2(3 — a) Fya3. (3.15)
It follows from (3.3), (3.4), (3.14) and (3.15), that
m|y|(1 — m|y[(1 —
a3/ < b =8) . : Ivl(2 B3) '
(3—a)F; |(a? — 2a)F% + (3 — ) F3|
From (3.9) and (3.10), we have

and hence
M= B) (o g @

Further, from (3.9) and (3.12) we deduce that

m|y[(1 = B) |(a? — 2a)F2 +2(3 — o) F3|
< —2 |1 1-—
‘a?)’— (3—04)F3 +m|7|( /8) (2—@)2F22 )
and thus we obtain the conclusion (3.6) of our theorem. O

For the special cases @« = 1 and o = 0, Theorem 3.1 reduces to the following corollaries,
respectively:

Corollary 3.1. If the function f given by (1.1) belongs to the class Sg’”ﬂ(% B), then

kMgmm{ mMO—ﬂ)Wﬂﬂ—m}

|2F3 — F2| "’ Fy

and

{09 I3, BN 1y gy

12F3 — F3| 2F; 7 2P
mh|(1 =5) (|, mil(l = B4F; — F
2F; F2 ’

where F5 and Fj are given by (2.4).

Corollary 3.2. If the function f given by (1.1) belongs to the class gg“}ﬂ(% ), then

m|y|(1 = B8) mpy[(1 = B)
3, | 2F,

|az|< min
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and

- fomy|(L—B) mly|(1—B) mpy|(1-p) 405
o min {2000 =, DIC = mBIC 2P (4 - ) 502 ) .

where F, and F3 are given by (2.4).

4. COEFFICIENT BOUNDS FOR THE FUNCTION CLASS lcg’””’e(% a, f3)

Theorem 4.1. If the function f given by (1.1) belongs to the class K&’ (7y, o, 8), then

mly|(1 - B) _mpy|(1—B)
|as|< min {\/|4 —20)Ff +3(3—a)Fs|" 2(2—a)F; } 4.1)

and

o < i { S (- )2 ):

mly|(1 - 5) mly|(1 - f) ,
33— a)Fs  |4(a? —2a)FZ +3(3 — a)F3|’

mly[(1—8)  m?ly]*(1 - B)? a 3(3 — a)Fy
3(3—a)k; + 3(3— a)F; (2 N + 22— a)zFf) } , (4.2)

where F, and F3 are given by (2.4).

Proof. Since f € /Cg’”(% a, 3), from the definition relations (2.7) and (2.8), it follows that

1+1 2 (F, ~of(z ))/ 2 (R (Z)/) 1]
v (1—a)z+ozz(]-">‘ ( ))
=1+ MFQCLQZ + {4(042 )Fg a; + MFgCLg] 224 = p(z) (4.3)
8 Y
and
1[0 P (B)
g (1—aw+ozw(}";\g )
=1- 2<2 — Oé Fgagw + 4<Oé % + MF3(2CL3 — ag):| w2 + = q(w),

4.4)

where p, ¢ € P,,(f3), and are of the form (3.1) and (3.2), respectively.
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Now, equating the coefficients in (4.3) and (4.4), we get

22—«
0D = p, 4.5)
1
S [4(a® — 20) Fja3 4+ 3(3 — a) Fzas] = ps, (4.6)
22—«
_A2-a) )F26L2 = 4.7)
~
1
5 [4(a® = 2a)Fja3 4+ 3(3 — @) F3(2a3 — a3)] = go. (4.8)
From (4.5) and (4.7), we find that
a4y = P1 B —Yq1 (4.9)

22 —-a)Fy, 2(2—-a)F’

which implies

[y[m(1 = 5)
< - 4.10
el e R (+10)
Adding (4.6) and (4.8), by using (4.9), we obtain
[8(042 —20)F; +6(3 — a)Fg] a5 = v(pa + ).
Now, by using (3.3) and (3.4), we get
|a2|2: m|7’(1_ﬁ)
|4(a? — 2a)F3 + 3(3 — ) F3]’
and hence
|a | m|7| 1 - )
2=V 4(a? — 20)F2 + 3(3 — o) Fy|’
which gives the bound on |a,| as asserted in (4.1).
Next, in order to find the upper-bound for |a3|, by subtracting (4.8) from (4.6), we get
6(3 — a)Fsas = v(p2 — q2) + 6(3 — ) F3a;3. (4.11)
It follows from (3.3), (3.4), (4.10) and (4.11), that
m|y|(1 — m|y|(1 —
o< ™01 =8) (1= )

33—a)F3  |4(a? —2a)Fi +3(3 —a)F3|
From (4.5) and (4.6), we have

= saman (7 T

as)< W <1+mlvl(1 —@)ﬁ).

and hence
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Further, from (4.5) and (4.8), we deduce that

m[y|(1 - 5) a 3(3—a)Fy
< — (1 1—
’a3’— (3—0[)F3 +mh/‘( ﬂ) 2—Oé+2<2—06)2F22 )
and thus we obtain the conclusion (4.2) of our theorem. L]

For the special cases &« = 1 and o« = 0, the Theorem 4.1 reduces to the following corollaries,
respectively:

Corollary 4.1. If the function f given by (1.1) belongs to the class K&™? (7, ), then

. m|y|(1 — B8) mly[(1 - B)
‘GQ’Smln{ 6F; — 4F2]  2F, }

and

[mpl=8) | mhl - 8) mhi(1 - 8) |
ol < wmin { R Ry MO mIEZD) (- )

m|y|(1 — B) 6F;
— |1 1-— 1+ —
where F5 and Fj are given by (2.4).

Corollary 4.2. If the function f given by (1.1) belongs to the class QQW(% ), then

m|y|(1 = B8) mpy[(1 - B)
9F, = 4F,

|az|< min

and

las|< min{

m (1= 8) mirl(1 = 8) mirl(1 = ) oF,
=P =2 =) (bl - s ) |

where F5, and Fj are given by (2.4).

Remark that, various other interesting corollaries and consequences of our main results, which
are asserted by Theorem 3.1 and Theorem 4.1 above, can be derived similarly. The details
involved may be left as exercises for the interested reader.
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Abstract

In the paper, the authors introduce a new concept “strongly extended (s, m)-convex func-
tion” and establish some integral inequalities of Simpson’s type for strongly extended (s, m)-
convex functions.
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1 Introduction

The following definitions are well known in the literature.
Definition 1.1. A function f: I CR = (—o00,00) — R is said to be convex if the inequality
fltz+ (1 =t)y) <tf(x) + (1= 1)f(y)
holds for all z,y € I and t € [0, 1].
Definition 1.2 ([13]). For f :[0,b] — R with b6 > 0 and m € (0,1}, if
[tz +m(l —t)y) <tf(x) +m(l—1)f(y)
is valid for all z,y € [0,b] and ¢ € [0, 1], then we say that f is an m-convex function on [0, b].

Definition 1.3 ([6]). Let s € (0, 1] be a real number. A function f: R — Ry = [0, 00) is said to
be s-convex (in the second sense) if the inequality

fOz+ (1= Ny) SN f(z) + (1 - A f(y)
holds for all z,y € I and X € [0,1].
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If s = 1, the s-convex function becomes a convex function on Rg.

Definition 1.4 ([I5]). For some s € [—1,1], a function f : I C R — R is said to be extended
s-convex if

FOx+ (1 =Ny) <X f(@) + (1= X)°f(y)
is valid for all z,y € I and A € (0,1).

Definition 1.5 ([9]). A function f : [a,b] — R is said to be strongly convex with modulus ¢ > 0 if
fltz+ (1= t)y) < tf(@) + 1= t)f(y) — ctl = t)(x —y)*
is valid for all x,y € [a,b] and t € [0, 1].

Definition 1.6 ([5]). A function f : I C R — Ry is said to be strongly s-convex with modulus
c¢>0and s e (0,1] if

fltz+ (1 =t)y) <t f(@) + (1= 1) f(y) — ct(l = t)(2 — y)?
is valid for all z,y € I and t € [0, 1].

The following theorems for some kinds of convex functions were obtained in recent years.

Theorem 1.1 ([2, Theorem 2.2]). Let f : I° C R — R be a differentiable mapping on I° and
a,b e I° with a <b. If | f'| is convex on [a,b], then

a b
HA IO L [ ad < ©

Theorem 1.2 ([8, Theorems 1 and 2]). Let f: I CR — R be differentiable on I° and a,b € I with
a<b. If|f'|? is convex on [a,b] and ¢ > 1, then

—a)(f"(@)[+ ()]
< :

‘f<a)2 _a/ fla ‘ (If( )qglf’(b)rz)l/q
and
‘f<a+b> ‘ (f( )Iq;If’(b)lq> g

Theorem 1.3 ([I, Theorems 2.2 to 2.3]). Let f : I CR — R be differentiable on I°, a,b € I with
a <b, and f' € L1([a,b]).

1. If |f'| is s-convex on [a,b] for some s € (0,1], then

()

b—a
242 S e+

[If/(a)l PO 4+ 20s 1 1)

(2275 +1)(b—
4(s+1)(s+2)

()]

)[If( )+ 1/ ®)]]-
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2. If | f'[P/P=V) s s-convex on [a,b] for p> 1 and some fized s € (0,1], then

HCOR = RCIEE bla(zail)w(si1)2/q{[<21‘5+8+1)|f'<a)q

2P OI 2 @)+ (200 s+ )10,

1,1 _
where;—i—a—l.

Theorem 1.4 ([5l Theorems 3.1])). Let f : I C R — R be a 2-times differentiable function on I°
and a,b € I° with a < b such that f” € L1([a,b]). If |f"|? is strongly s-convex on [a,b] for ¢ > 1
and s € (0,1], then

\é[fm)mf(?“;b) +2r(52) +f<b>}—b_1a/abf<x>dm

69(b—a)? ([(s—3)3" "2+ (s +7)2°F2 1 ot
=7 324 H Grneroerar L W e O

c(b—a)? e (s—1)2°"2 +s+5 PN womigy  11e(b —a)? Ya
45} [(s+1)(8+2)(s+3)35(|f ()" +177)] )270}

1 veve L (5=3)3 2k (s 72042 (b —a)?] Ve
+[(s—|—2)(s—|—3)35|f (@) + (s+1)(s +2)(s + 3)3° O = =5 ] }

For more information on this topic, please refer to the papers [3, [ [5] [7], 10, 011 12, T4, 16 [17]
and the closely related references therein.

In this paper, we will introduce a new concept “strongly extended (s, m)-convex function” and
establish some integral inequalities of the Hermite-Hadamard type for strongly extended (s,m)-
convex functions.

2 Definition and Lemmas

Now we give a definition of strongly extended (s, m)-convex functions.

Definition 2.1. A function f : [0,0*] C Ry — Ry is said to be strongly extended (s, m)-convex
with modulus ¢ > 0 and (s,m) € [-1,1] x (0, 1] if

fltw+m(l = t)y) <t f(2) +ml —1)°fy) = ct(l —t)(x - y)*
is valid for all z,y € [0,b*] and ¢ € (0,1).

Remark 1. If f is strongly extended (s, m)-convex on [0,b*] and m = 1, then we say that f is
strongly extended s-convex on [0, b*].
If f is strongly extended s-convex on [0,b*] and s € (0, 1], then it is strongly s-convex on [0, b*].

To establish new Hermite-Hadamard type inequalities for strongly extended (s, m)-convex func-
tions, we need the following lemmas.
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Lemma 2.1. Let f: I CR — R be n-times differentiable function on I°, a,b € I° with a < b, and
n€Ny. If f™ € Ly([a,b]), then

b n (b— a)kfl [f(kfl)(a) + (71)k71f(k—1)(b)]
b—a/af(m)dx_z_: Q(k')

O e ] - e

Proof. By integration by parts, it follows that

@Q£K+lélﬂfWNm+{l—ﬂwdt
_ (U;?"ﬂnl() ﬁg;fgq[fﬂﬁﬂlmﬁa+(l—ﬂ®dt
_ (6261 )> F (g M f(”_2)(a)+m /0 2 gk (1 D)
gz(—a:E{W()+(b;@aéuf@m+u_®®dt
" (b —a)k =
el
and
- <_n7>) K FACE z&)n ai;] /olos —1)" LD e + (1 - 1)) d
4—2@32&3/1u—1ﬁ‘%ﬁ“”@a+(l—ﬂ®dt
n (k=13
R
Adding these two equations leads to Lemma =

Lemma 2.2. Let f: I CR — R be n-times differentiable function on I°, a,b € I° with a < b, and
n€N,. If f € Ly([a,b]), then

1t A+ (=D -kt (a+b
b—a/a f(l’ ]; 2k 1(k) f(k 1) <2>

)" 1/2 1
= )Uo <—t>”f<">(<1—t)a+tb>df+/1/2<1—t>”f<">(ta+<1—t>b>dt-
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Proof. This follows from integration by parts immediately. O

3 Some new integral inequalities of Simpson’s type

In this section, we establish integral inequalities of Simpson’s type for strongly extended (s, m)-
convex functions.

Theorem 3.1. Let f : [0,0*] C Ry — Rg be n-times differentiable on [0,b*], a,b € [0,b*] with
a < b, and f™ € Li([a,b]). If |f™|2 is strongly extended (s,m)-convez on |0, for ¢ >0,
(s,m) € (—1,1] x (0,1], and g > 1, then

1 b n (b— a)k—l[f(k—l)(a) + (_1)k—1f(k—1)(b)] (b—a)" 9 1-1/q
‘b_a/a f(x)d:z:—kZ:l S ‘g St (n+1)

(ool (] e (s )

where B(a, ) denotes the well known beta function which can be defined by

b
m

1
B(a, B) :/0 "Y1 —t)P~tdt, o, B>0.

Proof. Since |f(™|? is strongly extended (s,m)-convex on [0, 2], from Lemma and Holder’s
integral inequality, it follows that

b n — )1 =) (g _1\k—1 £(k—1)
[ a3 0 £ V@) + (<)L <b>]‘

b—a 2 20}
< W /01 [t + (1 = 8)"]|f™ (ta + (1 — t)b)| dt
< (b2zn?>)" Uol [+ (1— 1)) dt} o [/01 [ 1 (1 — )] [ £ (ta + (1 — t)b)]? dt] v
= (bQ?nc!l))n <n—2&— 1)11/“{/01 [t + (1 =1)"] [tslf(n)(aﬂq
+m(1 —t)%|f™ (;) q—ct(l —1) (:@ — a)z} dt}l/q
- () e e ()]
. 24 1/q
el ) b
The proof of Theorem Bo1]is thus completed. 0

Corollary 3.1.1. Under conditions of Theorem[3.]]
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1. when q =1, we have

" (b= a)t L[ D (a) + ()LD )]
/ﬁf Z; 207 ‘

<ol ()] s (- )

2. when ¢ =1 and m =1, we have

" (b= a) L [fE D (a) + (~1)F L)
‘b—a/‘f jde =2 2()

‘—a

a)" {1nB(n Js+1)

2(n!) n+s+1 Hf(n)(a)|+|f(n)(b)|] QC)(ba)Q}.

n+2)(n+3

Corollary 3.1.2. Under conditions of Theorem

1. when s =1, we have

b n a)F=1 [ fO=1) k=1 p(k—1)

‘b—a a Q(k:!)
PTE RS VI

m (n+2)(n+3) \m ’

2. when s =0, we have

/%ﬂ@dx—ﬁf“‘””Wﬂk”“0+04ﬁv“lkww

‘ b—a/, 2(k
([ et (b N
m (n+2)(n+3)\m '
Theorem 3.2. Let f : [0,b*] C Ry — Rg be n-times differentiable on [0,b*], a,b € [0 b*] with

a < b, and f™ € Li([a,b]). If |f™|9 is strongly extended (s,m)-convex on [ L1 for e >0,
(s,m) € (—1,1] x (0,1], and g > 1, then

k=1

(b—a)

S 21/q[(n+1)]|:|f( )‘q_|_m

k=1

(b—a)"

= (n+1)!

i

Yt sl RS L)
‘ —a / Uc k:l 2(k
(b—a) (2 \TUO@ 4wl G b N
= 2(n!) <ﬂ+1> [ s+1 _G(m_a) } - B
Proof. From Lemma [2.1| and Hoélder’s integral inequality, it follows that
( —a)* M [f (@) + (=DF ()]
‘—a/f 2() |

?r
| I
-
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(b*a)" 1 n n\n (n) a B
< 2(n!) /o[t +(1—-1) ]|f (ta+ (1 t)b)!dt

=) [ M pymaian T IR L
< 2(n!) UO [t + (1 —1)"] dt} [/O |f (ta+ (1 —t)b)|" dt

Since t" + (1 —¢)™ < 1 for ¢ € [0, 1], we have
1 (1) 1
/ [t + (1 — )]/ dtg/ [t"+(1—t)"]dt =
0 0

Since |f(™)]4 is a strongly extended (s, m)-convex function, it follows that

/01 ’f(n)(m e t)b)‘th : /01 [t5|f(n)(a)|q +m(l —1)° £ (:1> q_ct(l — t)<7[; - a) 2} dt
R T

2
n+1"

s+1 6 \m
Substituting the last two inequalities into the first inequality above and rearranging yield the
inequality (3.1)). The proof of Theorem [3.2]is thus complete. 0O

Corollary 3.2.1. Under the assumptions of Theorem[3.3, we have
1. if s=1, then

L e S b= [ (@) 4 (<) D )
‘b_a/af(:z:)dz kz: (k) ‘

(b—a)"
(n+1)!

1/ b cfb 2
< (n+1) q{‘f(")(a)’q+m|f(")(m)’q_(—a)] ;
2. if s =0, then

L g S G @)+ (DR )
‘b—a/af(x)dx kz 2(k!) ‘

=1

< () e o5 (2]

Theorem 3.3. Let f : [0,b*] C Ry — Ry be n-times differentiable on [0,b*], a,b € [0,b*] with
a < b, and f™ € Li([a,b]). If |f(™|7 is strongly extended (—1,m)-convez on [0, 2] for ¢ > 0,
m € (0,1] and g > 1, then

b n — a1 k=) (4 _1\k—1 £(k-1)
‘ 1 /(ﬂ@dx—E:a) A (@) + (DR (@W

b—a = 2(k
2(b— a)" 1 1=taf fmol 1 N
S = [Qnﬂ(n“)} kzzom“ﬂ FAR®]
1/q
RERPOYA qi c(n+4) (b )2
Jrm2”nf <m> 2"t3(n+2)(n+3) \m “
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Proof. Using Lemma and Holder’s integral inequality and considering that | f (n) | is the strongly
extended (—1,m)-convex function, it follows that

[ e - S S (1)

k=1

(b—a) {/Ol/ztﬂf(")((l —t)a+tb)|dt+/

n! 1/2

L { (/0/ " dt) o [ /01/2 2 ((1 — )71 £ (@)
po(2)]-e-o(3-<) o

+ [/1;2(1 - t)”dt} o {/1;2(1 —t)" <t1|f<n)(a)’q

£ (:) q—ct(1 - t)(:; _ a> 2) dt} 1/q}

=2 ;!a)n (2”“(11 + 1))1_1/q K:X_:_: m + 1n2) £ (a)]*

£ (i) q‘2"+3<fz(i+2>?n 3) (i - )ﬂ .

The proof of Theorem [3:3]is thus complete.

1

IN

(1=t f™(ta+ (1 —t)b)|dt} dt

IN

+mt™!

+m(1—t)~!

. 1
m——
2nn

O

Theorem 3.4. Let f : [0,0*] C Ry — Ry be n-times differentiable on [0,b*], a,b € [0,b*] with
a < b, and f™ € Ly([a,b]). If |f™|7 is strongly extended (—1,m)-convez on [0, 2] for ¢ > 0,
m € (0,1], and g > 1, then

1 b n (b— a)k—l f(k—l)(a) + (—l)k_lf(k_l)(b) 2(b o a)n
‘b—a/a f(x)d:z:—z [ 2(k ]‘S n!

k=1
1-1
g—1 e Ind—1 0y, Jja, M|,.m(Db T Bc (b 2t/
o e —— @+ )| 1| e :
2% (0 + 1)g — 2 m m
Proof. Using Lemma and Holder’s integral inequality and considering that |f(™)|7 is strongly
extended (—1,m)-convex, it follows that
L S Db —a)f !y (ath
) fwar- 3 I )< 2 )’
a k

=1

<O a) [ oo
Fm (:1) q_ct(1 —t) (:1 — a>2> dt} 1/q

+mt~!
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+ M:Q(l )5 dt} - [/1;26 ~1) (“If(”)@‘q
SOISEICOIN
2(b—a)" a2 -
- (2”'3”32[(71+ b =2 )

]
Ind—1 b\|? 5¢ (/b e
[ () ()

The proof of Theorem [3.4] is thus completed. O

+m(l—t)"t
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FIXED POINTS OF MULTIVALUED NONEXPANSIVE
MAPPINGS IN KOHLENBACH HYPERBOLIC SPACE

BIROL GUNDUZ, EBRU AYDOGDU, AND HALIS AYGUN

ABSTRACT. In this paper, we give a multivalued version of Picard-Mann hybrid
iterative process of Khan [4] in Kohlenbach hyperbolic space. This process
converges faster than all of Picard, Mann and Ishikawa iterative processes.
By using an idea of Shahzad and Zegeye [8] which removes a restriction on
the mapping and the method of direct construction of Cauchy sequence as
illustrated by Song and Cho [9], we obtain strong and A-convergence theorems
of this process for a multivalued mapping. Our results improve corresponding
results of Shazad and Zegeye [8], Song and Cho [9] and many other in the
contemporary literature in terms of faster iteration, more general space and
weaker condition on mapping 7.

1. INTRODUCTION AND PRELIMINARIES

Throughout the paper, we denote the set of positive integers by N. Let (E,d)
be a metric space and K be a nonempty subset of E. Then K is called proximinal
if for each = € FE, there exists an element k& € K such that

d(z, k) = inf{d(z,y) : y € K} = d(z, K)

We shall denote the closed and bounded subsets, compact subsets and proximinal
bounded subsets of K by CB(K), C(K) and P(K), respectively. Let H be a
Hausdorff metric induced by the metric d of E, that is

H(A, B) = max{sup d(z, B),sup d(y, 4)}
T€EA yeB

for every A, B € CB(E). A multivalued mapping T': K — P(K) is said to be a
contraction if there exists a constant k € [0, 1) such that for any z,y € K,

H(Tz,Ty) < kd(z,y),
and T is said to be nonezrpansive if

H(Tz,Ty) < d(z,y)
for all z,y € K. A point z € K is called a fixed point of T if x € T'z. Denote the
set of all fixed points of T' by F(T') and Pr(z) ={y € Tx : d(x,y) = d(z,Tx)}.

Markin [1] started the study of fixed points for multivalued contractions and

nonexpansive mappings using the Hausdorff metric (see also [2]). Moreover, Lim
[26] proved the existence of fixed points for multivalued nonexpansive mappings un-

der suitable conditions in uniformly convex Banach spaces. Later on, an interesting
and rich fixed point theory for such maps was developed which has applications in

2010 Mathematics Subject Classification. 47H10, 54H25.
Key words and phrases. common fixed point, hyperbolic space, multivalued nonexpansive map,
strong convergence, A-convergence.
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control theory, convex optimization, differential inclusion and economics (see, [3]
and references cited therein). Since then different authors have discussed on the
existence and convergence of fixed points for this class of maps in convex metric
spaces. For example, Shimizu and Takahashi [18] generalized result of Lim [26]
given above from uniformly convex Banach spaces to convex metric spaces.

On the other hand, given z in K (a subset of Banach space), we know that
Picard, Mann and Ishikawa iteration processes for a single valued map T : K — K
defined as follows:

(Picard) Tpi1 = Tn,
(Mann) Tor1 = (1 —ap) xy + Ty,
and

(Ishikawa) Tnt1 = (1 - Oln) Tn + anTyn

where {a,,} and {3,,} are in (0, 1).

Very recently, Khan [4] introduced a new iterative process which can be seen
as a hybrid of Picard and Mann iterative processes. He also proved that the new
process converges faster than all of Picard, Mann and Ishikawa iterative processes
for contractions. Iteration scheme of Khan [4] defined as follows:

Tn+1 = Tyn
(L.1) Yn = (1 — ap)zy + @ Ty,
where {a,,} is a sequence in (0, 1).

It is well know that the theory of multivalued nonexpansive mappings is harder
than according to the theory of single valued nonexpansive mappings. Sastry and
Babu [5] defined Mann and Ishikawa iterative processes for a multivalued mapping
as follows:

Let K be a nonempty convex subset of F and T : K — P(K) a multivalued
mapping with p € T'p.

(i) Mann iterate sequence is defined by z; € K,

T (]- - an)wn + AnYn,
where y,, € Tz, is such that ||y, — p|| = d(p, Tz,), and {a,} is a sequence in (0,1)
satisfying lim a, =0 and 3 a, = oo.
n—oo

(ii) Ishikawa iterate sequence is defined by z; € K,

Yn = (1 - bn)xn + bnzna
Tnt+1 = (1 - an)xn + antn,
where z, € Ty, u, € Ty, are such that ||z, —p|| = d(p,Tx,) and |ju, —p| =
d(p, Tyn), and {a, }, {b,} are real sequences with 0 < a,,, b,, < 1 satisfying lim b, =
n— 00
0 and " apb, = .
Sastry and Babu [5] proved that these iterates converge to a fixed point ¢ of
T under certain conditions. Moreover, they illustrated that fixed point ¢ may be
different from p.
The following is a useful Lemma due to Nadler [2].

Lemma 1.1. Let A,B € CB(E) anda € A. Ifn > 0, then there exists b € B such
that d (a,b) < H (A, B) + 1.
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In 2007, Panyanak [6] proved a convergence theorem of Mann iterates for a
mapping defined on a noncompact domain and generalized results of Sastry and
Babu [5] to uniformly convex Banach spaces. Furthermore, he gave an open question
which was answered by Song and Wang [7].

Later, Shahzad and Zegeye [8] proved strong convergence theorems for the Ishikawa
iteration scheme involving quasi-nonexpansive multivalued maps. They also re-
moved compactness of the domain of T and constructed an iteration scheme which
removes the restriction of 7', namely, Tp = {p} for any p € F(T).

To achieve this, they defined Pr(z) = {y € Tz : d(z,y) = d(z,Tz)} for a multi-
valued mapping T : K — P(K). They also proved strong convergence results using
Ishikawa type iteration process.

In this paper, we first define a multivalued version of the faster iteration scheme of
Khan (1.1) in Kohlenbach hyperbolic spaces and then use weaker condition Pr(z) =
{y € Tz :d(z,y) = d(z,Tx)} instead of T'p = {p} for any p € F(T') due to Shahzad
and Zegeye [8] to approximate fixed points of a multivalued nonexpansive mapping
T. Moreover, we use the method of direct construction of Cauchy sequence as
indicated by Song and Cho [9] (and opposed to [8]) but used also by many other
authors including [10],[11] and [13]. The algorithm we use in this paper read as
under.

Let E be a Kohlenbach hyperbolic space and K be a nonempty convex subset
of E. Let T : K — P(K) be a multivalued map and Pr(z) = {y € Tz : d(z,y) =
d(xz,Tz)}. Choose xy € K and define {z,} as

(12) {anrl = Up ’

Yn = W(una Tn, an)

where u,, € Pr(z,), vn € Pr(yn) = Pr(W(un,zn,ay)) and {a,} is a real se-
quence such that 0 < a < a, < b < 1 for all n € N. The iterative sequence
(1.2) is called the modifed Picard-Mann hybrid iterative process for a multivalued
nonexpansive mapping in a Kohlenbach hyperbolic space. In this way, we com-
pute fixed points of a multivalued nonexpansive mapping by modifed Picard-Mann
hybrid iterative process in a Kohlenbach hyperbolic space. Our results improve
corresponding results of Shazad and Zegeye [8], Song and Cho [9] and many other
in the contemporary literature in terms of faster iteration, more general space and
weaker condition on mapping 7.

Different definitions of hyperbolic space can be found in the literature, we refer
the readers to [14] for a detailed discussion. We will study under more general setup
Kohlenbach hyperbolic spaces which introduced by Kohlenbach [15] as follows:

Definition 1.2. A metric space (F,d) is said to be Kohlenbach hyperbolic space
if there exists a map W : E? x [0,1] — E satisfying:

W1, d(u, W (z,y,0)) < (1 —a)d(u,z) + ad (u,y)

W2. d(W(x,y,a),W(z,y,ﬁ)) = |oz—ﬂ|d(x,y)

W3. w (x,y,a) =W (y,-T, (1 - a))

W4 d(W (z,z,a) , W (y,w, ) < (1 —a)d(z,y) + ad (z,w)

for all x,y,z,w € E and «, 8 € [0, 1].
A metric space (E,d) is called a convex metric space introduced by Takahashi
[16] if it satisfieses only W1. Every normed space (and Banach space) is a special
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convex metric space, but the converse of this statement is not true, in general (see
11]).

In the sequel, we shall use the term hyperbolic space instead of Kohlenbach
hyperbolic space in view of simplicity. The class of hyperbolic spaces includes
normed spaces and convex subsets thereof, the Hilbert ball (see [17] for a book
treatment) as well as CAT (0)-spaces.

A hyperbolic space (E, d, W) is said to be uniformly convex [18] if for all u, z,y €
E,r>0and ¢ € (0,2], there exists a § € (0,1] such that

(E)i S (owd) ) <o

A map 71 : (0,00) x (0,2] — (0,1] which provides such a § = n(r,e) for given
r >0 and € € (0,2], is called modulus of uniform convexity. We call n monotone if
it decreases with r (for a fixed €). A subset K of a hyperbolic space E is convex if
W(z,y,a) € K for all z,y € K and « € [0, 1].

Now, we discourse concept of A-convergence which coined by Lim [19] in general
metric spaces. To give the definition of A-convergence, we first recall the notions
of asymptotic radius and asymptotic center. Let {z,} be a bounded sequence in a
metric space E. For © € E, define a continuous functional r (., {z,}) : E — [0, 00)
by r(x,{x,}) = limsup,,_, . d(z,z,). Then the asymptotic radius p = r ({z,})
of {z,} is given by p = inf {r (z,{z,}) : # € E} and the asymptotic center of a
bounded sequence {x,,} with respect to a subset K of E is defined as follows:

Ag ({zn}) ={z € E:r (2, {zn}) <7 (y,{zn}) for any y € K}.

The set of all asymptotic centers of {z,,} is denoted by A({zn}).

It has been shown in [22] that bounded sequences have unique asymptotic center
with respect to closed convex subsets in a complete and uniformly convex hyperbolic
space with monotone modulus of uniform convexity.

A sequence {z, } in F is said to A-converge to z € E if x is the unique asymptotic
center of {u,} for every subsequence {u,} of {z,} [20]. In this case, we write A
-lim, z,, = x.

We want to point out that A—convergence coincides with weak convergence in
Banach spaces with Opial’s property [23].

Kirk and Panyanak [20] specialized this concept to CAT(0) spaces and showed
that many Banach space results involving weak convergence have precise analogs
in this setting. Dhompongsa and Panyanak [21] continued to work in this direction
and studied the A-convergence of Picard, Mann and Ishikawa iterates in C AT(0)
spaces (Theorems 3.1, 3.2 and 3.3 respectively in [21]). Khan et al. [24] was studied
this concept in hyperbolic spaces and they gave a couple of helpful lemma as follows.

Lemma 1.3. [24] Let (E,d, W) be a uniformly convex hyperbolic space with monotone
modulus of uniform convexityn. Let x € E and {a,} be a sequence in [b, c| for some
b,c€ (0,1). If {zn} and {yn} are sequences in E such that limsup,,_, . d(z,,z) <
r,limsup,_, oo d (Yn,x) <7 and limy, oo d (W (21, Yn, @) ;) =1 for some r > 0,
then lim, o0 d (24, yn) = 0.

Lemma 1.4. [24] Let K be a nonempty closed convex subset of a uniformly convex
hyperbolic space and {x,} be a bounded sequence in K such that A ({z,}) = {y} and
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r({zn}) = p. If {ym} is another sequence in K such that lim,,—co 7 (Ym, {zn}) = p,
then lim,, oo Ym = Y.

The following useful lemma can be found in [9] gives some properties of Pr in
metric (and hence hyperbolic) spaces.

Lemma 1.5. [9] Let T : K — P(K) be a multivalued mapping and Pr(xz) =
{y € Tz : d(z,y) = d(z,Tx)}.Then the following are equivalent.

(1) z € F(T), that is, x € Tz,

(2) Pr(z) = {z}, that is, x =y for each y € Pr(x),

(3) x € F(Pr), that is, x € Pr(x).

Moreover, F(T) = F(Pr).

2. MAIN RESULTS

Before giving our main results, we show that the modifed Picard-Mann hybrid
iterative process (1.2) can be employed for the approximation of fixed points of a
multivalued nonexpansive mapping in hyperbolic spaces.

Define f : K — K by f(z) = v for some v € Pr(y) = Pr(W(u,xo,ap)) and
for some u € Pr(x). Suppose that Pr is nonexpansive multivalued mappings on
K. Existence of z; is guaranteed if f has a fixed point. For any m,n € K, let
z € Pr(m), 2/ € Pp(n) such that d(z,2') = d(z,Tn), and y € Pr(W(z, zo, a)),
y/ € PT(W(Z/,.’E(), C!())) such that d(yayl) = d(yaT(W(zlvaa aO)))'

On using definition of condition W4 in hyperbolic sapaces, we have

d(f(m),f(n)) = dly.y)

< H(Pr(W(z,x9,00)), Pr (W(Z,z0,00)))
< d(W(z,x0,00), W(2',z0,0))

< (1-ag)d(z,?)

= (1-ag)d(z,Tn)

< (1—ao)d(z, Pr(n))

< (1=ao)H(Pr(m),Pr(n))

< (1= ao)d(m,n).

Since «,, € (0,1), f is a contraction. By Banach contraction principle, f has a
unique fixed point. Thus the existence of z; is established. Similarly, the existence
of xo,x3, ... is established. Thus the modifed Picard-Mann hybrid iterative process
(1.2) is well defined.

We start with the following couple of important lemmas.

Lemma 2.1. Let K be a nonempty closed convexr subset of a hyperbolic space E
and let T : K — P(K) be a multivalued map such that Pr is a nonexpansive map
and F # (. Then for the modifed Picard-Mann hybrid iterative process {x,} in
(1.2), limy, o0 d (@, p) exists for each p € F.
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Proof. Let p € F. Then p € Pr (p) = {p}. Using (1.2) and Lemma 1.5, we have
(2.1) d(zp+1,p) = d(vn,p)
H (Pr (yn), Pr (p))

d (Yn,p)
d (W(Un, T, an),p)

IN N

< apd(pyun) + (1 — ) d(p,zy)
< apd(zn,p) + (1 — ay)d(xn,p)
= d(zn,p)
That is,
d(xpt1,p) < d(zpn,Dp).
Hence lim,,_ o d (2, p) exists. O

Lemma 2.2. Let K be a nonempty closed convex subset of a uniformly convex
hyperbolic space E with monotone modulus of uniform convexity n and let T : K —
P(K) be a multivalued map such that Pr is a nonexpansive map and F # (). Let
{an} satisfy 0 < a < a,, < b < 1. Then for the modifed Picard-Mann hybrid itera-
tive process {x, } in (1.2), we have lim,,— oo (Tn, Pr (z,)) = lim, oo (n, Pr (yn)) =
0.

Proof. By Lemma 2.1, lim,_,o d(x,,p) exists for each p € F. Assume that

lim d(z,,p) = c for some ¢ > 0. For ¢ = 0, the result is trivial. Suppose ¢ > 0.
n—oo

Now lim,, e d (Z+1,p) = ¢ can be rewritten as lim, . d (v,,p) = c.
Since Pr is nonexpansive, we have

d (unap) = d (unv PT (p))
H (Pr (), Pr(p))

<
< d(xn,p).

Hence

(2.2) lim supd(un,p) <c

n—oo

Next

d(vn,p) d (vn, Pr (p))

H (Pr(yn). Pr(p))

d (Yn,p)

d(W (tUp, Ty, tn) , D)

(1- an) d (Un,p) + and (zn, p)

(1 — an) H (Pr (z,) , Pr (p)) + and (2, p)
(1 —an)d(zn,p) + and (zn,p)

d(n,p)

IN A

INIAIA

and so
lim supd (vy,p) < c.

n—oo
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Further
d(W(ummn,an),p) < —Ozn)d(un,p)—i—and(xmp)
S (]_ *Oén)d(xn,p) +0an($nap)
= d (:zrn,p) .

Taking lim sup, we have

lim supd (W (up,Zn, o), p) < c.

n—oo

Now (2.1) can be rewritten as

d (xn+lap) S d(W (un; Tn, an) 7]7)

and so
¢ < lim infd (W (un, Zn, ), p) -
Hence

From lim,, oo d (zn,p) = ¢, (2.2), (2.3) and Lemma 1.3, it follows

lim d(z,,u,) =0.

n—oo

Similarly we can show that

lim d(zy,v,)=0.

Since d (z, Pr (v)) = inf.cp,.(2) d (2, 2) , therefore
d (Ina PT (mn)) S d (Iny un) — 0.

Similarly
d(zp, Pr(yn)) < d(xpn,v,) — 0.
O

Now we approximate fixed points of the mapping T through A-convergence of
the modifed Picard-Mann hybrid iterative process defined in (1.2).

Theorem 2.3. Let K be a nonempty closed and convex subset of a uniformly convex
hyperbolic space E with monotone modulus of uniform convexity n. Let T, Pr and
{an} be as in Lemma 2.2. Then the modifed Picard-Mann hybrid iterative process
{zn} A-converges to a fized point of T (or Pr).

Proof. Let p € F(T) = F(Pr). From the proof of Lemma 2.1, lim d(x,,p) ex-

ists and {z,} is bounded. Thus {z,} has a unique asymptotic center. Therefore
A({zn}) = {z}. Let {v,} be any subsequence of {z,} such that A({v,}) = {v}.
By Lemma 2.2, we have lim,,_, o (zn, Pr (z,,)) = 0. We claim that v is a fixed point
of PT.
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To prove this, take {z,,} in Pr(v). Then

7(2m, {vn})

lim sup d(zm,vn)
n—0o0

< lim sup{d(zm, Pr (vy)) + d(Pr (vn),vn)}
n—oo

< lim sup H(Pr(v), Pr (vy))

< lim supd(v,v,)

r(v,{vn}).

This gives |r(zm, {vn} —7(v,{v,})] — 0 as m — oo. By Lemma 1.4, we get
limy,— 00 2m = v. Note that Tv € P(K) being proximinal is closed, hence Pr(v)
is closed. Moreover, Pr(v) is bounded. Consequently lim,, o z;m = v € Pr(v).
Hence v € F(Pr) and so v € F(T). Since lim,,_, o d(zy,v) exists from Lemma 2.1,
therefore by the uniqueness of asymptotic center, we have

lim supd(v,,v) < lim supd (v, x)
n—oo n—oo

n—oo

< lim supd(zp,)
)

n—oo

(
< lim supd(zy,v
= lim supd(v,,v)
n—0o0
a contradiction. Hence x = u. Therefore A({v,}) = {v} for every subsequence
{vn} of {z,,}. Hence {z,,} A-converges to a fixed point of T' (or Pr). O

We now prove some strong convergence theorems. Our first strong convergence
theorem is valid in a complete hyperbolic space. Then we apply this theorem to
obtain two results in a complete and uniformly convex hyperbolic space. We also
use the method of direct construction of Cauchy sequence as indicated by Song and
Cho [9] (and opposed to [8]) but used also by many other authors including [10],[11]
and [13].

Theorem 2.4. Let K be a nonempty closed and convexr subset of a complete hy-
perbolic space E and, T, Pr and {ay,} be as in Lemma 2.2. Let {x,} be the mod-
ifed Picard-Mann hybrid iterative process as defined in (1.2), then {x,} converges
strongly to a point of F(T) if and only if liminf,, . d(z,, F(T)) = 0.
Proof. The necessity is obvious. Conversely, suppose that lim inf,, o, d(z,, F(T)) =
0. By similar methot in Lemma 2.1, we get
d(mn+17p) S d(-rn;p)v

which implies

d(xps1, F(T)) < d(xn, F(T)).
This gives that lim d(x,, F(T)) exists and so by the hypothesis of our theorem,
lim inf d(z,,, F'(T)) = 0. Therefore we must have lim d(x,, F(T)) = 0.

We now we prove that {x,} is a Cauchy sequence in K. Let m,n € N and
assume m > n. Then it follows (along the lines similar to Lemma 2.1) that

d(@m,p) < d(zn,p)
for all p € F. Thus we have

d(Tm,n) < d(Tm,p) +d(p,7,) < 2d(Tn,p) -
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Taking inf on the set F', we have d(xy,,z,) < d(z,, F(T)). On letting m —
00, n — oo the inequality d(z,,,z,) < d(z,, F (T)) shows that {z,} is a Cauchy
sequence in K and hence converges, say to ¢ € K. Now it is left to show that
q € F(T). Indeed, by d(z,, F (Pr)) = infycpp)d(2n,y). So for each ¢ > 0,

there exists pgf) € F' (Pr) such that,

4 (22.0) < d (. F (Pr))

w\m

_l’_
This implies lim,,_, o, d (asn,psf)) < 5. From d( ) (mn,pn ) +d(zn,q) it
follows that

lim d (pn ,q) E

Finally, o ?
A(Pr(@),0) < d(a.p)+d (s, Pr(e)
< d(ap?) + 8 (Pr (o) Prio)
<

2d (pﬁf), q)

yields d (Pr(q),q) < e. Since ¢ is arbitrary, therefore d (Pr (¢),q) = 0. Since F' is
closed, g € F' as required. O

As appropriate our goal, we give the following definitions. The first is the multi-
valued version of condition (I) of Senter and Dotson [25] and second is semi-compact
map.

Definition 2.5. A multivalued nonexpansive mappings T : K — CB(K) where
K a subset of E, are said to satisfy condition (I) if there exists a nondecreasing
function f : [0,00) — [0,00) with f(0) =0, f(r) > 0 for all » € (0,00) such that
d(z,Tz) > f(d(z, F)) for all z € K.

Definition 2.6. A map T : K — P(K) is called semi-compact if any bounded
sequence {x,} satisfying d(z,,Tz,) — 0 as n — oo has a convergent subsequence.

We now obtain the following theorem by applying the above theorem in a com-
plete and uniformly convex hyperbolic space where T : K — P(K) satisfies condi-
tion (I).

Theorem 2.7. Let K be a nonempty closed convex subset of a complete and uni-
formly convex hyperbolic space E with monotone modulus of uniform convexity n
and, T, Pr and {a,} be as in Lemma 2.2. Suppose that Pr satisfy condition (I),
then the modifed Picard-Mann hybrid iterative process {x,} defined in (1.2) con-
verges strongly top € F.

Proof. By Lemma 2.1, lim, o d (z,,p) exists for all p € F(T). We call it ¢ for
some ¢ > 0.

If ¢ = 0, there is nothing to prove.

Assume ¢ > 0. Now d (p41,p) < d(z,,p) gives that

inf d(z,i1,p) < inf d(x,,p),
peilyy d@nrr,p) < Bl d(@n,p)
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which means that d(x,+1, F(T)) < d(x,, F(T)).Hence lim d(z,, F(T)) exists.

n—oo

By using condition (I) and Lemma 2.2,we get
lim f(d(zy,, F(T))) < lim d(zy,Tz,) =0.

and so
lim f(d(zn, F(T))) = 0.
By properties f, we obtain that lim d(z,, F(T)) = 0. Finally applying Theorem

n—oo

2.4, we get the result. O
The proof of follow theorem is also easy and omitted.

Theorem 2.8. Let K be a nonempty closed convex subset of a uniformly convex
hyperbolic space E with monotone modulus of uniform convezity n and, T, Pr and
{an} be as in Lemma 2.2. Suppose that Pr is semi-compact, then the modifed
Picard-Mann hybrid iterative process {x,} defined in (1.2) converges strongly to
peF.

Remark 2.9. (1) Theorem 2.4 and Theorem 2.7 extends the corresponding results
Khan [4] in three ways: (i) from single valued maps to multivalued maps (ii) from
bounded domain to unbounded domain (ii) from uniformly convex Banach space
to general setup of uniformly convex hyperbolic spaces.

(2) Our theorems sets analogue corresponding results of Khan [4], for multivalued
nonexpansive maps on unbounded domain in a uniformly convex hyperbolic space
X.

(3) Since Picard-Mann hybrid iterative process converges faster than Mann and
Ishikawa iterative processes, our theorems are better than results of Fukhar-ud-din
et al. [27].

(4) Since CAT(0)-spaces are uniformly convex hyperbolic spaces with a ’nice’

monotone modulus of uniform convexity n(r,e) := %, then our results valid in
CAT(0) spaces besides Banach spaces.

(5) Tteration process (1.2) has not been studied in CAT(0) spaces and Banach
spaces for multivalued nonexpansive map so far. Due to hyperbolic spaces are more
general than CAT(0) spaces as well as Banach spaces, the iteration process (1.2)
does not need to be studied for this class of mappings in CAT(0) spaces or Banach
spaces.
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Abstract.

The notions of double-framed soft subalgebras/filters in B E-algebras are introduced and related properties are
investigated. We consider characterizations of double-framed soft subalgebras/filters, and establish a new double-
framed soft subalgebra/filter from old one. Also, we show that the int-uni double-framed soft of two double framed
soft subalgebras/filters is a double framed soft subalgebra/filter.

1. INTRODUCTION

In 1966, Imai and Iséki [3] and Iséki [4] introduced two classes of abstract algebras: BCK-
algebras and BCl-algebras. It is known that the class of BCK-algebras is a proper subclass of
the class of BCI-algebras. As a generalization of a BCK-algebra, Kim and Kim [10] introduced
the notion of a BE-algebra, and investigated several properties. In [2], Ahn and So introduced
the notion of ideals in BFE-algebras. They gave several descriptions of ideals in B F-algebras.

Molodtsov [12] introduced the concept of soft set as a new mathematical tool for dealing with
uncertainties that is free from the difficulties that have troubled the usual theoretical approaches.
Molodtsov pointed out several directions for the applications of soft sets. Worldwide, there has
been a rapid growth in interest in soft set theory and its applications in recent years. Evidence
of this can be found in the increasing number of high-quality articles on soft sets and related
topics that have been published in a variety of international journals, symposia, workshops, and
international conferences in recent years. Maji et al. [11] described the application of soft set
theory to a decision making problem. Jun and Park [9] studied applications of soft sets in ideal
theory of BCK/BCI-algebras. Jun et al. [8] introduced the notion of intersectional soft sets, and
considered its applications to BCK/BCI-algebras. Also, Jun [5] discussed the union soft sets
with applications in BCK/BCI-algebras. Jun et al. [6] introduced the notion of double-framed
soft sets, and applied it to BCK/BCI-algebras. They discussed double-frame soft algebras and
investigated related properties. Jun et al. [7] studied applications of soft sets in BFE-algebras.
Ahn et al. [1] introduced the notion of int-soft filters of BFE-algebras and investigated related
properties.

92010 Mathematics Subject Classification: 06F35; 03G25; 06D72.

YKeywords: Double framed soft set, Double framed soft subalgebra (filter), Int-uni double framed soft subal-
gebra (filter), BE-algebra.
* The corresponding author. Tel: +82 2 2260 3410, Fax: +82 2 2266 3409
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In this paper, we introduce the notions of double-framed soft subalgebras/filters in B F-algebras
and investigated related properties. We consider characterizations of double-framed soft subal-
gebras/filters, and establish a new double-framed soft subalgebra/filter from old one. Also, we
show that the int-uni double-framed soft of two double framed soft subalgebras/filters is a double
framed soft subalgebra/filter.

2. PRELIMINARIES

We recall some definitions and results discussed in [10].

An algebra (X;*, 1) of type (2, 0) is called a BE-algebra if
(BE1) zxx =1 for all x € X;
(BE2) x %1 =1 for all z € X;
(BE3) 1xx =z for all x € X;
(BE4) zx (y*xz2) =y * (zx*2) for all z,y,z € X (exchange)

We introduce a relation “<” on a BFE-algebra X by x <y if and only if z xy = 1. A non-empty
subset S of a BFE-algebra X is said to be a subalgebra of X if it is closed under the operation
“x 7. Noticing that x xz =1 for all x € X, it is clear that 1 € S.

Definition 2.1. Let (X;*,1) be a BE-algebra and let F' be a non-empty subset of X. Then F’
is called a filter of X if

(F1) 1 € F;
(F2) x+y € Fand x € F imply y € F for all z,y € X.

Proposition 2.2. Let (X;*,1) be a BE-algebra and let F' be a filter of X. If t <y and z € F
for any y € X, then y € F.

A soft set theory is introduced by Molodtsov [12]. In what follows, let U be an initial universe
set and X be a set of parameters. Let &2(U) denotes the power set of U and A, B,C,--- C X.

Definition 2.3. A soft set (f, A) of X over U is defined to be the set of ordered pairs
(f, A) ={(z, f(z)) :z € X, f(z) € Z(U)},
where f: X — Z(U) such that f(z) =0if x ¢ A.

3. DOUBLE-FRAMED SOFT SUBALGEBRAS

In what follows, we take £ = X, as a set of parameters, which is a B E-algebra unless otherwise

specified.

Definition 3.1. A double-framed pair ((«a, 8); X) is called a double-framed soft set over U, where
« and 8 are mappings from X to 2(U).
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Definition 3.2. A double-framed soft set ((a,3); X) over U is called a double-framed soft
subalgebra over U if it satisfies :

(3.1) (Vo,y € X) (a(z*y) 2 alz) Naly), Blz*y) C B(x)UB(Y)).

Example 3.3. Let X be the set of parameters where X := {1, a,b, ¢, d} is a BE-algebra [7] with
the following Cayley table:

x|1 a b c d
111 a b ¢ d
all 1 b ¢ d
bl a 1 ¢ c
cll 1 b 11
dil1 1 111

Let ((«, B); X) be a double-framed soft set over U defined as follows:

™ ifr=1,
a: X —->2U), c—q n ifze{acd}

T ifx =0,

and
v3 ifx =1,
f:X—=2P2U), x—< v ifzed{acd},
vo ifx=0b

where 71, 79, 73,71, 72 and 3 are subsets of U with 7y C 7 C 73 and 7 2 72 2 73 It is routine to
verify that ((a, 3); X) is a double-framed soft subalgebra over U.

Lemma 3.4. Every double-framed soft subalgebra ((a,); X) over U satisfies the following
condition:

(3.2) (V€ X) (afz) € (1), B(z) 2 B(1)).
Proof. Straightforward. 0

Proposition 3.5. For a double-framed soft subalgebra ((«, 3); X) over U, the following are
equivalent:

(i) (Ve € X) (a(z) = a(1), f(z) = B(1)).
(i) (Vo,y € X) (aly) C alyxx), Bly) 2 By *x)).

Proof. Assume that (ii) is valid. Taking y := 1 in (ii) and using (BE3), we have a(1) C o(1xx) =
a(x) and B(1) D f(1xx) = f(x). It follows from Lemma 3.4 that a(x) = a(1) and S(z) = 5(1).
Conversely, suppose that a(x) = a(1) and g(z) = B(1) for all x € X. Using (3.1), we have

a(y) = aly) Na(l) = aly) Na(z) € a(y * z),
Bly) = Bly) L) = Bly) U B(x) 2 Bly = x)
for all z,y € X. This completes the proof. 0
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For two double-framed soft sets ((«, 3); X) and ((f,g); X) over U, the double-framed soft int-
uni set of ((a, 8); X) and ((f, g); X) is defined to be a double-framed soft set {((aNf, 3Ug); X)

where

anf: X - 2U), +— alx)n
pUg: X — 2(U), x+— B(x)Ug(x).

It is denoted by (e, 8); X) M {(f, 9); X) = ((af, B0g); X) .

Theorem 3.6. The double-framed soft int-uni set of two double-framed soft subalgebras ((«, 5); X)
and ((f,g); X) over U is a double-framed soft subalgebra over U.

Proof. For any x,y € X, we have

(@)@ ) =a(z +9) 0 F@+y) 2 (@) N o) N ()N 1))
=(a(z) N f(x)) N (aly) N fy) = (@nf)(@) N (anf)(y)
and
(BUg)(x = y) =B(x+y) U gz +y) C (B(x) UBY)) U (g(x) Ugly))
=(B(z) Ug(x)) U (By) Ugly)) = (BUg)(x) U (BUg)(y)
Therefore ((a, 8); X) M {(f,g); X) is a double-framed soft subalgebra over U. O

For two double-framed soft sets ((«, 5); X) and ((f, g); X) over U, the double-framed soft uni-
int set of ((«,3); X) and ((f,g); X) is defined to be a double-framed soft set ((aUf, 3Ng); X)

where

alf : X - 2U), x+— ax)U
BNg: X — 2(U), v+ B(x)Ng(z).

It is denoted by (e, 8); X) U({(f, 9); X) = ((aUf, BNg); X) .

The following example shows that the double-framed soft uni-int set of two double-framed soft
subalgebras ((«, 5); X) and ((f, g); X) over U may not be a double-framed soft subalgebra over
U.

Example 3.7. Let X be the set of parameters where X := {1,a,b, ¢, d} is a BE-algebra [2] with
the following Cayley table:

o o %
— = = e
= = = Q|2
Q= Q o
= 2 2 OO0
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Let ((a, 5); X) and ((f, g); X) be double-framed soft sets over U defined, respectively, as follows:

5 ifxr=1,
a: X —-20U), v~ n ifr=a

T ifx=0b,
3 ifxr=c,

vs iz =1,
_ Yo ifx=a,
:X = 2U), xw— v ifr—b,

vz ifx =c,

Ty ifx=1,
‘ T if x =a,
f: X—=>20U), v m ifr—b
nn ifxr=c,
and
vy ifax=1,
if z = a,

. 2
g: X = 2U), e ifx—b,

v ifx=c,

where 1, Y2, Y3, V4, V5, T1, T2, T3, T4 and 75 are subsets of U with 4 C 7 C 73 C 74 € 75 and
Y22 2 Y3 2 Y4 2 5. 1t is routine to verify that ((«, 5); X) and ((f,g); X) are double-framed
soft subalgebras over U. But ((«, 8); X)U{(f, 9); X) = ((aJf, fNg); X) is not a double-framed soft
subalgebra over U, since (aUf)(c*b) = (aUf)(a) = a(a)U f(a) = 1 2 73 = (aUf)(c) N (aUf)(b)

and/or (8Ng)(c*b) = (BNg)(a) = B(a) Ng(a) = 2 € 75 = (BNg)(c) U (BNg)(b).

For a double-framed soft set ((«a, 8); X) over U and two subsets v and § of U, the vy-inclusive set
and the J-exclusive set of ((c, B); X), denoted by ix(«;v) and ex(8; ), respectively, are defined
as follows: ix(a;v) == {x € X |y Ca(x)} and ex(B;9) := {x € X | § D B(x)}, respectively.
The set DFx (o, 8)(, 5 = {z € X [y C a(z), 6 2 B(z)} is called a double-framed including set
of ((a, 8); X) . It is clear that DFx (o, 8), 5 = ix(a;7) Nex(B;0).

Theorem 3.8. For a double-framed soft set ((«, 5); X) over U, the following are equivalent:

(i) ((e, B); X) is a double-framed soft subalgebra over U.
(ii) For every subsets v and 6 of U with v € Im(«) and § € Im(), the y-inclusive set and
the d-exclusive set of ((«, 3); X) are subalgebras of X.

Proof. Assume that ((«, 5); X) is a double-framed soft subalgebra over U. Let x,y € X be such
that z,y € ix(a;v) and z,y € ex(B;0) for every subsets v and § of U with v € Im(«) and
d € Im(p). It follows from (3.1) that

a(rxy) 2 a(r) Naly) 2 v and Bz *y) C Blz)UBYy) €0
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Hence z xy € ix(a;y) and x xy € ex(f;0), and therefore ix(a; ) and ex(f;d) are subalgebras
of X.

Conversely, suppose that (ii) is valid. Let z,y € X be such that a(x) = v,, a(y) = v, f(z) = I,
and f(y) = 6,. Taking v = v, N, and § = 6, UJ, imply that z,y € ix(a;v) and z,y € ex(5;6).
Hence xxy € ix(c;7) and xxy € ex(/;0), which imply that a(z*xy) D v =7, N7y, = a(z)Na(y)
and f(z*y) C 6 =6,Ud, = B(2)US(y). Therefore ((c, B); X) is a double-framed soft subalgebra
over U. U

Corollary 3.9. If ((«, 8); X) is a double-framed soft subalgebra over U, then the double-framed
including set of ((«, 8); X) is a subalgebra of X.

For any double-framed soft set ((«, 8); X) over U, let ((a*, *); X) be a double-framed soft set
over U defined by

n otherwise,
N Blz) if x € ex(B;9),
f*: X = 2U), v — { p otherwise,

where 7, 0,7 and p are subsets of U with n C a(x) and p 2 5(x).
Theorem 3.10. If ((«, §); X) is a double-framed soft subalgebra over U, then so is {(a*, 5*); X) .

, B
Proof. Assume that ((«, 3); X) is a double-framed soft subalgebra over U. Then ix(«;7y) and
ex(p;9) are subalgebras of X for every subsets v and § of U with v € Im(a) and § € Im(f3), by
Theorem 3.8. Let 2,y € X. If 2,y € ix(c;7), then x xy € ix(a;7). Thus

o (zxy) = a(rxy) 2 a(r) Naly) = a™(z) Na’(y).
If x ¢ ix(a;v) ory ¢ ix(c;7), then a*(z) =n or a*(y) = n. Hence
a(zxy) 2n=a’(zr)Na(y).
Now, if z,y € ex(5;0), then x xy € ex(5;0). Thus
B (zxy) = Bl xy) € Blz) U BY) = B7(x) U B (y).
If x ¢ ex(B;9) ory ¢ ex(f;6), then 5*(z) = p or *(y) = p. Hence
Bz xy) C p=pB"(x) UL (y).
Therefore ((a*, 5*); X) is a double-framed soft subalgebra over U. O

Let ((«, 8); X) and ((«v, B); Y) be double-framed soft sets over U, where X, Y are B E-algebras.
The (an, Bv)-product of ((«, 5); X) and ((a, §);Y) is defined to be a double-framed soft set
((axay, Bxvy); X X Y) over U in which

axay : X XY = 2(U), (z,y) — a(r) Naly),

Bxvy : X XY — 2(U), (z,y) — B(x) U B(y).
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Theorem 3.11. For any BFE-algebras X and Y as sets of parameters, let ((«,3); X) and
((a, B);Y) be double-framed soft subalgebras over U. Then the (an, [y)-product of {(a, 3); X)
and ((«, B);Y) is also a double-framed soft subalgebra over U.

Proof. Note that (X x Y, ®; (1,1)) is a BE-algebra. For any (z,y), (a,b) € X X Y, we have
axny ((z,y) ® (a,b)) = axay (z*a,y *b)
= a(zxa)Nalyxb) 2 (a(z) Nala) N (aly) Nalb))
= (a(z) Naly)) N (afa) Na(b))

= axay (T,y) Naxay (a,b)

and
Bxvy ((z,y) ® (a,b)) = Bxvy (¥ xa,y*b)
= Bz xa)U By *b) C (B(x)UpB(a) U (B(y) U BD))
= (B(z) U B(y)) U (Bla) U B(D))
= Bxvy (z,y) U Bxvy (a,b)
Hence ((axny, Bxvy); E x F) is a double-framed soft subalgebra over U. O

4. DOUBLE-FRAMED SOFT FILTERS

Definition 4.1. A double-framed soft set ((«, 3); X) over U is called a double-framed soft filter
over U if it satisfies :

(4.1) (Vz € X) (a(1) 2 a(z), B(1) C B(z)).
(4.2) (Vz,y € X) (a(z xy) Na(z) C afy), Bly) C Bz xy)UB(x)).

Example 4.2. Let £ = X be the set of parameters where X := {1,a,b,c} is a BFE-algebra [1]
with the following Cayley table:

1
1
1
1

> Q =%
—Q oo
QL OO

IS S I

c|1 a 1

Let ((a, 8); X) be a double-framed soft set over U defined, respectively, as follows:

a: X = 2P2U), v+ 2 ?fxe{l,c},

v if z € {a,b},

and
mn ifxe{l,c},
. if x € {a,b},
where 71,79, 71 and 7, are subsets of X with v; C 75 and 7 C 71. Then ((«, 8); X) is a double-
framed soft filter of X over U.

f: X — 2(U), a:r—>{
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Example 4.3. Let F = X be the set of parameters where X := {1,a, b, c} is a BFE-algebra with
the following Cayley table:

x|1 a b c
1{1 a b ¢
all 1 a a
b1 1 1 ¢
c|ll a b 1

Let ((a, 8); X) be a double-framed soft set over U defined as follows:

7 ifx e {l,a},

a: X = 2(), xr—>{ mn ifze{b ¢},

and

6 ifxe{l, a},
dy if x € {b,c},

where 71, 79,61 and dy are subsets of U with 74 C 7 and §; € ds. Then ((«, 5); X) is a double-
framed soft subalgebra over U. But ((a, 8); X) is not a double-framed soft filter of X over U,
since a(a xb) Na(a) =7 € 71 = a(b) and/or B(b) = 5y € 6 = B(a = b) U B(a).

g:X — 2(U), x»—>{

Theorem 4.4. For a double-framed soft set ((«, 3); X) over U, the following are equivalent:

(i) ((a, B); X) is a double-framed soft filter over U.
(ii) For every subsets v and 6 of U with v € Im(«) and § € Im(), the y-inclusive set and
the d-exclusive set of ((«, 8); X) are filters of X.

Proof. Assume that ((«, 5); X) is a double-framed soft filter over U. Let x,y € X be such that
rxxy,x € ix(a;y) and x xy,x € ex(B;0) for every subsets v and 6 of U with v € I'm(«) and
0 € Im(B). It follows from Definition 4.1 that

a(l) 2 alz) 27,6 2 B(z) 2 (1),

a(y) 2 a(zxy) Na(z) 27 and By) € Bz *+y) U B(z) C 0.
Hence 1,y € ix(a;v) and 1,y € ex(5;0), and therefore ix(«; ) and ex(f;9) are filters of X.
Conversely, suppose that ix(«a;v) and ex(8;9) are filters of X for all v,§ € Z(U) with
ix(a;y) # 0 and ex(B;0) # 0. Put a(x) = v for any x € X. Then x € ix(a;7v). Since
ix(a;7) is a filter of X, we have 1 € ix(a;v) and so a(z) = v C «a(1). For any z,y € X, let
a(x*y) = Ypuy and a(z) = 7,. Take v = 74y Ny, Then zxy € ix(;y) and x € ix(a;v) which
imply v € ix(c;7y). Hence a(y) D v = Yauy N7 = a(z *y) Na(z).
For any = € X, let B(x) = 6. Then = € ex(f;0). Since ex(5;9) is a filter of X, we have
1 € ex(B;0) and so B(z) = § D B(1). For any z,y € X, let f(x * y) = iy and B(z) = 0.
Take § = 44y U0, Then xxy € ex(f;9) and = € ex(;9) which imply y € ex(8;6). Hence
B(y) €0 = 0puy Uy = Bz xy) U B(x). Therefore ((e, B); X) is a double-framed soft filter over
U. O
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Proposition 4.5. Every double-framed soft filter ((«, 3); X) over U satisfies the following con-
dition:

(i) (Vo,y € X)(z <y = a(z) Caly), Bx) 2 By)),

(i) (Va,z € X) (a(a) C al(a*xx)xx),B(a) D B((axx)*x)).

Proof. (i) Assume that © < y for all x,y € X. Then z *xy = 1. Hence we have a(z) =
a(l)Na(z) = alz+y) Na(z) C aly) and f(z) = S(1) U B(z) = Bz +y) U B(z) 2 B(y).

(ii) Taking y := (a*z)*z and x := a in Definition 4.1, we have a((a*xx)*x) 2 a(ax ((a*xz)*z))N
ala) = a((axx)*(axx))Nala) = a(l)Nala) = ala) and B((axx)*xx) C flax((axz)*x))US(a) =
B(axx)x (axx))UpBa) = 5(1) U B(a) = f(a). [

Theorem 4.6. Let ((«, 3); X) be a double-framed soft set over U. Then ((a, 3); X) is a double-
framed soft filter over U if and only if it satisfies the following condition:

(43) (Va2 € X)(z < vy = aly) 2 a(z) Na(2) and B(y) C Bz) U B(2)).

Proof. Assume that ((«, ); X) is a double-framed soft filter over U. Let x,y,z € X be such
that z < z *y. By Proposition 4.5(i), we have a(y) 2 a(z *xy) N a(z) 2 a(z) N a(z) and
B(y) € Bz +y) U B(x) C B(2) U B().

Conversely, suppose that ((«, 5); X) satisfies (4.3). By (BE2), we have x < 2% 1 = 1. Using
(4.3), we obtain a(1) DO «(z) and (1) C B(z) for all x € X. By (BEl) and (BE4), we get
x < (zxy)*y for all z,y € X. It follows from (4.3) that a(y) 2 a(z *y) N a(zr) and B(y) C
B(x *y) N B(z). Therefore ((a, B); X) is a double-framed soft filter over U. O

For any double-framed soft set ((«, 8); X) over U, let ((a*, 5*); X) be a double-framed soft set
over U defined by

N a(z) if ¥ € ix(a;7),
o X — ,@(U), T = { 0 otherwise,

. B(x) if x €ex(B;9),
g X = 2U), z— { U otherwise,

where 7, are nonempty subsets of U.
Theorem 4.7. If ((«, §); X) is a double-framed soft filter over U, then so is ((a*, 5*); X) .

Proof. Assume that ((a, 8); E) is a double-framed soft filter over U. Then ix(«;7)(# ) and
ex(8;0)(# 0) are filters of X for every subsets v and § of U with v € Im(«) and 6 € Im(f),
by Theorem 4.4. Hence 1 € ix(a;7),1 € ex(5;0) and so a*(1) = a(l) D a(z) = a*(x), 8*(1) =
B(1) C B(x) = p*(x) for all x € X. Let x,y € X. If v xy € ix(a;7y) and = € ix(a;7), then
y € ix(a;7). Hence a*(y) = a(y) 2 a(zxy) Na(zx) = a™(xxy) Na*(z). fxxy ¢ ix(a;y) or
x & ix(a;7), then o*(z *y) = 0 or a*(x) = 0. Therefore

a*(y) D0 =a(z*xy)Na(x).
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Now, if @ %y, € ex(5;0), then y € ex(8; ). Thus
B (y) = Bly) € Blx xy) U B(x) = B*(z *y) U " (x).
Ifxxy¢ex(B;d)orxéex(f;d), then f*(x xy) = U or *(x) = U. Hence

B(y) € Bz xy) U 5" (x).
Therefore ((a*, 5*); X) is a double-framed soft filter over U. O
Theorem 4.8. A double-framed soft set ((«, 3); X) over U is a double-framed soft filter over U

if and only if it satisfies the following conditions:

(i) (Vo,y € X)(a(y *2) 2 a(z), By = x) € B(x)),

(i) (Vz,a,b € X)(a((ax (bxx))*z) D ala) Nald), B((ax* (bxx))*xx) C B(a) N S(D)).
Proof. Assume that ((a, #); X) is a double-framed soft filter algebra over U. It follows from
Definition 4.1 that a(y xx) O a(z * (y *xz)) Na(z) = a(l) Na(z) = a(z) and By *x x) C
Blxx(yxz))UPB(x) = (1)U B(x) = B(x) for all z,y € X. Using Proposition 4.5(ii), we have
al(ax (bxz))xx) Dalbx ((ax(bxz))xz))Na(d) =al(a*x(bxx))*(bxx))Na(b) D ala)Nalb)
and B((ax (bxx))xx) C B(b*((ax(bxx))*xx))UB(b) = B((ax(bxx))*(bxx))UB(b) C S(a)UB(D)
for any a,b,z € X.

Conversely, let ((a, 8); X) be a double-framed soft set over U satisfying conditions (i) and (ii).

If y := 2 in (i), then o(1) = a(x *z) D a(x) and Sz xz) = f(1) C B(x) for all z € X. Using

(ii), we have a(y) = a(l xy) = a(((z * y) * (x *xy)) *y) 2 ez *y) Na(z) and By) = B(1 +y) =
B(((xxy)*(x*xy))*xy) C B(x*y) Na(zx) for all z,y € X. Hence ((«, B); X) is a double-framed
soft filter of X. U

Theorem 4.9. The double-framed soft int-uni set of two double-framed soft filters ((«, 3); X)
and ((f,g); X) over U is a double-framed soft filter over U.

Proof. For any z,y € X, we have (aNf)(1) = a(1)N f(1) 2 a(z)N f(z) = (anf)(z), (BUg)(1) =
5(1) Ug(1) € B(x) U glx) = (50g)(z) amd
(@Nf)(y) =aly) N f(y)

O(a

and

C(B(z*y)UpB(x)) U (g(z*y)Ug(x))
=Bz *xy)Ugz*y))U(B(z)Ug(z))
(BUg)(z * y) U (BUg) ().

Therefore ((«, 5); X) M {(f,g); X) is a double-framed soft filter over U. O
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The following example shows that the double-framed soft uni-int set of two double-framed soft
filter ((a, B); X) and ((f, g); X) over U may not be a double-framed soft filter over U.

Example 4.10. Let £ = X be the set of parameters where X := {1,a,b,¢,d,0} is a BFE-algebra
[2] with the following Cayley table:

*x1 a b c d 0
11 a b c d0
all 1 a c ¢ d
bl 1 1 ¢ ¢ ¢
cll a b1 ad
dil1 1 al1la
0/jr 11111
Let ((«r, B); X), ((f,9); X) be double-framed soft sets over U defined as follows:

. V3 lf.fCE{l;C}7
OZX_>32(U),-T'_>{71 jfxE{a,b,d;O}a

3 if z € {1, ¢},

f: X — 20), l"—>{ n ifx € {a,b,d,0},

‘ Y4 if v e {La)d}?
fX—)@(U),'T'_){,}Q ifZL‘E{C7d70}’

and

1y if z € {1,qa,b},
7 if z € {¢,d,0},

where 71, V2, V3, V4, T1, T2, T3 and 74 are subsets of U withv; C 7% C 3 C ypand 73 2 70 2 73 2 7y,
Then ((a, 8); X), ((f, 9); X) are double-framed soft filters over U. But ((«, 5); X)U{((f,9); X) =
((aUf, BNg); X) is not a double-framed soft filter over U, since

(@Uf)(c* d) N (aUf)(c) =(aUf)(a) N (aUf)(c)
=(a(a) U f(a)) N (afc) U f(c))
=Ny =7Lr=7U%
=a(d) U f(d) = (aUf)(d)

g:X—M@(U),:B»—){

and/or

(B0g)(c* d) U (BNg)(c) =(BNg)(a) U (BNg)(c)

2y =mn N1 =p(d)Ng(d) = (BNg)(d).
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HYERS-ULAM STABILITY OF ADDITIVE FUNCTION EQUATIONS IN
PARANORMED SPACES

CHOONKIL PARK, SU MIN KWON, AND JUNG RYE LEE*

ABSTRACT. In this paper, we prove the Hyers-Ulam stability of the following additive functional
equations

f (w;y +z+w) = %f(x)—&— %f(y)+f(z)+f(w)7
PO ) = Lyt L+ e+ s

in paranormed spaces.

1. INTRODUCTION AND PRELIMINARIES

The concept of statistical convergence for sequences of real numbers was introduced by Fast
[5] and Steinhaus [23] independently and since then several generalizations and applications of
this notion have been investigated by various authors (see [6, 9, 11, 12, 18]). This notion was
defined in normed spaces by Kolk [10].

We recall some basic facts concerning Fréchet spaces.

Definition 1.1. [25] Let X be a vector space. A paranorm P : X — [0,00) is a function on X
such that

(1) P(0) =

(2) P(—2z) = P (z) ;

(3) P(xz+ y) < P(z) + P(y) (triangle inequality)

(4) If {t,} is a sequence of scalars with ¢, — t and {z,} C X with P(x, —x) — 0, then
P(tpzy —tr) — 0 (continuity of multiplication).

The pair (X, P) is called a paranormed space if P is a paranorm on X.

The paranorm is called total if, in addition, we have

(5) P(z) = 0 implies = 0.

A Fréchet space is a total and complete paranormed space.

The stability problem of functional equations originated from a question of Ulam [24] con-
cerning the stability of group homomorphisms. Hyers [8] 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 [16] for linear mappings by considering an unbounded
Cauchy difference. A generalization of the Th.M. Rassias theorem was obtained by Gavruta
[7] by replacing the unbounded Cauchy difference by a general control function in the spirit of
Th.M. Rassias’ approach. See [2, 3, 4, 13, 14, 15, 17, 19, 20, 21, 22| for more information on
the stability problems of functional equations.

2010 Mathematics Subject Classification. Primary 35A17; 39B52; 39B72.
Key words and phrases. Hyers-Ulam stability, paranormed space; functional equation.
*Corresponding author.
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Using the direct method, we prove the Hyers-Ulam stability of the following additive func-
tional equations

PB4z 4w) = 5@+ 57)+ 1)+ fw) (11)
PR v w) = pr@)+ 30w+ )+ ) (12)

in paranormed spaces.
Throughout this paper, assume that (X, P) is a Fréchet space and that (Y, || -||) is a Banach
space.

2. HYERS-ULAM STABILITY OF THE FUNCTIONAL EQUATION (1.1)

In this section, we prove the Hyers-Ulam stability of the functional equation (1.1) in para-
normed spaces.
Note that P(3xz) < 3P(x) for all z € Y.

Theorem 2.1. Let r,0 be positive real numbers with r > 1, and let f :' Y — X be an odd
mapping such that

P(1(F5 2 e vw) = 35@) - 50) - ) - f(w))
< 0(lell” + Il + 207 + ool 2.1

for all x,y,w,z € Y. Then there exists a unique additive mapping A : Y — X such that

46
P(f(@) - Aw)) < 5

=" (2.2)

forallz €Y.
Proof. Letting w =z =y =z in (2.1), we get
P(f(3x) = 3f(x)) < 40| |z|]"

P(1@)-3f(5)) < 50lll

forallz €Y. So

for all x € Y. Hence
1o (T x = x 1 x 4 ) 30
m . + T
r(or(G) - () B (5) s () £ 5 o
j= 7=

for all nonnegative integers m and [ with m > [ and all z € Y. It follows from (2.3) that the
sequence {3"f(5%)} is a Cauchy sequence for all x € Y. Since X is complete, the sequence
{3"f(5%)} converges. So one can define the mapping A :Y — X by

A(z) := lim 3%(3%)

n—o0

for all z € Y. Moreover, letting [ = 0 and passing the limit m — oo in (2.3), we get (2.2).
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It follows from (2.1) that

P (A (“ oy w) - %A(:L') _ %A(y) _A() - A(w))

- e (0 (55 5) -2 () - () (5) -/ ()
< Jm 3P (s (T + 50 - of (‘”) /() (5) -1 ()

n

30
< lim

— n—oo 3N

(N ll™ + fyl1™ + ="+ lwl") =

forall z,y, z,w € Y. Hence A (‘%ry +z+ w) = %A(x)—i—%A(y)—i—A(z)%—A(w) forall z,y,z,w € Y

and so the mapping A : Y — X is additive.
Now, let T': Y — X be another additive mapping satisfying (2.2). Then we have

P (1) -7 ()

P(A(x) = T(x))

IESE
< 3 EP?ELA <;>f ()7 (r(7)-1(5)))

which tends to zero as n — oo for all x € Y. So we can conclude that A(z) = T'(z) for all
x € Y. This proves the uniqueness of A. Thus the mapping A : Y — X is a unique additive
mapping satisfying (2.2). O

Theorem 2.2. Let r be a positive real number with r < 1, and let f : X — Y be an odd
mapping such that

]' 1 T T T T
7 (550 2+ w) = 1@ = 350) — 1)~ F(w)]| < P@) + P + P) + Py (24
for all x,y,w,z € X. Then there exists a unique additive mapping A : X — 'Y such that

4
1f (@) = Al < 37

Pz)" (2.5)

forallx € X.
Proof. Letting w = z =y = x in (2.4), we get
13f(x) — f(3z)|| < 4P(z)"

and so
4
[z —*f(3$) SgP(>
for all x € X. Hence
1, 1 = 1, i e L
|73 - o <y Sl <3 Tper 20

J=l J=l
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for all nonnegative integers m and [ with m > [ and all x € X. It follows from (2.6) that the
sequence {% f(3™x)} is a Cauchy sequence for all x € X. Since Y is complete, the sequence
{5 f(3"x)} converges. So one can define the mapping 4 : X — Y by
. 1
A(z) = lim 37f(3”x)

n—oo

for all z € X. Moreover, letting { = 0 and passing the limit m — oo in (2.6), we get (2.5).
It follows from (2.4) that

(55 4 w) - JA@) - JAG) - AG) - Aw)|

(3 (5w rw)) - 5f @0 - 31 (B - F @) - £ (3"

T (P(2)" + Py)" + P(z)" + P(w)") =0

for all z,y, z,w € X. Thus A (“:2j +z+ w) = 1A(z)+3A(y)+A(z)+A(w) forall z,y, z,w € X
and so the mapping A : X — Y is additive.
Now, let T': X — Y be another additive mapping satisfying (2.5). Then we have

[A(z) = T(2)]| = 3% |A3"x) =T (3"2)|
< 3% ([A@3"x) — f(3"2)[| + | T (3"x) — f (3"2)]])
8 . 37’”" ,
< mp(f’f) )

which tends to zero as n — oo for all z € X. So we can conclude that A(z) = T'(z) for all
x € X. This proves the uniqueness of A. Thus the mapping A : X — Y is a unique additive
mapping satisfying (2.5). O

Similarly, one obtains the following.

Theorem 2.3. Let r,0 be positive real numbers with r > i, and let f :' Y — X be an odd
mapping such that

P (R 2 bw) - 21w - 370) — 1)~ @) < Ol Iyl el ol

for all z,y,z,w € Y. Then there exists a unique additive mapping A : Y — X such that

P(f@) ~ A@) < g1

] *

forallz €Y.

Theorem 2.4. Let r be a positive real number with r < %, and let f : X — Y be an odd
mapping such that

7 (55 + 24 w) - 350) - 350) - 1) - S(w)]| < P P PEY Py

2
for all x,y,w,z € X. Then there exists a unique additive mapping A : X — Y such that
1
— Az)|| < P(z)*"
17(2) = A@)) < s——P()
forallx € X.
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3. HYERS-ULAM STABILITY OF THE FUNCTIONAL EQUATION (1.2)

In this section, we prove the Hyers-Ulam stability of the functional equation (1.2) in para-
normed spaces.
Note that P(2z) < 2P(x) forall z € Y.

Theorem 3.1. Let r,0 be positive real numbers with r > 1, and let f :' Y — X be an odd

mapping such that
P (5 (T ) - 21w - 50) - 35 - )

<Ozl + llyl™ + 11201 + [lwl") (3.1)
for all z,y,w,z € Y. Then there exists a unique additz’ve mapping A :Y — X such that

P(f(x) — A(z)) < 5 lll”

- 27" —

forallz €Y.

Proof. Letting w = z =y = x in (3.1), we get
P(f(22) = 2f(x)) < 46]=(]"

T T
P (1@ -2£(3)) < 50l
for all z € Y. Hence

P((5) s (2)) <0 (5) 0 (50) 42 B

for all nonnegative integers m and [ with m > [ and all x € Y.
The rest of the proof is similar to the proof of Theorem 2.1. U

forallz €Y. So

Theorem 3.2. Let r be a positive real number with » < 1, and let f : X — Y be an odd
mapping such that

r+y+z 1 1 1
7 (P ) - 21w - 350 - 356) - fw)
for all x,y,w,z € X. Then there exists a unique additive mapping A : X — 'Y such that

4
IF(2) = Al < 5—;

< P(a) + P(y) + P(2) + P(w)(3.2)

P(x)"

forallx € X.
Proof. Letting w = z =y = x in (3.2), we get
12f (z) — f(22)|| < 4P(z)"

and so
|7(@) = S #0)| <2Pay
for all z € X. Hence
m—1 m—1 i
’ %f(le) ~ m < Zl ﬁf@j“x) <2) l %P(w)’"
Jj= j=
for all nonnegative integers m and [ with m > [ and all x € X.
The rest of the proof is similar to the proof of Theorem 2.2. O
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Similarly, one obtains the following.

Theorem 3.3. Let r,0 be positive real numbers with r > %, and let f:Y — X be an odd
mapping such that

p<f0“g+z+w)_;ﬂ@_iﬂm—;ﬂ@—ﬂwﬁgemwmwvwmw

for all x,y,z,w € Y. Then there exists a unique additive mapping A : Y — X such that

P(f(z) — A(x)) <

62"

forallx €Y.

Theorem 3.4. Let r be a positive real number with r < i, and let f : X — Y be an odd
mapping such that

rT+y—+z
(=5 3

1 1
PR w) - 57 ) - 31 -
< P(x)"P(y) P(z)" P(w)"
for all x,y,w,z € X. Then there exists a unique additive mapping A : X — Y such that

1 T
1£(z) = A@)]| £ 5= Ple)!

) = ftw)|

forallx € X.
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New Uzawa-type method for nonsymmetric saddle point problems
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Abstract

In this paper, based on the Hermitian and skew-Hermitian splitting of the non-Hermitian positive definite (1, 1)-
block of the saddle point matrix, a new Uzawa-type iteration method is proposed for solving a class of nonsymmetric
saddle point problems. The convergence properties of this iteration method are analyzed. Numerical results verify the
effectiveness and robustness of the proposed method.

Keywords: Saddle-point problem, Uzawa-type iteration method, Convergence
2000 MSC: 65F10, 65F50

1. Introduction

Consider the nonsymmetric saddle point problems of the form

P RHE

where A € C™" is a non-Hermitian positive definite matrix, B € C"™" is a rectangular matrix of full column rank,
f€C"and g € C" are given vectors, with m < n.

The saddle point problem (1) arises in a variety of scientific and engineering applications, such as computational
fluid dynamics, constrained optimization, optimal control, weighted least squares problems, electronic networks and
computer graphics, and typically result from mixed or hybrid finite element approximation of second-order elliptic
problems or the Stokes equations; see [1, 12] and the references therein.

Since matrix blocks A and B are large and sparse, (1) is suitable for being solved by the iterative methods. Most
efficient iterative methods have been studied in many literatures, including Uzawa-type methods [10, 11, 14, 16], Her-
mitian and skew-Hermitian splitting (HSS) iterative method and its variant schemes [3, 5, 6, 7, 9, 17], preconditioned
Krylov subspace iterative methods [3, 15] and so on. See [1, 12] and the references therein for a comprehensive survey
about iterative methods and preconditioning techniques.

Within these methods, Uzawa method received wide attention and obtained considerable achievements in recent
years. The iteration scheme of Uzawa method can be described, for a positive parameter 7, as

xer1 = A7N(f = Byp),
Viwl = Yk + T(B Xps1 — 8).

Note that there is a linear system Ax = g needs to be solved at each step of Uzawa method, we prefer to use iterative
method to approximate its solution since matrix A is always large and sparse. When A is Hermitian positive definite,
by using classical splitting iteration to approximate x| in each step of Uzawa method, a class of Uzawa-type iteration
methods for solving the Hermitian saddle-point problems are studied in [21, 22]. When A is no-Hermitian positive
definite, we can split A as

1 1
A=H+S, withH=S(A+A%), S = (A=A, 2)

! Corresponding author. Email: shuxinmiao@ gmail.com.
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and then approximate x;,; in each step of Uzawa method by using the efficient HSS method [7], then the Uzawa-HSS
method for solving nonsingular non-Hermitian saddle point problem is propsed; see [19, 20].

The HSS method received much attentions as it is an efficient and robust method for solving non-Hermitian
positive definite systems of linear equations; see for example [2, 4, 7, 8, 9, 13, 18]. There are two linear subsystems
with al, + H and al, + S needs to be solved at each step of the HSS method. Here and in the sequence of the paper
I; denotes the identity matrix with order i. The solution of linear subsystem with af, + H can be easily obtained by
CG method, however, the solution of linear subsystem with al, + S is not easy to obtain. To avoid solving a shift
skew-Hermitian linear subsystem with al, + S, based on the splitting (2), a new iteration method is presented for
solving non-Hermitian positive definite system of linear equations [18] recently. The iteration scheme of new method
used for solving Ax = g can be written as

{ Hxpp10 = =Sxx + g,

3
(@, + H)xir = (@l — S)xiers2 + 4. )

Theoretical analysis as well as numerical experiments show that the new method (3) is also an efficient and robust
method for solving non-Hermitian positive definite and normal linear system with strong Hermitian parts [18].

In this paper, to avoid solving a shift skew-Hermitian linear subsystem at each step of Uzawa method, we use
the iteration (3) to approximate xi.i, then a new Uzawa-type method is established. The convergence properties
of this novel method for saddle point problem (1) will be carefully analyzed. In addition, we test the effectiveness
and robustness of the proposed method by comparing its iteration number and elapsed CPU time with those of the
Uzawa-HSS [19, 20] and the GMRES methods.

2. A Uzawa-type method

The iteration scheme (3) in [18] used for solving non-Hermitian positive definite and normal linear system Ax = ¢
can be written equivalently as
Xir1 = T(@)x + N(a)g,

here « is a positive iteration parameter,

T(a) = (al,+H) Yal, -S)H'(=S)
= (al, + H) '"H ' (aI, - S)(-=S)

N(e) = (al, +H)™" (I + (al, - $H)
=(al,+ H)'"H (oI, + H-S).

In this paper, we assumption that the (1, 1)-block matrix A of (1) is normal, i.e., AA* = A*A.
Introducing a Hermitian positive definite preconditioning matrix Q for the iteration scheme, and using iteration
(3) to approximate xi.1, then we present the following Uzawa-type method for solving the saddle point problem (1):

Method 2.1. (New Uzawa-TYPE METHOD). Given initial guesses xo € C" and yy € C", fork =0, 1, 2---, until x; and
Yk convergence

(1) compute xi11 from iteration scheme xp1 = T(@)x; + N(a)(f — Byi);

(ii) compute iy from iteration scheme yip1 = Vi + TQ (B X1 — 8).

The Method 2.1 can be equivalently written in matrix-vector form as:

Xl | _ Xk A
[ Yoot ] = G(oz,‘r)[ " +M(a/,‘r)[ g ] “)
where
_ T(a) — N(a)B
Glo,7) = [ Q7 'B'T(a) 1,10 'B*N(a)B )
is the iteration matrix of Method 21 and
_ N() 0
M(a,7) = [ Q7 'B'N(@)  -710Q7! ] :
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Notice that Method 2.1 possess the same iteration scheme as the Uzawa-HSS method [20, 19], hence the efficiency
and robustness of the Uzawa-HSS method may be followed by Method 2.1. Moreover, Method 2.1 use iteration (3) to
approximate xi., the solution of the shift skew-Hermitian subsystem is avoided, we may hope that Method 2.1 uses
less CPU time and iteration number comparing with the Uzawa-HSS method.

3. Convergence of Method 2.1

In this section, we study the convergence of Method 2.1 used for solving saddle-point problem (1). It is well
known that Method 2.1 is convergent if and only if the spectral radius of G(a, 7) is less than 1, i.e., p(G(a, 7)) < 1.
Let A be an eigenvalue of G(a, 7) and [u*, v*]* be the corresponding eigenvector. Then we have

{ (al, — $)(=S)u — (al, + H— S)Bv = AH(al, + H)u, ©)

AB*u — %Qv = —%Qv.
To study the convergence of Method 2.1, a lemma is given first.

Lemma 3.1. [11] Both roots of the complex quadratic equation A2 — @A+ = 0 have modulus less than one if and
only if |16 — ¢y + WI> < 1, where ¢ denotes the conjugate complex of ¢.

For the convergence of Method 2.1, we have the following results.

Lemma 3.2. Let A be non-Hermitian positive definite and normal, and B be of full column rank. If A is an eigenvalue
of iteration matrix G(a, 1), and [u*, v*]" is the corresponding eigenvector with u € C" and v € C", then 1 # 1 and
u#0.

Proof. If A = 1, noticing that 7 is a positive parameter, then from (6) we have

Au+ Bv =0,
B*u=0.
It is easy to see that the coefficient matrix B 0 is nonsingular, hence we have 1 = 0 and v = 0, which contradicts

the assumption that [u*, v*]* is an eigenvector of the iteration matrix G(a, 7), so 4 # 1.
If u = 0 then the first equality in (6) reduce to Bv = 0. Because B is a matrix of full column rank, we can obtain
v = 0, which is a contradiction. Hence u # 0. O

Theorem 3.1. Let A be non-Hermitian positive definite and normal, B be of full column rank, Q be Hermitian pos-
itive definite. Then Method 2.1 used for solving nonsingular saddle-point problem (1) is convergent if and only if
parameters a and T satisfy

—w} 2wt + 2k — i)

« > max 5 > ,0,whenw%>,uﬁ
Wy — My
or
3 20,14 2.2 _ 4
wy + \/ﬂ](wl + Wi _:un) 2 2
O<a< > 5 , when wi <,
My — W7
or
2_ 2
a>0, when w* =p
and 2N _ 202 4 2 2
2[(aw; + w))” — a* gy, — pllwi (@ + w1)” + wipy]
O<7< 2 24 212 2r2 + 12 212
thwil(a + wp)? + il + tapila? + p — wy]
* * -1 p* . *(—, . . . . . . . .
where w = % t= %, and iy = % i is the imaginary unit, yy and pu, are the minimum and the maximum

value of u, wy and w, are the minimum and the maximum value of w, t| and t,, are the minimum and the maximum
value of t, respectively.
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Proof Due to the result of Lemma 3.2 that 4 # 1 and the assumption Q is Hermitian positive definite, solving v
from the second equality of (6) and then taking it into the first equality of (6), we have

(al, = S)(— S)Lt+1 (al, + H-S)BQ 'B*v = AH(al, + H)u. @)

From Lemma 3.2, we known that u # 0. Multiplying u*/(#*u) to the both sides of (7) from left gives

w'al, = S)=S)u v u'(al,+H~$)BO'B'u _ u'H(al, + H)u

=1 . 8
uu 1-4 u*u u*u ®)
Denote
u*Hu wBO'B'u u*(=S)Hu
w = * b t = * b l/’[ = * b
utu uu utu

where i is the imaginary unit. It is easy to see that w, # > 0, and (8) can be rewritten as

—pl+y =0, C)
where
aw + w? — 1P — a1t — wtt + (au — TuHi aui — y?
¢ = 2 Y= 2
aw + w aw + w

It follows from Lemma 3.1 that |4| < 1 if and only if |¢ — &pl + |y> < 1. After some careful calculations we have

Qi(@) + (e, 1)

- 2
¢ — ¢l + Iyl @ ,
where
G@ =’ + @)
Ha,T) =[(aw + W?)? — u* — P1? - (a1t + wt(aw + w?) — PPwtt]?
+ [@Putt — WP utt + B 1t)%,
Hl@) = (ew+ )

Therefore, |¢ — ¢| + |> < 1 if and only if

(@) - Qi) > 0, (10)
O, 1) < [G() - O(@).
Solving (10) yields
—w} 2w + 2k — i) o
@ > max > , 0p, when wi >y,
—Hy
or
W) + \/ﬂ (W] + wiug — )
O<ax< ,whenw%<,uﬁ
ﬂ _w]
or
a >0, when w? =p2
and

0<t< 2[(aw) + w})? = &P — ppllwi (@ + w1)* + W]

b}

Liwpl(@ + wa)? + (21 + yile? + i — Wi

where y; and y,, are the minimum and the maximum value of u, w; and w, are the minimum and the maximum value
of w, t; and t,, are the minimum and the maximum value of ¢, respectively.
Noticing that @, T > 0, the proof is completed. U
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4. Numerical results

In this section, we verify the feasibility and efficiency of the Method 2.1 used for solving nonsingular saddle point
problems. In the implementation, all the tested methods are started from zero vector and terminated once the current
iterate x; satisfies

<1078, (11)

If = Axi — Byell3 + llg — B*xill3
RES = —
IL£115 + llgll3

All codes were run in MATLAB [version 7.11.0.584 (R2010b)] in double precision and all experiments were per-
formed on a personal computer with 3.10 GHz central processing unit [Intel(R) Core(TM) i5-2400] and 4.00G mem-
ory.

To test the efficiency of Method 2.1, we compare the numerical results including iteration steps (denoted as IT),
elapsed CPU time in seconds (denoted as CPU) and relative residuals (denoted as RES) of Method 2.1 with those of
the Uzawa-HSS method and the GMRES method. The parameters @ and 7 involved in the Uzawa-HSS method and
Method 2.1 are chosen to be the experimentally found optimal ones, which result in the least number of iteration steps
of iteration methods. In actual computations, we choose right-hand-side vector [f*, g*]* such that the exact solution
of (1) is x* with all elements 1.

Example 4.1. Let us consider the nonsingular saddle-point problem (1) with coefficient matrix as

_ 1[®T+T®I[ 0 22 %212
A‘[ 0 neT+7el |<F
and
| I®F 2P
B_[F®b]€R :
where

1 1 1
T:Emm@eLG+ﬂfm@eLQneRM,F:me@eLLmew%

® denotes the Kronecker product symbol and h = 1/(l + 1) is the discretization mesh-size, see [10].

Table 1: Numerical results for Example 4 with Q = tridiag(B*diag(A)‘lB)

Method a T IT CPU RES

=16 Method 2.1 233 055 75 0.2184  9.7244e-7
Uzawa-HSS 466.67 0.35 130 02184  9.2829¢-7
GMRES - - 140 0.2184  9.3640e-7

=32 Method 2.1 033  0.50 126 0.9204  9.6381e-7
Uzawa-HSS 966.67 0.20 363 2.1060  9.9231e-7

GMRES - - 280 5.7720  9.1950e-7

=64 Method 2.1 0.33  0.50 191 5.1012  9.7577e-7
Uzawa—-HSS > 1000

GMRES - - 579 63.2116  9.9990e-7

In Table 1, we report the numerical results for Example 4, respectively. The experimentally optimal parameters,
a and 7 of Method 21 and Uzawa-HSS method, the iteration steps, the elapsed CPU time in seconds and the relative
residuals, of Method 21, the Uzawa-HSS method and GMRES methods are listed.

From Table 1, we see that all of the three testing methods can converge to the approximate solution of saddle point
problem (1). The Uzawa-HSS and GMRES methods needs more iteration steps and CPU time than Method 2.1 to
converges. The proposed method, i.e., Method 2.1, is the most efficient one, which use least iteration steps and CPU
times than the Uzawa-HSS and GMRES methods to achieve stopping criterion (11).
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5. Conclusions

In this work, based on the Hermitian and skew-Hermitian splitting of the non-Hermitian positive (1, 1)-block of the

saddle point matrix, we propose a new Uzawa-type iteration method to solve nonsymmetric saddle point problems (1).

We

demonstrate the convergence properties of the proposed method for saddle point problem (1) when the parameters

satisfy some moderate conditions. Numerical results verified the effectiveness of the proposed method.

However, the proposed method involves two iteration parameters @ and 7. The choices of the two parameters

was not discussed in this work since it is a very difficult and complicated task. Considering that the efficiency of the
proposed method largely depends on the choices of the two parameters, how to determine efficient and easy calculated
parameters should be a direction for future research.
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FUZZY HYERS-ULAM STABILITY FOR GENERALIZED ADDITIVE
FUNCTIONAL EQUATIONS

SUNG JIN LEE, HASSAN AZADI KENARY AND CHOONKIL PARK*

ABSTRACT. In this paper, we prove the Hyers-Ulam stability of the following additive functional
equation

> f(”";”“ ) xkl)—(m;” > 1)

1<i<j<m I=1,ky #6,5

in fuzzy Banach spaces, where m is a positive integer greater than 3.

1. INTRODUCTION

The stability problem of functional equations originated from a question of Ulam [35] concerning the
stability of group homomorphisms. Hyers [11] gave a first affirmative partial answer to the question of
Ulam for Banach spaces. Hyers’ Theorem was generalized by Th. M. Rassias [28] for linear mappings
by considering an unbounded Cauchy difference.

Theorem 1.1. ([28]) Let f : E — E’ be a mapping from a normed vector space E into a Banach
space E' subject to the inequality

1f(x+y) = F(@) = F»)ll < ezl + [[y]*)

for all z,y € E, where € and p are constants with € > 0 and 0 < p < 1. Then the limit L(z) =

lim,, a0 f(gzx) exists for allv € E and L : E — E' is the unique additive mapping which satisfies

2e
17G) - L@ < 5=

for all x € E. Also, if for each x € E the function f(tx) is continuous in t € R, then L is linear.

l]”

In this paper, we consider the following functional equation

T T m—2 m— 9 m
doof %Jr >y, —<21)Zf($i) (1)

1<i<j<m I=1,k;#i,j i=1

and prove the Hyers-Ulam stability of the functional equation (1) in fuzzy Banach spaces.
First, we introduce the following lemma due to Najati and Ramjbar [20] with n = 3 in (1).

Lemma 1.2. Let X and Y be linear spaces. A mapping f : X — Y satisfies the equation

(5t es)r () v 1 (BT ve) = 2@+ )+ ) )
for all x,y,z € X if and only if f is additive.

2010 Mathematics Subject Classification: 39B52; 46540; 2650
Key words and phrases: Hyers-Ulam stability; Cauchy-Jensen additive functional equation; fuzzy normed space.
*Corresponding author.
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It is noted that the following equation with z = 0 in (2)

f(“z’) +1(5+y) +f(2+2) =2f(2) +2/(v)

2 2

is equivalent to f(z +y) = f(x) + f(y) for all z,y € X.
We introduce the following lemma due to J.M. Rassias and Kim [27].

Lemma 1.3. Let X and Y be linear spaces and let m > 3 be a fixed positive integer. A mapping
f: X =Y satisfies the functional equation

-2 9 m
T + T e B (m — 1)
e S o W
1<i<j<m I=1,k;#14,j =1
for all x1,x9,--+ ,xm € X if and only if f is an additive mapping.

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 [5]-[7], [9,
10, 12, 19], [21]-[25], [29]-[31], [32]-[34]).

Katsaras [14] 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 (see [8], [15]-[18], [26]). In particular, Bag and Samanta [1], following Cheng
and Mordeson [3], gave an idea of fuzzy norm in such a manner that the corresponding fuzzy metric
is of Karmosil and Michalek type [13]. They established a decomposition theorem of a fuzzy norm
into a family of crisp norms and investigated some properties of fuzzy normed spaces [2].

2. PRELIMINARIES

Definition 2.1. ([1, 17, 18]) 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(x,t) =0 for t < 0;

(N2) x =0 if and only if N(x,t) =1 for all t > 0;

(NB)N@mJ):JVCu%Oifc#O;

(N4) N(x +y,c+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;

(N6) 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
space and examples of fuzzy norms are given in [17, 18].
Example 2.2. Let (X, |.]|) be a normed linear space and «, 3 > 0. Then
ot
—2— t>0,zeX
N(z.t) =< oat+8lll ’
(%) {0 t<0,zeX

is a fuzzy norm on X.

Definition 2.3. ([1, 17, 18]) Let (X, N) be a fuzzy normed vector space. A sequence {x,} in X
is said to be convergent or converge if there exists an x € X such that limy_,oo N(x, — 2,t) = 1
for all ¢ > 0. In this case, z is called the limit of the sequence {z,} in X and we denote it by
N —limy o0 T, = .
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Definition 2.4. ([1, 17, 18]) 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(2p4p — xp,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 z € X if for each sequence {x,} converging to zy € X, then the sequence { f(z,)} converges
to f(xo). If f: X — Y is continuous at each z € X, then f: X — Y is said to be continuous on X
(see [2]).

Definition 2.5. Let X be a set. A function d : X x X — [0, 00] is called a generalized metric on X
if d satisfies the following conditions:

(1) d(z,y) = 0 if and only if z = y for all z,y € X

(2) d(z,y) = d(y,z) for all x,y € X;

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

Theorem 2.6. ([4]) 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

d(Jz, J"z) = 00
for all nonnegative integers n or there exists a positive integer ng such that
(1) d(J"z, J""tx) < oo for all ng > no;
(2) the sequence {J"x} converges to a fixed point y* of J;
(3) y* is the unique fized point of J in the set Y = {y € X : d(J™z,y) < co};
(4) d(y,y*) < t27d(y, Jy) for ally €Y.

3. Fuzzy STABILITY OF THE FUNCTIONAL EQUATION (1): A DIRECT METHOD

In this section, using the direct method, we prove the Hyers-Ulam stability of the functional
equation (1) in fuzzy Banach spaces. Throughout this section, we assume that X is a linear space,
(Y,N) is a fuzzy Banach space and (Z,N’) is a fuzzy normed space. Moreover, we assume that
N(z,.) is a left continuous function on R.

Theorem 3.1. Assume that a mapping f : X — Y satisfies the inequality

m—2 9 m
D S e B e S X
1<i<j<m =1,k #i,j i=1
EN/(QO(xlv"‘ 7$m)7t) (3)
forall x1, - ,xm € X, t >0 and ¢ : X™ — Z is a mapping for which there is a constant r € R
satisfying 0 < |r| < ml_l such that

Z1 Z2 Tm t
N’ t)] >N’ —_ 4
(gp(m—l’m—l’ ’m—l)’ >_ (gp(ml, @m); |r|> 4

forall xi,--- ,xmym € X and all t > 0. Then there is a unique additive mapping A : X —'Y satisfying
(1) and the inequality

N(f@) - Aw).6) 2 & (

2lrlp(x,x, -+, x) t) (5)

m(m = 1)(1 —[r|(m — 1))’
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for allxz € X and allt > 0.

Proof. 1t follows from (4) that

N<@Qm?nfm£iv"”ufzw>€>2 N(“A““""%“ﬁo

— / t
= N (Sp(xlvaf"axm)aw)v
and so
! o1 T2 Lm it) > N’
N (¢<(m—1)ﬂ’(m—1)ﬂ’ ’(’I’)’L—l)j>”r| t> —N (QO(CL'l,l’Q, wrm)at)
for all z1,--- ,z,, € X and all £ > 0.
Substituting z; = x9 = -+ = x,, = x in (3), we obtain
m(m — 1 m(m — 1)?
N (=D p(n - ) = " ). ) 2 Nl )
and so
N (f@) = m=1f (= R L O] e
v m—1)"m(m-1)) — Plm—1m-1"""m-1)
for all z € X and all ¢t > 0. Replacingmbyﬁin (8), we have
L x I x 2(m —1)771¢t
¥ (=100 () = om0 (5 ) 25
> N’ r i r i L > N/ L
>N (o (G e ) ) 2 (e 9
for all x € X, all t > 0 and all integer j > 0. So
n—1
n 2(m —1 ittt
V{0 -0 (ot ) X A
Jj=0 -1
= 1 T , = 2(m —1 \r!JHt
- _ 1) ) =1V
¥ X om0 () o ”fﬂ 7)) 2
Jj=0 j=0
. ; ; 2(m — 1)]|T|J+1t
> AV N L R T — 1) T
> i AN (o= ()~ 008 (G )
> N'(p(z, 2, x),t)

=N <”<<mm1)p’ T <mx1>P> ’t> = <¢(‘T’x"” x)““t'p)
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for all x € X, ¢t > 0 and all integers n > 0, p > 0. So

V(om0 () = 0 (G >§2 g

J=

> N’(go(x,x,--- ,.T),t)

for all x € X, t > 0 and all integers n > 0, p > 0. Hence one obtains

¥ (om0t () -9 () ) )

t
ZN/ (10('1"71'7”'733)7 —
< W Z;Z&(m — 1)d|r)i

for all z € X, ¢ > 0 and all integers n > 0, p > 0. Since the series > 2% 5(m — 1)/|r[? is a convergent

series, we see by taking the limit p — oo in the last inequality that a sequence {(m " f (W) }
is a Cauchy sequence in the fuzzy Banach space (Y, N) and so it converges in Y.

Therefore, a mapping A : X — Y defined by A(z) := N — limy,0o(m — 1)"f (W) is well
defined for all x € X. It means that

lim N (A(x) — (m—1)"f <(mf1)n> ,t> = (11)

for all z € X and all ¢ > 0. In addition, it follows from (10) that

N(f(x)—(m—l)"f<mfl)n),t>zN’ plz,@, o, x), B

m(m— l)z ( _1)j‘T’j

for all z € X and all £ > 0. So

m(m—1) Z?:&(m - 1)j’r|j

m(m —1)(1 — [r[(m —1))et
2r| )

for sufficiently large n and for all z € X, ¢t > 0 and € with 0 < € < 1. Since € is arbitrary and N’ is
left continuous, we obtain

N(f(z) — A(x),t) > N' (w(x,x, ), m(m — 1)1 — |r[(m — 1))t>

2Jr|
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for all z € X and ¢ > 0. It follows from (3) that

= (“0 <<mgi11>n’ eI (mx—mD”) (m : 1>”>
> N’ ((p(:rl,xg,--' s Tm), m>

for all x1,x9, -+ ,xm € X, t >0 and all n € N. Since

t
lim N’ <cp(:v1,x2,--- ,wm),(> =1,

e m =1

m—2 m
T + @ Tk (m —1)2 x;
N — 1" R St A IS S . t 1
<(m ) [ 2. f 2m—1 Z (m— 1) 2 Z;f m—1r)]"") 7
for all x1,x9,-- ,x, € X and all t > 0. Therefore, we obtain, in view of (11),

m—2 m
NI > 4 er >y, —(mgl)QZA(xi),t

1<i<j<m I=1,k;#4,j i=1
m—2 m
. ) —1)2
> mm{N< Soa(ftu y a ) - PS a
1<i<j<m =1,k #i,j i=1
—2 m
T, +x; e Tr m —1)2 T; t
Yy ks B ln_( ) s C ], 5,
s 2(m —1) (m—1) 2 ; (m—1) 2
1<i<j<m I=1,k;#1,j =1

(o 2 (e L et - )l

1<i<gj<m I=1,k;#1,j i=1

G I Ere Y | - s () |

1<i<j<m =1,k #1,j i=1

/ t
>N <<P(3717$27"'737m)72(m_mwl —lasn— o0
which implies
m—2 m
x; + )  (m—1)?
Z Al =5+ Z“xkl —TZA(%)
1<i<j<m I=1,k;#1,j =1

for all 1,x9, - ,zm € X. Thus A: X — Y is a mapping satisfying (1) and (5).
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To prove the uniqueness, assume that there is another mapping L : X — Y which satisfies the
inequality (5). Since L((m — 1)"z) = (m — 1)"L(x) for all z € X, we have

N(A(z) = L(x),1)

() ()
> mind v (=17 (2 ) = - 07 () 5 )
o rfaty) o) )

~ 10 ~Irlm ~ Dy
ZN/<()0( 7 ) o2 y T T ) m(
(m—=1)"" (m —1)" 4|7”| —-r
—1)(1— t
> N <90(x,x, T, mim 4|r‘,)lsl( M 1) —1) ) — 1 as n — oo by (N5)
for all t > 0. Therefore, A(x) = L(x) for all z € X, which completes the proof. O

Corollary 3.2. Let X be a normed spaces and (R, N') a fuzzy Banach space. Assume that there
exist real numbers > 0 and 0 < p < 2 such that a mapping f : X — Y with f(0) = 0 satisfies the
following inequality

T + T w2 (m — 1)2 i i
!

N Z f 5 T Z”% — Zf(a:i),t >N 0 ZH%‘HP t

1<i<j<m 1=1,k;#4,j i=1 7=1
for all x1,22, -+ ;2 € X and t > 0. Then there is a unique additive mapping A : X — Y that
satisfying (1) and the inequality

20|||[”
N — A(z),t) > N’ t
(@) - Al 2 N (ol

Proof. Let (1,22, ,Tpm) := 0 (Z;n:l Ha:ij) and |r| = (mil)Q. Applying Theorem 3.1, we get
the desired result. O

Theorem 3.3. Assume that a mapping f : X — Y with f(0) = 0 satisfies the inequality (3) and
©: X™ — Z is a mapping for which there is a constant r € R satisfying 0 < |r| < m — 1 such that

x T T
N (p(z1,- - xm), [r]t) > N (cp <m_1 , fl , 1> ,t> (12)

1'm

for all x1,--- ,xpy € X and allt > 0. Then thers is a unique additive mapping A : X — Y that
satisfying (1) and the following inequality

N(fla) = Al ) 2 8 (L 2ARE ) ) (13)

for allx € X and all t > 0.

Proof. Tt follows from (7) that

v (D0 ), ) 2 N (14
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for all x € X and all £ > 0. Replacing = by (m — 1)"z in (14), we obtain

N@me“m f(m—1)ma) 2 )

(m —1)nt+l (m—=1)" "m(m—1)"+2

> N'(o((m—1)"x,(m —1)"x,--+ ,(m —1)"z),t) > N’ <<p(ac,x, cee L), t)

|

and so

fm—=1)"2)  f((m—1)"x)  2fr["t /
N < (m—1m 1 (m=1" m(m - 1)"“) SR

for all x € X and all £ > 0. Proceeding as in the proof of Theorem 3.1, we obtain that

(16)

Nm — ww

N | flz) -

[4

> N/(QO(I',CL', e 7'T)at)

for all x € X, all t > 0 and any integer n > 0. So
f((m —1)"x) t
J=0 m(m—1)it2

m(m—1)(m—1—|r|)t
).

> N’ (go(x,x, cee T, (17)

The rest of the proof is similar to the proof of Theorem 3.1. (|

Corollary 3.4. Let X be a normed spaces and (R, N') a fuzzy Banach space. Assume that there
exist real numbers 0 > 0 and 0 < p = Z;nzl pj < 2 such that a mapping f : X — Y satisfies the
following inequality

Ti+ s (m—1)% - 1
D D e T DT e e DPACOND I I W 1 N E1 e I
i=1 Jj=1

1<i<j<m I=1,k#i,j

for all x1,29,- - ,xm € X and t > 0. Then there is a unique additive mapping A : X — Y that
satisfying (1) and the inequality

N(fla) - A = 8 ()

Proof. Let p(x1, 22, ,Tm) =0 (H;"’:l ijHpJ') and 7 = m — 2. Applying Theorem 3.3, we get the
desired result. 0

4. FUZZY STABILITY OF THE FUNCTIONAL EQUATION (1): A FIXED POINT METHOD

In this section, using the fixed point alternative approach, we prove the Hyers-Ulam stability of
the functional equation (1) in fuzzy Banach spaces. Throughout this paper, assume that X is a
vector space and that (Y, N) is a fuzzy Banach space.

Theorem 4.1. Let ¢ : X™ — [0,00) be a function such that there exists an L < 1 with

o) T2 Tm < LQO(CL’]_,JZQ,"' ,l’m)
P\m—1m=-1 "m—1) ~ m—1
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forall xy,x9,- - ;xpy € X. Let f: X — Y with f(0) =0 be a mapping satisfying

m—2

Ti +x; (m—1)? & t
A D e D D R RPN I (18)
1<i<j<m 2 I=1,k#i,j 2 i=1 t+ (T, T2, Tm)
for all x1,x9, -,z € X and all t > 0. Then the limit
. n x
A(z) := N-nh_{go(m i <(m — 1)n>

exists for each x € X and defines a unique additive mapping A : X — Y such that
(m(m —1)2 —m(m — 1)2L)t

N(f(l‘) - A(l‘),t) > (m(m _ 1)2 _ m(m _ 1)2L)t + QLQO(ZL',SC, L. ,l’)‘
Proof. Putting x; = 29 = --- = z,, = x in (18), we have
m(m —1)f((m—Dz) m(m—1)*f(z) t
N( 2 B 2 ’)_t—i-cp(x,a:,-'-,ac)

(19)

(20)

for all z € X and ¢t > 0. Consider the set S :={g: X — Y ; ¢(0) = 0} and the generalized metric d

in S defined by

d(f,g):inf{u€R+:N(g(m)—h(m),,u,t) ,VxEX,t>O},

>
T t+o(r,x,---,T)

where inf () = +oo. It is easy to show that (S, d) is complete (see [16, Lemma 2.1]). Now we consider

a linear mapping J : S — S such that

To(w) = (m— g (2

m—1

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

t
N(g(z) — h(x),et) > t+ oz, @, -, 3)

for all z € X and ¢t > 0. Hence

N(Jg(z) — Jh(z),Let) = N ((m —1)g ( ’ ) — (m—1)h (x> ,Let)

m—1 m—1
T T Let
= N —h
(g<m—1> (m—l)’m—l)
Lt
> m—1
- Lt
m—1 +90<mail’m{1"” 7mail)
Lt
m—1 _ 3
= Lt Lo(z1,02, Tm) ..
Lt Liop,- t+ oz, x,-,x)

for all x € X and ¢t > 0. Thus 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 (20) that

N (=D = D) — (- Dg@) N, e

2 t+p(x,z, -, x)
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So
T 2t t
N (#@) = m-ns (55) ) = (21)
—1 —1 T T
m m(m — 1) t—|—<’0<m 1,m1’...7m_1)
" (mzl)t
4 Ls@(ﬂ;ﬁiﬂw) N (mzl)t +o(z, 2, 7))
Therefore,
T 2Lt t
N — 1 > . 22
This means that
d(f, Jf) < _ 2L
’ — m(m—1)%
By Theorem 2.6, there exists a mapping A : X — Y satisfying the following:
(1) A is a fixed point of J, that is,
x A(z)
A = 2
(m - 1) m—1 (23)

for all x € X. The mapping A is a unique fixed point of J in the set Q@ = {h € S : d(g,h) < oo}.
This implies that A is a unique mapping satisfying (23) such that there exists p € (0, 00) satisfying

N(f(e) = Aw)pt) > e

for all x € X and t > 0.
(2) d(J"f, A) — 0 as n — oo. This implies the equality

N- lim (m — 1)"f (M) = A(z)

n—oo

for all x € X.
(3) d(f,A) < w with f € Q, which implies the inequality
2L
d(f,A) < .
(£, 4) = m(m —1)2 —m(m — 1)2L
This implies that the inequality (19) holds. Furthermore, since

T + X m—2 (m—1)2 m
i j ‘
1<i<j<m I=1,k;#1,j i=1
—N—lim( —1)" [ Sy ‘T“”“J 4 Z
o n—00 2
1<i<j<m =i ¢
(m — 1)2 T
—_— — t
2 ; / (m—=1)"/)]’
t
> h_}m (m—1)"
n—0o0 z2 Tm
ey T ((m D7 m—D> (m—l)n)
t
. (m—1)"
> lim
T nSoo _t Lrp(z1,22, ,Tm)
=17 T~ (m-1)
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for all z1,29, - ,z;m € X, t > 0 and all n € N. Since
( : )
. m—1)"
nh—%lo t Lrp(z1,@2, - @m) 1
(m—1)" (m—1)"
for all x1,x9,-- ,xm € X and all t > 0, we deduce that
—2 m
T + T < (m —1)? B
vy alftEe s ) S )
1<i<j<m I=1,k;#14,j 1=1

for all x1,x9, - ,xm € X and all t > 0. Thus the mapping A : X — Y is additive, as desired. O

Corollary 4.2. Let 8 > 0 and let p be a real number with p > 1. Let X be a normed vector space
with norm ||.||. Let f: X — Y with f(0) =0 be a mapping satisfying the following inequality

m—2 m
Ti + T (m —1)? t
N Z f 7]+ Z Lk, 772f(xi)7t > m
1<i<j<m 2 =1k, 2 O t+0 (220 llillP)
for all 1,x9, -+ ,x;m € X and all t > 0. Then the limit
N T _1\n <
A(z):=N nh_{rgo(m n"f ((m — 1)n>

exists for each x € X and defines a unique additive mapping A : X — Y such that
(m—=1)P —1)t

N(f(z) = A(z),t) = ((m—1)P — 1)t + 2(m — 1)-20||z|]

forallx € X.

Proof. The proof follows from Theorem 4.1 by taking ¢(x1,z2, -, zm) = 0 (3 1%, |lz:|P) for all
1,22, ,&m € X. Then we can choose L = (m — 1)7P and we get the desired result. O

Theorem 4.3. Let ¢ : X™ — [0,00) be a function such that there exists an L < 1 with

z 9 T
@(%171‘27 ,a:m)_(m ) w(m_lﬂm_la 7m_1)

for all xy,x9,- - ;xpy € X. Let f: X =Y be a mapping with f(0) =0 satisfying (18). Then
_ 1)
A(z) := N- lim F{m = 1)"z)
n—00 (m — 1)”
exists for each x € X and defines a unique additive mapping A : X — 'Y such that
m(m —1)2(1 — L)t
N — A(x),t) >
() (z),) 2 m(m —1)2(1 = L)t + 2¢(x,x,- -, x)

forallx € X and all t > 0.

(24)

Proof. Let (S,d) be the generalized metric space defined as in the proof of Theorem 4.1. Consider
the linear mapping J : S — S such that Jg(z) := W for all x € X. Let g, h € S be such that
d(g,h) = €. Then

t
N(g(x) — h(x),et) > t+ oz, a, )
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for all x € X and ¢t > 0 . Hence

N(Jg(z) — Jh(z),Let) = N <g((z - 1)“3) - h((z - 1)‘”) : Let)
- N(g((m ~1)2) — h((m — D)), (m — 1)Let>
(m—1)Lt
(m—1)Lt+ ¢o((m—1Dzx,,(m—Dz,--- ,(m—1)x)
(m—1)Lt ¢

(m—1)Lt+ (m —1)Ly(z,x, - ,x) - t+o(x,z, -, x)
for all z € X and ¢t > 0. Thus d(g, h) = € implies that d(Jg, Jh) < Le. This means that
d(Jg,Jh) < Ld(g, h)
for all g,h € S. Tt follows from (20) that

N <m(m —1)° [f((m — D) f(x)} ’t> S ; (25)

2 m—1 T t+o(z,x, 1)
for all z € X and ¢ > 0. So
N f((m = 1x) ), 2t > t ‘
m—1 m(m —1)2 t+o(z,z, - ,x)
Therefore,
2
d < ——m—.

By Theorem 2.6, there exists a mapping A : X — Y satisfying the following:
(1) A is a fixed point of J, that is,

(m—=1)A(z) = A((m —1)z) (26)
for all x € X. The mapping A is a unique fixed point of J in the set

Q={heS:d(g,h) < oo}
This implies that A is a unique mapping satisfying (26) such that there exists p € (0, 00) satisfying

t
N(f(x) = A(x), ut) > i+ oz, 1, )

for all x € X and t > 0.
n f il _ : f((m-1)"z)
9 . - n oo —_1\n .
(2) d(J"f,A) — 0 as n — oo. This implies A(x) = N-lim,_, 7~ forall z € X
(3) d(f,A) < % with f € Q, which implies the inequality
2
d(f,A) < :
(5, 4) = m(m —1)2(1 — L)
This implies that the inequality (24) holds.
The rest of the proof is similar to that of the proof of Theorem 4.1. O

Corollary 4.4. Let 8 > 0 and let p be a real number with 0 < p < % Let X be a normed vector
space with norm ||.||. Let f : X =Y be a mapping with f(0) =0 satisfying

m—2 2 m

N Z f mz‘-|2-37j_|_ Z T, _(m;DZf(xi),t Zt+0(H

m .
1<i<j<m I=1,k; i, i—1 ie1 llza]7)

t
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for all x1,x9, -+ ,x;m € X and allt > 0. Then
Afw) = V- Jim =)
exists for each x € X and defines a unique additive mapping A : X — 'Y such that
m((m — 1)P*2 — (m —1)?)t
m((m —1)P2 — (m — 1))t + 2(m — 1)P0||z[|™?"

N(f(z) — Alx),t) =

forallx € X.

Proof. The proof follows from Theorem 4.2 by taking ¢(z1,22,- -+ ,2m) = 0[] ||z:]|P) for all

1,22, - ,&m € X. Then we can choose L = (m — 1)7P and we get the desired result. ([
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n-JORDAN x-DERIVATIONS ON INDUCED (C*-ALGEBRAS

YINHUA CUI, GANG LU, XTAOHONG ZHANG, AND CHOONKIL PARK"*

ABSTRACT. Using the fixed point alternative theorem, we investigate the Hyers-Ulam stability of
of n-Jordan x-derivations on induced fuzzy C*-algebras associated with the following functional
equation f (my —z) + f (x —mz) + mf (xr —y + z) = f (mx), where m is a fixed integer greater
than 1.

1. INTRODUCTION AND PRELIMINARIES

The stability problem of functional equations originated from a question of Ulam [42] con-
cerning the stability of group homomorphisms. Hyers [16] 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 Rassias [33] for linear mappings by considering an unbounded Cauchy
difference. A generalization of the Aoki and Rassias theorem was obtained by Gavruta [15],
who used a more general function controlling the possibly unbounded Cauchy difference in the
spirit of Rassias’ approach. The stability problems for several functional equations or inequalities
have been extensively investigated by a number of authors and there are many interesting results
concerning this problem (see [8, 9], [17]-[25], [30, 31], [34]-[38], [40, 41]).

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

Theorem 1.1 (see [7, 12]). 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"z, J"tz) < oo, for all n > ng;
(2) the sequence {J"x} converges to a fized point y* of J;
(3) y* is the unique fized point of J in the set Y = {y € X|d(J™x,y) < oo};
(4) d(y,y*) < 27d(y, Jy) for ally €Y.

By using the fixed point method, the stability problems of several functional equations have
been extensively investigated by a number of authors (see [6, 7, 11, 13, 22, 27, 32]).

2010 Mathematics Subject Classification. Primary 39B62, 39B52, 46B25.

Key words and phrases. Fuzzy normed space; additive functional equation; Hyers-Ulam stability; induced fuzzy
C*-algebra.
*Corresponding author.

559 YINHUA CUI ET AL 559-567



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

Y. CUI, G. LU, X. ZHANG, AND C. PARK

In 1984, Katsaras [21] defined a fuzzy norm on a linear space and at the same year Wu and
Fang [43] also introduced a notion of fuzzy normed space and gave the generalization of the
Kolmogoroff normalized theorem for fuzzy topological linear space. In [5], Biswas defined and
studied fuzzy inner product spaces in linear space. Since then some mathematicians have defined
fuzzy metrics and norms on a linear space from various points of view [4, 14, 24, 39, 44]|. In
1994, Cheng and Mordeson introduced a definition of fuzzy norm on a linear space in such a
manner that the corresponding induced fuzzy metric is of Kramosil and Michalek type [23]. In
2003, Bag and Samanta [4] modified the definition of Cheng and Mordeson [10] by removing a
regular condition. They also established a decomposition theorem of a fuzzy norm into a family
of crisp norms and investigated some properties of fuzzy norms (see [3]). Following [2], we give
the employing notion of a fuzzy norm.

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

(N1) N(z,a) =0 for a < 0;

(N2) = 0 if and only 1fN(x a) =1 for all a > 0;

(N3) N(az,b) = N(z, |a|) if a # 0;

(N4) N(z +y,a+b) > min{N(x,a), N(y,b)};

(N5) N(z,.) is a non-decreasing function on R and lim,_,o, N(z,a) = 1;

(Ng) For z # 0, N(z,.) is (upper semi) continuous on R.

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

Definition 1.2. Let (X, N) be a fuzzy normed linear space. Let z,, be a sequence in X. Then
Xy is said to be convergent if there exists z € X such that lim, o N(x, —z,a) =1 for all a > 0.
In that case, x is called the limit of the sequence z,, and we denote it by N-lim, o0 T, = T.

Definition 1.3. A sequence z, in X is called Cauchy if for each ¢ > 0 and each a > 0 there
exists ng such that for all n > ng and all p > 0, we have N (2 4p — xp,a) > 1 —e.

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

We say that a mapping f : X — Y between fuzzy normed vector space X,Y is continuous
at point o € X if for each sequence {z,} converging to zo in X, then the sequence {f(z,)}
converges to f(xzg). If f: X — Y is continuous at each x € X, then f: X — Y is said to be
continuous on X (see [2]).

Definition 1.4. [29] Let X be a x-algebra and (X, N) a fuzzy normed space.
(1) The fuzzy normed space (X, N) is called a fuzzy normed x-algebra if
N(xy,st) > N(x,s)- N(y,t) and N(z*t) = N(z,t).
(2) A complete fuzzy normed x-algebra is called a fuzzy Banach x-algebra.

Example 1.5. Let (X, ||.||) be a normed *-algebras. Let

—a 0.reX
_ ) aHEr @Y )
N(z,a) {0, a<0,z¢cX.

Then N(z,t) is a fuzzy norm on X and (X, N(x,t)) is a fuzzy normed x-algebra.
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Definition 1.6. Let (X, || - ||) be a C*-algebra and N a fuzzy norm on X.

(1) The fuzzy normed *-algebra (X, N) is called an induced fuzzy normed *-algebra.
(2) The fuzzy Banach x-algebra (X, N) is called an induced fuzzy C*-algebra.

Definition 1.7. Let (X, || - ||) be an induced fuzzy normed *-algebra. Then a C-linear mapping
D:(X,N)— (X,N) is called a fuzzy n-Jordan x-derivation if

D(z™) = D(z)z" ' +xD(x)z" 24+ 2" D(z)x + 2" ' D(x),
D(z*) = D(x)"
for all z € X.

Throughout this paper, assume that (X, N) is an induced fuzzy C*-algebra and that m is a
fixed integer greater than 1.

2. MAIN RESULTS

Lemma 2.1. Let (Z,N) be a fuzzy normed vector space and f : X — Z be a mapping such that

t
N(f Gy =)+ f o = m) + i o=y + .0 2 N (£ oma) ) (2.1
forallx,y,z € X and allt > 0. Then f is additive.

Proof. Letting z =y =2z =01n (2.1), we get
t t
N(m+ 20, = N (055 ) = ¥ (101 5)
for all t > 0. By (N5) and (Ng), N(f(0),t) =1 for all ¢ > 0. It follows from (N2) that f(0) = 0.
Letting x = 0 and y = z in (2.1), we get
N () + f(-mp).t) = N (70, 5) =1

for all t > 0. It follows from (N2) that f(my)+ f(—my) =0 for all y € X. Thus

f(=y) = =[(y)
for all y € X.
Letting = z =0 in (2.1), we get

N(f(my) —mf(y),t) = N(f(my) + mf(-y),t) = N (f(O),t) 1

for all t > 0. So f(my) =mf(y) for all y € X.
Letting = 0 and replacing z by —z in (2.1), we get

N () + ) + m (== 2),0) = Nnf () + mf ) = mfy-+ 2.0 2 N (50).5 ) =1
for all ¢ > 0. It follows from (N3) that
mf(y) +mf(z) —mf(y+2) =0
for all y,z € X. Thus
fly+2)=fy) + f(z)
for all y,z € X, as desired. O

561 YINHUA CUI ET AL 559-567



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 26, NO.3, 2019, COPYRIGHT 2019 EUDOXUS PRESS, LLC

Y. CUI, G. LU, X. ZHANG, AND C. PARK

Theorem 2.2. Let ¢ : X3 — [0,00) be a function such that there exists an L < 1 with

L
(5,2, 2) < Zo(ay,2) (2:2)
forall z,y,z € X. Let f: X — X be an odd mapping such that
N (f (amy =)+ f (e = me) +mf (ule =y +2) = of (ma) 1) > s (23)
N (f(w™) = fwyw" ™ —wf(w)yw"™? — - = "2 fw)w — " f(w)
¢ (2.4)

*\ >0
)= F0)0) >
for all z,y,z,w,v € X, all p € T' := {¢ € C : |¢| = 1} and all t > 0. Then the limit
D(z) = N — lim, oo m"f (#) exists for each x € X and the mapping D : X — X is a fuzzy
n-Jordan *-derivation satisfying

m(1l — L)t

N(fa) - Dla).0) 2 =D (2.
forallx € X and all t > 0.
Proof. Since f is odd, f(0) =0 and f(—x) = —f(=x) for all X.
Letting p =1 and y = z = 0 in (2.3), we have
N (mf (@) = fma).t) > oo (26)
and so
T t t
N(mf (%) _f(x)’t> =T 0(2.00) 1+ Lo(0,0
for all z € X and all t > 0. Thus
z L %t B t
N <mf ()~ mt> S Li+ Lo@.0,0) 14000 27

for all z € X and all t > 0.
Consider the set

G={g9: X — X}
and introduce the generalized metric on G:
t
d(g,h) := inf RT: N —h t)> —F——
(g‘) ) m {ae (g(x) ($)7a)—t+¢(x7070)}

for all x € X and all ¢t > 0, where inf ¢ = +o00. It is easy to show that (S, d) is complete (see the
proof of [26, Lemma 2.1]
Now, we consider the linear mapping @ : G — G such that Qg(x) := mg (%) for all x € X.
Let g,h € G be given such that d(g,h) = . Then

Nig(e) = hlw).et) 2 72555
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for all z € X and all ¢ > 0. Hence

N(Qg(x) — Qh(x), Let) = N (mg (%) —mh (%) ,L5t> =N (g (%) —h <£> ,Let)

m
Lt Lt t

> pu—
ST 5(2.0.0) - B4 Lo(@0.0) 14000
for all x € X and all t > 0. Thus d(g, h) = € implies that d(Qg7 Qh) < Le. This means that
d(Qg,Qh) < Ld(g, h)

for all g,h € G.
It follows from (2.7) that d(f,Qf) < Z.
By Theorem 1.1, there exists a mapping D : X — X satisfying the following;:
(1) D is a fixed point of @, i.e.,
x 1
D (E) = —D(x) (2.8)
for all x € X. The mapping D is a unique fixed point of @) in the set

M ={ge€G:d(f g) <oo}.
This implies that D is a unique mapping satisfying (2.8) such that there exists an a € (0, 00)
satisfying

N(f(z) — D(z), at)_m

for all x € X.
(2) d(Q*f, D) — 0 as k — oco. This implies the equality
~lim omF (2 =
N fim ot () = D)
for all x € X;
(3) d(f,D) < ﬁd(f, Qf), which implies the inequality
L

This implies that the inequality (2.5) holds.
Next we show that D is additive. It follows from (2.2) that

;mkgb(x - i) = ¢(z,y, )+m¢(— % —)+m gb(%,%’%)+...

mk’ mk’ mk

m
1
< ¢(xaya Z) + Ld)(fE,y, Z) + L2¢($,y, Z) o= ﬁﬁb(l’,y,Z) <0
for all z,y,z € X.
By (2.3),
my—x xr—mz r—y—+z m
(kf< >+mw<u : )wﬁﬂf@k)mmf(k@nMQ
mk m m m

2 z Yy _z
t+¢(mkamk7mk)
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and so
my —x xr—mz rT—Y+=z m
N(mkf<u yk )+mkf<uk>+m'mkf(uyk)—mkuf<kx),t>
m m m m
> i _ t
" 0 Gl e ) Lm0 (e o)

t

bt (2 e e

for all 2,7,z € X, all p € T' and all t > 0. Since limy_oc ) =l1lforallz,y,z € X

and all ¢t > 0,
N (D (u(my — ) + D (e — m=)) + mD (u(x — y + 2)) — uD (ma) ,£) = 1
for all z,7,z € X, all 4 € T' and all ¢t > 0. So
D (u(my — z)) + D (u(z — mz) + mD (u(x —y + 2)) = pD (mzx)) (2.9)

for all 7,5,z € X and all u € T'. Let u = 1 in (2.9). By the same reasoning as in the proof of
Lemma 2.1, one can easily show that D is additive.

Since f is odd, it is easy to show that D is odd. Letting 4 =1 and y = z = 0 in (2.9), we get
mD(z) = D(mx) for all z € X. Lettingy = z = 01in (2.9), we get mD(ux) = pD(mz) = muD(x)
and so

D(px) = pD(x)
for all z € X and all u € T!. Thus the mapping D : X — X is C-linear by [28, Theorem 2.1].
By (2.4) and letting v = 0 in (2.4), we get

9 (o () =0 ) i) ™ e ) )™ =

() G () () o) = g

for all w € X and all ¢ > 0. Thus

& w'™ ke (W w -1 W w w \"2
N(m" ! <mk) =y () Goe) = et () () =
w \n—2 w w \n-1 w L
() G e () ) 1) 2
- - o i e+ 6(5,0,0)
S t
“t+ (m"1L)kp(w,0,0)
for all w € X and all ¢ > 0. Since limy_, t+(mn—1Lt)k¢(w,0,0) =1forall we X and all t > 0, we
get
N(D(w") — D(w)w" ! —wD(w)w" 2 — - —w" 2D(w)w — w" ' D(w),t) = 1
for all z € X and all t > 0. So
D(w"™) — D(w)w" ' —wD(w)w" % — - —w" 2D(w)w — w" ' D(w) = 0
for all w € X.
Similarly, letting w = 0 in (2.4), we get D(v*) — D(v)* =0 for all v € X.
Therefore, the mapping D : X — X is a fuzzy n-Jordan %-derivation. O
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Corollary 2.3. Let p be a real number with p > 1, 8 > 0, and X be a normed vector space with

norm || - ||. Let f : X — X be an odd mapping satisfying
N (f (u(my —2)) + f (p(x —mz)) +mf (u(z —y + 2)) — pf (mz) , 1) (2.10)
t
S O(llzlP + [lyllr + [1=[1P)’
N (f(w") = fw)yw" ™ —wf(w)yw"™? — - =" fw)w — " f(w)
t (2.11)

IO = SO 2 el T o)

for all z,y,w,v € X, all p € T* and all t > 0. Then the limit D(x) = N — lim,, oo m™f (#)
exists for each x € X and the mapping D : X — X is a fuzzy n-Jordan *-derivation satisfying

N(f(z) - D(a), £) > —" —mt

(mP —m)t + 0| [P
forallx € X and all t > 0.

Proof. The proof follows from Theorem 2.2 by taking
P(z,y,2) = O([|[|” + [ly]” + [|=[]")

and L = m!'~P, ]
Theorem 2.4. Let ¢ : X3 — [0,00) be a function such that there exists an L < 1 with
mLo (5,2, 2) < g(a,y,2) (2.12)
m m m

forall x,y,z € X. Let f: X — X be an odd mapping satisfying (2.3) and (2.4). Then the limit
D(x) = N — lim;, ;0 ﬁf (m™x) exists for each x € X and the mapping D : X — X is a fuzzy
n-Jordan *-derivation satisfying

N(f(z) = D(z),t) >

for allz € X and all t > 0.

m(1l — L)t
m(l — L)t+ ¢ (x,0,0)

(2.13)

Proof. Let (G,d) be generalized metric space defined in the proof of Theorem 2.2. Consider the
linear mapping @ : G — G such that

Qo) = —glma)

for all x € X.
It follow from (2.6) that

1 1 t
N — ) >
<f(as) mf(m:z), m > “t+ ¢ (x,0,0)
for all x € X and all t > 0. Thus d(f,Qf) < % Hence

1
d(f,D) < ———
which implies that the inequality (2.13) holds.
The rest of the proof is similar to the proof of Theorem 2.2. Il
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Corollary 2.5. Let 0 > 0 and let p be a positive real number with p < 1. Let X be a normed vector
space with normed || - ||. Let f : X — X be an odd mapping satisfying (2.10) and (2.11). Then
D(z) =N —lim;, 00 #f(m”x) exists for each © € X and defines a fuzzy n-Jordan x-derivation
D: X — X such that

(m —mP)t
(m — mP)t + 0||z||P

N(f(z) = D(x),t) =
for every x € X and all t > 0.

Proof. The proof follows from Theorem 2.4 by taking
oz, y,2) = 0([[ =] + [lyll” + [[=]1")
and L = mP~1. O
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