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Ideal convergence and ideal Cauchy sequences in
intuitionistic fuzzy metric spaces

AYKUT OR, GOKAY KARABACAK*

ABSTRACT. The present study introduces the concepts of ideal conver-
gence (I-convergence), ideal Cauchy (I-Cauchy) sequences, I*—convergence,
and I*—Cauchy sequences in intuitionistic fuzzy metric spaces. It defines
I-limit and I—cluster points as a sequence in these spaces. Afterward,

it examines some of their basic properties. Lastly, the paper discusses
whether phenomena should be further investigated.

1. INTRODUCTION

Based on the concept of density of positive natural numbers, statistical
convergence was independently defined by Fast [8] and Steinhaus [9] in 1951.
Adopting an ideal I of some subsets of the set of positive integers, Kostryko
et al. [18] have characterized ideal convergence (I-convergence) as a gen-
eralization of ordinary and statistical convergence and also conceptualized
the I*—convergence closely related to I-convergence. Besides, Dems [13] has
extended the statistical Cauchy sequence [10] to ideals and introduced ideal
Cauchy (I-Cauchy) sequences. Nabiyev et al. 3] have proposed I*—Cauchy
sequences and investigated the relationship between these sequences and
I-Cauchy sequences.

Fuzzy sets, defined by Zadeh [15] in 1965, have been used in many fields,
such as artificial intelligence, decision-making, image analysis, probability
theory, and weather forecasting. In particular, Kramosil and Michalek [12]
and Kaleva and Seikkala [17] have first examined the concept of fuzzy metric
spaces (FMSs). Furthermore, George and Veeramani [2|, using continuous
t—norms, extensively revised the concept of fuzzy metric space originally
proposed by Kramosil. As a result, they established a Hausdorff topology
for fuzzy metric spaces and have introduced significant advancements in this
field.
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Lately, Mihet [6] has studied the notion of point convergence (p—conver-
gence), a weaker concept than ordinary convergence. Moreover, Gregori
et al. [20] have suggested the s—convergence. Morillas and Sapena have
defined the concept of standard convergence (std—convergence) [19]. Gregori
and Minana [21] have introduced the strong convergence (st—convergence), a
stronger concept than ordinary convergence. Li et al. [5] have propounded
the statistical convergence and statistical Cauchy sequence in FMSs and
have examined some of their basic properties.

In 1986, Atanasov [14] generalized a fuzzy set introduced by Zadeh [15],
accepting the membership as a fuzzy logic value rather than a single truth
value, and introduced the Intuitionistic Fuzzy Set (IFS). Later, in 2004, Park
[11] generalized the notion of fuzzy metric spaces to the intuitionistic fuzzy
metric spaces (IFMSs) with the help of an intuitionistic set. Many studies,
such as fixed point theory [16] and convergence types [1], have been studied
and introduced in IFMSs. One of these studies, the statistical convergence
in IFMSs, was dealt with by Varol in 2022 [4].

The current paper can be summarized in the following way. Section 2
presents some basic definitions and properties required in the following sec-
tions. Section 3 proposes the concepts of I and [*—convergence, I and I*—
Cauchy sequence in IFMSs and suggests some of their basic properties. Sec-
tion 4 defines the notions of I-limit points and /—cluster points of a sequence
in IFMSs. The final section discusses the need for further research.

2. PRELIMINARIES

This section presents the exhaustive definitions, basic properties, and the-
orems for ideal convergence, ideal Cauchy sequences, IFMSs and statistical
convergence in [FMSs.

Definition 1 ([7]). Let o : [0,1]> — [0, 1] be a binary operation. We say
that o is a triangular norm (¢—norm) if it satisfies the following conditions:

(1) o is both associative and commutative;

(2) tol=tforallte€[0,1];

(3) Whenever t; < t3 and ty < t4 for each t1,t9,t3,t4 € [0, 1], it holds
that t1o t3 S to o ty.

Definition 2 ([7]). Let 7 : [0,1]> — [0,1] be a binary operation. We
say that 7 is a triangular conorm (#—conorm) if it satisfies the following
conditions:

(1) v is both associative and commutative;

(2) tsy0=tforalltel0,1];

(3) Whenever t; < t3 and to < t4 for each ty,t9,t3,t4 € [0,1], it holds
that t \V4 ty3 < to \V4 ty.
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Remark 1. We utilize the concepts of the triangular norm, often referred to
as t—norm, and triangular conorm, commonly known as t—conorm, to define
and characterize fuzzy intersections and fuzzy unions.

Example 1 (|7]). According to the previous two definitions, the following
operators are basic examples of t—norm and t—conorms, respectively.

(1) aob=ab;

(2) aob=min{a,b};

(3) a7 b=max{a,b};

(4) a7 b=min{a + b, 1}.

With the help of definition 1 and 2; Park [11] has recently introduced the
IFMS as follows.

Definition 3 ([11]). Let X be an arbitrary set, o be a continuous ¢-norm,
7 be a continuous #-conorm, and p, v be fuzzy sets on X2 x (0,00). If p
and v satisfy the following conditions: for all z1,zs,z3 € X and u,s > 0,
p(xy, zo,u) + z/(acl,acg,u) <1,
p(wy, xo, u) >
pu(xy, xo,u) = 1 & 11 = T9;
/.L(.’L'l,.%'g, ) (anxla )7
M(xla T3, U + S) > M(wlv L2, U) 0 M(':U% 3, S);
The function (@)z,4, ¢ (0,00) — (0, 1] is continuous;
v(zy, z2,u) > 0;
v(z1,22,u) =0 & 11 = 29;
v(z1, x2,u) = v(z2, 21, 0);
(10) v(x1,x3,u+ s) < v(xy,x2,u) V V(T2, T3, S);
(11) The function (v)z,4, : (0,00) — (0, 1] is continuous;

(1)
(2)
(3)
(4)
()
(6)
(7)
(8)
(9)

0)

then a 5-tuple (X, i, v, 0,v/) is said to be an intuitionistic fuzzy metric space.

The functions p(zy,ze,u) and v(x1,x2,u) denote the degree of nearness
and the degree of non-nearness between x1 and x5 concerning u, respectively.

Example 2 ([11]). Let (X,d) be a metric space. Define a o b = ab and
a7 b=min{a + b, 1}, for all a,b € [0, 1], and let p and v be fuzzy sets on
X2 x (0,00) defined as

v v(xy, z9,u) = _d@za)
u+d(ry,x2)’ b u+ d(x1, x2)

for 1,29 € X and u > 0. Then (X, u, v, 0,v/) is an IFMS.
Remark 2 ([4]). Let (X, u,v,0,%v7) be an IFMS. Then, (X, u,0) is a FMS.

Conversely, if (X, u,0) is a FMS, then (X, u, 1 — u,0,v7) is an IFMS, where
avb=1—-[1-a)o(1-"0)],for all a,b € [0, 1].

pw(xr, z2,u) =

Park [11] introduced a comprehensive definition of convergence of se-
quence in [FMSs as below.



116 IDEAL CONVERGENCE AND IDEAL CAUCHY SEQUENCES IN IFMSs

Definition 4 ([11]). Let (X, u,v,0,57) be an IFMS. Then, a sequence (z,,)
in X is said to be convergent to xg € X, if for all € € (0,1) and u > 0, there
exists ne € N such that n > n. implies

w(xpn, xo,u) >1—¢e, v(zy,z0,u) <e
or equivalently

lim p(zp,zo,u) =1, lim v(x,, zo,u) =0
n—oo n—o0
n

and is denoted by  — lim x,, = zg or x,, 2 7¢ as n — o0.
n—oo

Definition 5 ([11]). Let (X, u,v,0,57) be an IFMS. Then, a sequence (z,,)
is referred to as Cauchy sequence in X, if for all w > 0 and ¢ € (0, 1), there
exists n. € N such that n, N > n. implies

wWxp, xy,u) >1—¢e, v(z,, zy,u) <e
or equivalently

lim  p(xn, zy,u) =1, lim v(z,,zy,u) =0.
n,N—o00 n,N—o00

Definition 6 ([4]). Let (X, u,v,0,57) be an IFMS. Then, a sequence (zy,)
is called statistically convergent to xg € X, if for all € € (0,1) and u > 0,

d({n e N: p(xn,zo,u) <1—c or v(xy,xo,u)>c})=0
or equivalently

. HneN:p(wp,zo,u) <1—€ or v(xp,xzo,u)>e}|
Jm, ; =0

Example 3 ([4]). Let X =R, aob = ab, and a 5y b = min{a + b, 1} for all
a,b € [0,1]. Define o and v by

U |z — 22

(1, w2, u) = wt o1 — 2] v(z1, 22, u) = U+ |21 — x|

for all z1, 29 € X and u > 0. Then, (R, u,v,0,v7) is an IFMS. Now define a
sequence (z,,) by

I 1, VkeN,n==k?
"710, FkeN>sn#£k2

Then, (z,,) is statistically convergent to 0.

Definition 7 ([4]). Let (X, u,v,0,57) be an IFMS. Then, a sequence (zy,)
is called statistically Cauchy sequence, if for all ¢ € (0,1) and u > 0, there
exists N € N such that

d{neN:pu(zy,zn,u) <1—¢c or v(z,,zn,u)>c})=0.
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An interesting generalization of statistical convergence was introduced by
Kostryko et al. [18] with the help of an admissible ideal I of subsets of N,
the set of positive integers. Next, we recall the basic terminology used by
the authors to define this new type of convergence.

Definition 8 ([18]). Let X be a non-empty set. A family of subsets I C
P(X) is referred to as an ideal in X if

(1) Der;

(2) T,Sel=TuUuS eI,

B)(TeINSCT)=Sel.

Definition 9 ([18]). Let I be an ideal in X. Then, I is called non-trivial
ideal such that P(X) # I and I # (). Additionally, I is defined admissible
ideal, which is a non-trivial ideal I C P(X), if {{z} :z € X} C I.

Example 4 ([18]). Let N = U T}, be a decomposition of N, assume that T},

(k =1,2,...) are infinite sets Express by K the family of all A C N such
that A coincides only a finite number of Tj. Then, it is easy to see that K
is an admissible ideal in N.

Definition 10 ([18]). Let I C P(N) be an admissible ideal, (P;) be a se-
quence of mutually disjoint sets of I, and (R;) be a subset of N. Then, I
satisfies the condition (AP), if for all (P;), there is a sequence (R;) such
that for all ¢ € N, P,AR; is finite and R = |JR; € I. Here, A denotes the

(2
symmetric difference. It must be noted that R; € 1.

Definition 11 ([18]). Let X be a non-empty set. A family of subsets () #
F C P(X) is referred to as a filter in X, if

(1) 0 ¢ F;

(2) T,Se F=TnNS e F;

(3) (SeFANSCT)=TEF.

Remark 3 ([18]). The filter F(I) = {X\ S : S € I} in X is called the
associated filter with ideal I.

Proposition 1 ([3]). Let I C P(N) be an admissible ideal with the condition
(AP), (P;) be a countable collection of subsets of N, and (P;) € F(I). Then,
there exists a set P C N such that P € F(I) and for all i, P\ P; is finite.

Definition 12 ([18]). Let I be a non-trivial ideal in N. A sequence (z,) in
R is called ideal convergent (I—convergent) to xg € R, if for all € > 0,

Ale)={neN: |z, —xo| >c} el

. . I
and is denoted by I — lim z, = xq or x,, = g as n — oo.
n—oo

Here, if I is an admissible ideal, then convergence in the ordinary sense
implies I—convergence.
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Definition 13 (|18]). Let I be a non-trivial ideal in N. A sequence (zy,) is
referred to as I*—convergent to xg € R, if there exists a set

H={h<hy<---<h<---}eF)
such that

lim xp, = xg.
hk~>oo k
hxeH

Definition 14 ([3]). Let I be an admissible ideal in N. A sequence (zy,)
is called an ideal Cauchy (I-Cauchy) sequence in R, if for all € > 0, there
exists an N = N (e) such that

Ale)={neN:|z, —zy|>c} €.

Definition 15 ([3]). Let I be an admissible ideal in N. A sequence (z,,) is
referred to as an I*—Cauchy sequence in R, if there exists a set

H={hi<hy<---<hg<---}eF()
such that

lim |xp, —xp | =0.
R hp—r00 [ ol
hy hp€H

3. YT -CONVERGENCE AND 4I1-CAUCHY SEQUENCES

This section defines the concepts of ideal convergence and ideal Cauchy
sequences in IFMSs. In addition, it provides some of basic properties.

Definition 16. Let I non-trivial ideal in N and (X, u, v, 0,v7) be an IFMS.
Then, a sequence (z,) in X is said to be ideal convergent to z¢ € X, if for
all u>0and e € (0,1),

A(u,e) ={n € N: p(zp,z0,u) <1—¢, or v(rp,zo,u)>clel

. . LI
and is denoted by 41 — lim x,, = g or =, ~+ xg as n — oo. The number
n—o0

xo is called §I-limit of the sequence (x,).
Example 5. If we take
I=1I;={ACN:Ais finite}
and
I=1I;={ACN:5§A) =0},

then 4 I-convergence is the same as ordinary convergence and statistical
convergence in IFMS, respectively.

Remark 4. The ordinary convergence in IFMSs implies }, I-convergence, if
I is an admissible ideal.
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n
Proof. Let x, = xg and [ is an admissible ideal. In this case, for all u > 0
and € € (0,1), there exists a positive integer ng such that n > ng implies

p(xn, zo,u) >1—¢e and v(x,,zo,u) < e,
K={neN:p(z,,zo,u) <1—e or v(zn,zo,u)>ce}
CN\{no+1,n0+2,...}.

Since the set of K is finite and [ is an admissible ideal, K € I. Hence,

PI — lim z, = xo. O
n—oo

Next, we shall explore the compatibility of ideal convergence with various
convergence axioms. Presented below are the widely recognized axioms of
classical convergence:

I A constant sequence (zg, zg, ..., Zo, ... ) converges to zo;
IT The limit of a convergent sequence is unique;
IIT Every subsequence of the converged sequence is convergent and has
the same limit.

Theorem 1. Let (X, pu,v,0,57) be an IFMS and (z,) be a sequence in X.
(1) The tI-convergence satisfies (I) and (II).
(2) Every subsequence of an i, I-convergent sequence is not i, I —convergent,
if I contains an infinite set.

Proof.

(1) It is obvious that 4 I-convergence satisfies the proposition (I). We

“w
v

m
prove that it satisfies (I7) as well. Suppose that x,, LR 0, Tn ! 1,
and zg # x1. Choose u > 0 and € = %, (n =2,3,...). Then, by
assumption and Remark 3 the sets
N\A={neN:u(x,,z1,u) >1—¢, and v(z,,z1,u) <c} € F(I),

N\ B={neN: u(xp, x2,u) >1—¢ and v(z,,z2,u) <e} € F(I).
But then the set (N\ A)N(N\ B) belongs to F(I), too. Hence, there
is an m € N such that

wxm,x1,u) >1—¢ and v(zm,,z1,u) <€,
(T, z2,u) >1—¢ and v(rp,,x2,u) <e.

From this p(z1,ze,u) =1 and v(x1,x2,u) = 0 which is a contradic-
tion to xq # wsa.

(2) Suppose that an infinite set A = {n; <ng <--- <np <---} CN
belongs to I. Put

B=N\A={m <ma<--<mp<-}

The set B is infinite because in the opposite case N would belong to
I. Define the sequence (z,) as follows z,, = xo, Tm, = 1, k € N.
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Obviously 4T — lim z, = z. In addition, the sequence (x,, ) of

n—oo
(z,) is constant and thus /T — lim ,,, = x; (see proposition (I)).
mp,—00
Hence, , I-convergence does not satisfy the proposition (III). O

Definition 17. Let I be an admissible ideal in N and (X, u, v, 0,%/) be an
IFMS. Then, a sequence (z,) in X is said to be , [-Cauchy sequence, if for
all > 0 and ¢ € (0, 1), there exists an integer N € N such that

A(u,e) ={n e N: p(xp,zn,u) <1—¢e or vz, zn,u)>ce} el

Theorem 2. Let I be an admissible ideal in N, (X, p,v,0,57) be an IFMS
and (xy,) is a sequence in X. If the sequence (xy,) is a 'ty I-convergent sequence
in X, then it is i, I-Cauchy sequence in X.

Proof. Let x, f’L—I> xg. Then, for all u > 0 and ¢ € (0,1), we have
A(u,e) ={n e N: p(zp,z0,u) <1—¢ or v(z,,zo,u)>c}el.
Because of the definition of an admissible ideal, there exists an N ¢ A(u, ).
Assume that
B={neN:pulxy,,zn,u)<1l—ec or vz, zy,u)>c}.

Consider the following inequalities

u
,U’(xnu xNau) 2 /1’ (xnaxﬂv 5) <$N,CCO,

U
v(zp, zn,u) <v (wn,ﬂco, 5) <96N,3?07 )
Let n € B. Then, u(zp,zn,u) <1—¢c or v(z,,zn,u)>e¢
If w(xp,xzn,u) <1—e, then

u u
(I—g)o(l—¢) z,u(xn,:xo,§) og(mN,xg,i).

Moreover, we have p(zy,zo,u) > 1 — ¢ because N ¢ A(u,e). Hence,
p(xn, z0,u) < 1 — ¢, then n € A(u,e). In this case, B C A(u,e) € I
for all w > 0 and € € (0,1). Similarly, we observe that if v(zp, zn,u) > €,
then B C A(u,e) € I for all u > 0 and ¢ € (0,1). Consequently, (z,) is an
#I-Cauchy sequence in X. O

4. BI*-CONVERGENCE AND 4 I*~CAUCHY SEQUENCES

Varol [4] proved that a sequence (x,,) in an IFMSs (X, p, v, 0,V/) is statis-
tically convergent to x¢ € X if and only if there exists an increasing index
sequence K = {kj < kg < ---} of natural numbers such that 6(K) =1 and

’,j — lim Tk, = Z0-

kn—00
kneK

We use this result to introduce the concept of I*—convergence in an IFMS
as follows.
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Definition 18. Let (X, y,v,0,%v/) be an IFMS. Then, a sequence (z,,) in X
is said to be I*—convergent to xo € X, if there exists a subset H = {h; <
he < ---} € F(I) such that

(1) P— lim xp, = xo.
hk~>oo
hreH
The element xg is called the I*-limit of the sequence (x,) and we write

2 : _
v I — lim x, = xq.
n—oo

Theorem 3. Let (X, p,v,0,v7) be an IFMS and (xy,) be a sequence in X. If

Tn —£—> xg, then x, —I> xQ-

Proof. By hypothesis, there is a set K € I such that (1) holds, where
H=N\K={hi<hy<---<hpy<--}.

Letu > 0ande € (0,1). By (1), thereis a kg € N, such that u(x,, g, u) >
1 —¢e and v(xy, o, u) < € for n > ky. Put

A(u,e) ={n € N: u(xn,zo,u) <1—¢c or v(x,,zo,u)>c}.
Then,
A(u,e) C K U{h1,ha, ..., ~hg,}
Since [ is an admissible ideal and K € I,
KU {1 hoy.. by} €1
and therefore A(u,e) € I. O

The following Example 6 states that the converse of Theorem 3 does not
always hold.

Example 6. Assume that (R, |.|) denotes the space of real numbers with
the usual metric, and let aob = ab, a7 b = min{a+b, 1} for all a,b € [0, 1].
Define p and v by

U |x1 — xa|

w(xy, xg,u) = and v(z1,z2,u) =

u+ |xy — z2| u+ |xy — x|

for all 21,29 € R and u > 0. Put I = K (see Example 4). Suppose that zg
is accumulation point of R. Hence, there exists a sequence (x,) in R such
that & — lim x, = z¢. Define

n—oo
xj, ifnely, j=12,..;
Yn = .
0, otherwise.

We choose u > 0 and m € N such that % < ¢ for e € (0,1). Therefore,

Awe) € fn e N plomeann) <1- 2 b UTS,
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where A(u,e) = {n € N : u(yn,zo,u) < 1 —e}. Hence, according to the
notion of ideal A(u,e) € Z and so 41 — li_)rn Yn = To. Now, assume that
n—oo

UI* — lim y, = xo. Then, there exists aset H = {my, :t > k,mp <my} €Z
n—o0
such that

B lim = 0.
v Mg —00 Yn 0
mrpEH

From the notion of ideal, there exists a s € N such that
HCThulyU---UTs.
But by notation used in proof of Theorem 3 and Tsy; € N\ H, we have
Ym,, = 0 for infinitely many of my’s. Consequently,  lim y,,, = o can
mpi—r00

not be true.

Theorem 4. Let (X, p,v,0,57) be an IFMS, I be an admissible ideal in N,
(xn) be a sequence in X, and z¢ € X.
(1) If I has the condition (AP), then )T — lim x,, = xo implies
n—oo
b — lim z, = xo.
n— o0

(2) If X has at least one accumulation point and LI — lim z, = o
n—oo

implies L, 1* — lim x, = xq, then I has the property (AP).
n—oo
Proof.

(1) Let v, xo and I satisfies the condition (AP). Then, for all u > 0
and ¢ € (0,1) the set

A(u,e) ={n: w(xn,zo,u) <1—¢e or v(x,, zg,u)>c}el.

Consequently, each of the following sets P, € I (k=1,2,...)

1 1
P = {n € N: p(zp, xo,u) < or v(xp,xo,u) > }

k+1 E+17—

for k > 2. Obviously P; N P; = () for i # j. Since I satisfies (AP),
there exist sets R; C N such that P;AR; is a finite set (j = 1,2,...)
o
and R=|J Rj € 1.
j=1
It suffices to prove that

k—1 k 1 1
P, = {nGN:k < pw(xp, o, u) < —— or —— < v(xy,x0,u) < z

(2) lyj - nh—>nc}o Tpn = Z0,
neH

where H = N\ R.
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Let A € (0,1) and u > 0. Choose a m € N such that % < A
Then,

{neN:p(zy,z0,u) <1 =X or v(x,, zo,u) >N} C U P;.
j=1

The set on right-hand side belongs to I by the additivity of /. Since
P;ARj is finite (j = 1,2,...), there is an n. € N such that

m+1 m+1
U R;jN(ng,00) = U Pj N (ne, 00).
J=1 J=1

m+1 m+1
If we now n ¢ R, n > ng, thenn ¢ |J R; and thus n ¢ |J P;.
j=1 3=1
But then

ne{neN: pu(xy,xo,u) >1—A and v(z,,z0,u) < A}.
Hence, (2) holds.

(2) Suppose zy € X is an accumulation point of X. Then, there exists

a sequence (y,) of distinct elements of X such that y, # xo for any
n, and § — lim y, = xo. Let {P, P»,...} be a disjoint family of
n—oo

nonempty sets in I. Define a sequence (zj) in the following way:
xp =yp if k € Pjand o, = a0 if k ¢ P}, for all j. Let n € (0,1) and
u > 0. Choose n € N such that % < n. Then,

n+1

A(u,m) € | P

j=1

where A(u,n) = {k € N: p(zg, zo,u) <1—mnor v(xg,xo,u) > n}.

Hence, A(u,n) € I and §T — klim T, = xg. By virtue of our as-
— 00

sumption, we have L I* — klim x, = xg. Therefore, there exists a set
— 00
R € I such that H =N\ R € F(I) and

P— lim zy, = o
kyp—00
kn€H

Put R; = P;N R for j € N. Then, R; € I for all j € N. Moreover,
oo o0
UJRri=Rn|JPCR
Jj=1 Jj=1

and thus |J R; € I. Since (4), for all n € (0,1) and u > 0,
j=1

B ={k, € N: u(xg,,zo,u) <1—n or wv(xg,, xo,u) >ntCH

n?
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and B is finite. Since (3), H N P; is finite. In addition,
PjAR; = Pj\R; =P \R=P;NH
and P;AR; is finite. This proves that ideal I has the property (AP).
U

Theorem 5. Let I be an admissible ideal in N and X be an IFMS. If X
has no accumulation point, then 4 I-convergence and 4, I*—convergence are
the same.

"
Proof. Let g € X and xy, TR xo. Thanks to Theorem 3, it suffices to prove

br- . . . .
that x,, — xg as n — o0o. Since X has no accumulation points, there exists
u >0 and € € (0,1) such that

B(zo,e,u) = {z € X: p(zp,x0,u) >1—¢ and v(x,,xo,u) < e} ={x0}

From the assumption {n € N: u(x,,zo,u) <1 —¢ or v(zy,,zo,u) >c} € I.
Hence,

{n e N:p(zy,x0,u) >1—¢c and v(x,,zo,u) <c} =
{neN:z,=x0} € F(I)

: LI
and obviously z,, = xg. O

Definition 19. Let I be an admissible ideal in N and (X, u, v,0,%/) be an
IFMS. Then, a sequence (z,,) is referred to as 5, I*~Cauchy sequence in X, if
there exists a set

H={hi<hy<---<hy<---}eF(I)

such that

(5) lim  p(zp,, Th,,u) =1 and lim  v(zp,,zh,,u) = 0.
hk7 p—)OO hk,hp—>oo
hg,hp€H hi,hp€H

Theorem 6. If a sequence (x,) is an b, I*~Cauchy sequence, then it is 11—
Cauchy, for all I is an admissible ideal in N.

Proof. Suppose that (z,) be an ,T*~Cauchy sequence. In that case, there
exists a set

H=N\K={h<hy<---<hy<---}eF(I)

such that pu(zp, , Tp,,u) > 1—c and v(zp,, Tp,,u) < ¢, forallu > 0, € (0,1)
and hg, hy, > ko. We choose N = hy, 1. Then, for all u > 0 and € € (0,1),

wlxp,,xn,u) >1—¢c and v(zp,zn,u) <e, hg > k.
Hence, K € I and
(6) A(u,E)CKU{hl<h2<"'<hk0},
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where A(u,e) = {hy : p(zn,,rn,u) < 1 —¢c or v(zy,,xN,u) > e} From
here

KU{h) <hy<---<hg}el

Consequently, the sequence (z,,) is an 4, I-Cauchy sequence. O

Theorem 7. Let I be an admissible ideal in N and (X, pu,v,0,57) be an
IFMS. U 1-Cauchy sequence in X implies that {I*—Cauchy sequence in X if
and only if the I ideal has the condition (AP).

Proof. Suppose that a sequence (x,,) be an ,I-Cauchy sequence in X and
the I ideal has the condition (AP). Then, there exists an N () such that for
all u>0and e € (0,1)

{neN:pu(zp,zn,u) <1—¢c or v(z,,zn,u)>c}el.

We choose

— 1 1
Si—{nGN:u(:rn,xmi,u)>Z‘ and V(l‘n,.%'mi,u)<,},
i i
for i =1,2,..., where m; = N(%) S; € F(I) is obvious for i = 1,2,....
Since I has the condition (AP), then by Proposition 1 there exists a set
S € F(I), and S\ S; is finite for all i. We prove that
lim  p(zpn, Tm,u) =1 and n})ibrl}loou(xn,xm,u) =0.

n,m—00
n,mes n,mes

Assume that ¢ € (0,1), v > 0 and k € N such that k > 1. If n,m € S,
then S\ Sy is a finite set. Hence, there exists j = j(k) such that m € S
and n € Sy, for all m,n > j(k). Thus,

k—1 k—1

,u(a?n,xmk,u) > T and M(l’m,xmk,u) > 77

1 1
VU( Ty Ty U) < z and  v(xy, Tm,,u) < o

for all n,m > j(k). In that case,

u u
s Ty 0) = 1 (s 5 ) 1 (T 5 ) > (1 =€) 0 (1= &) = be),
u u
V( Ty, T, u) < v (mn,xmk, 5) \Va% (mm, Ty, s 5) <eve=de)
for m,n > j(k). Consequently, the proof is complete. O

Theorem 8. Let I be an admissible ideal in N and (X, u,v,0,57) be an
IFMS. If a sequence in X is an b I*—convergent sequence, then it is an LI1* -
Cauchy sequence.
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Ko
Proof. Let x, L)l‘o. Then, we have
H={hi<hy<---<hy<---}eF()

such that

B — lim Th, = XQ.

v hk~>oo k
hreH

Consider the following inequalities

u u
I(Thys Thy, u) > (xhk,$0,§> opu (Sﬂhp’ﬂ?o, *) >(1-¢)o(l—¢)=4d(e),

2
U U
V(xhkaxhpau) <v ($hka$07 5) VvV (xhpax(]a 5) <eve= 6(5)7
we observe that
lim Th,Th,u) =1 and lim  v(xp,,xn,,u) =0.

hk,h,ﬁoo“( i Ty ) B hp—00 (@hi Ty )

hi,hp€H hi,hp€eH
Consequently, the sequence (x,,) is an 4 I*~Cauchy sequence. U

5. BI-LIMIT POINTS AND 4]-CLUSTER POINTS

This section defines the notions of 4 I-limit points and 4 I-cluster points in
IFMS. Moreover, it analyses the connection between these concepts. Finally,
it studies that set of ,/I-cluster points is closed.

Definition 20. Let I be a non-trivial ideal in N, (X p, v, 0,57) be an IFMS,
and x = (z,,) be a sequence in X. Then, an element zy € X is referred to
as an b, [-limit point of z, if there is a set H = {h; < hg < ---} ¢ I and

U — lim xp, = 0.
hj—00
hreH

Definition 21. Let I be a non-trivial ideal in N, (X 1, v, 0, 57) be an IFMS,
and = = (x,) be a sequence in X. Then, an element xy € X is called an
 I-cluster point of z, if for all u > 0 and € € (0,1)

{neN: p(zp,x0,u) >1—¢ and v(z,,zo,u) <c} él.

The set of all §I-limit points and § I-cluster points of a sequence x are
denoted by 4I(A;) and JI(T,), respectively.

Proposition 2. Let I be an admissible ideal in N, (X, p, v, 0,%7) be an IFMS,
and x = (z,,) be a sequence in X. Then, JI1(A;) C JI(T,).

Proof. Let zy € JI(A;), then there exists a set H = {h; < hg < ---} ¢ I
such that
(7) P— lim xp, = 0.

hk%oo
hreH
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Take u > 0 and ¢ € (0,1). According to (7), there exists ko € N such that
for k > ko, p(xp,, o, u) > 1 — ¢ and v(zp,, zo,u) < . Hence,

H\{h1,ha,...,hyp} C{n € N: p(zy,x0,u) >1—¢c and v(xy,,xo,u) < e}

and thus {n € N : p(x,,zo,u) > 1 — ¢ and v(zp,x0,u) < €} ¢ I which
means that zg € 41(T;). O

Theorem 9. Let (X, p,v,0,57) be an IFMS and x = (xy,) be a sequence in
X. Then, the set ,1(Ty) is closed in X, if I is an admissible ideal in N.

Proof. Let y € I(I'y) and u > 0, € € (0,1). Then, zo € B(y,&,u) NLI1(T'y).
Suppose that § € (0,1) and v > 0 such that

B(xo,d,u) C B(y,e,u).
Hence, T' C K, where
T ={neN:pu(xy,zp,u)>1-90, v(xy,znu)<d},
K={neN:uly,znu)>1—e, v(y,znu) <ec}.
Consequently,
{neN:uly,zn,u) >1—¢, v(y,znu) <ecr¢l, yebIly). O

6. CONCLUSION

This paper studies the concept of ideal convergence, which is a general-
ization of ordinary convergence and statistical convergence in intuitionistic
fuzzy metric spaces. In addition, it studies the concepts of §, I*—convergent,
PI-Cauchy sequences, and 5 I*-Cauchy sequences and analyses the basic
properties of these concepts. Finally, it defines the concepts of 4 I-limit
points and 4 I-cluster points in intuitionistic fuzzy metric spaces and exam-
ines the connection between them.

In further research, it would be interesting to investigate similar results
for double sequences.
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