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1. Introduction

After the fuzzy set theory was introduced to the world of mathematics by Zadeh [1], this theory was developed and generalized by many
different mathematicians such as intuitionistic fuzzy sets, which was developed by Atanassov [2]. Different convergence studies of sequences
on these proposed spaces have received and continue to be of great interest in the mathematical community. The concept of statistical
convergence [3]- [9] which can be accepted as a generalization of convergence in the classical sense, is also very important in the field of
functional analysis, and together with this concept, statistical limitation, statistical Cauchy and statistical bounded sequences have been
examined.

Many studies have been carried out in the fields fuzzy metric spaces [10], [11] and intuitionistic fuzzy metric spaces [12]- [15].

£ — fuzzy normed spaces [16]- [18] are natural generalizations of normed spaces, fuzzy normed spaces and intuitionistic fuzzy normed
spaces, in which important work has been done on the theory of summability in this space [19]- [21], based on some logical algebraic
structures.

To date, the types of convergence have been studied by many mathematician [22]- [29]. In particular, the characteristics of convergence types
have been introduced to the mathematical community by Diindar [30]- [36].

The goal of the present study is to examine on .2’ — fuzzy normed spaces the lacunary statistical convergence, which was initially introduced
by Fridy, John Albert, and Cihan Orhan [37], [38]. Next, we give some results regarding lacunary statistical convergence of double
sequences and investigate the relationship between lacunary statistical convergent, lacunary statistical Cauchy and lacunary statistical
bounded sequences, which will be newly introduced on .2 — fuzzy normed spaces. We propose a relevant characterisation for lacunary
statistically convergent for double sequences. Furthermore, we show an example where our convergence approach outperforms more than
the traditional convergence on .£ — fuzzy normed spaces.

2. Preliminaries

Preliminaries on .2 — fuzzy normed spaces are presented in this section.

Definition 2.1 ( [39]). Assume that K : [0,1] % [0,1] — [0,1] is a function that satisfies the following
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1. K
2. K
3. K
4. a<b,
is known as a t— norm.
Example 2.2 ([39]). Ki,K; and K3 are the functions that given with,
K| (a,b) = min{a,b},
K>(a,b) = ab,
K3(a,b) = max{a+b—1,0}
are the samples, which are well known of t — norms.

Definition 2.3 ([39]). Ler £ = (L, =) be a complete lattice and let a set A be called the universe. An L—fuzzy set, on A is defined with a

function
X:A— L.

On a set A, the family of all L—sets is denoted by L.

Two L— sets on A intersect
(CND)(x) = C(x) AD(x)

Sor all x € A. Similarly, union and intersection of a family {B; : i € I} of L— fuzzy sets is given by

(UB,»> ) = \/Bi(x)

icl icl
and
(N8 @) = ABit)

0z and 17, are the smallest and biggest elements of the full Lattice L, respectively. On a given lattice (L, <), we also employ the symbols
>, =, and > in the obvious meanings.

Definition 2.4 ( [39]). Ler £ = (L, =) be a complete lattice. Therefore, t— norm is a function & : L X L — L that satisfies the following
forall a,b,c,d € L:

1. % (a,b) = (b,a),

2. K (H(a,b),c)=H (a,# (b)),

3. H(a, 1) = (1g,a) =aq,

4. a=bandc=d, then # (a,c) = X (b,d).

Definition 2.5 ( [39]). For sequences (ay) and (b,) on L such that (a,) — a € L and (b,) — b € L, if the property that J (ay,b,) — ¢ (a,b)
satisfies on L, then a k—norm J¢ on a complete lattice £ = (L, =) is called continuous.

Definition 2.6 ( [39]). The function A : L — L is defined as a negator on £ = (L, <) if,
Ny) A (0) = 1p,
Np) A (1) =0,
N3) a X bimplies N (b) X A (a) forall a,b € L.
If in addition,
Ny) N (A (a)) =aforalla€ L.
Therefore, N is known as an involutive.
The mapping 45 : [0,1] — [0, 1], on the lattice ([0, 1], <) defined as .#;(x) = 1 —x is a well known sample of an involutive negator. This
type of negator are using in the notion of stansard fuzzy sets. In addition, with the order
(1, vi) 2 (M2, v2) <= W < and Vi =Vy

given the lattice ([0,1]%, <) with for all i = 1,2, (i;,v;) € [0, 1]?. Therefore, the function .41 : [0,1]*> — [0, 1],
M(p,v) = (v, 1)

in the sense of Atanassov, is known as a involutive negator. This type of negator are using in the notion of intuitionistic fuzzy sets.

Definition 2.7 ( [39]). Let £ = (L,=) be a complete lattice and V be a real vector space. & be a continuous t—norm on £ and |1 be an
L—set on'V x (0,0) satisfying the following

(a) u(a,t) =0 forallacV,t>0,

(b) u(a,t)=1g forallt >0 if and only if a = 9,

(¢) u(aa,t) = pula, ‘fﬂ)foralla eV,t>0 and aeR—-{0},

(d) 2 (u(a,t),u(b,s)) 2 v(a+b,t+s), foralla,b eV and t,s>0,
(e) lim;_yo0 tt(a,t) =1 and lim;_,o pi(a,t) =0 foralla e V—{6},
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(f) The functions fy : (0,00) — L which is f(t) = W(a,t) are continuous.
The triple (V,u, ) is referred to as an £ — fuzzy normed space or £ — normed space in this context.

Definition 2.8 ( [39]). A sequence (ay) is said to be Cauchy sequence in a £ — fuzzy normed space (V, W, %) if, there exists ng € N such
that, for all m,n > ny
wlan —am,t) = N (€),

where A is a negator on £, for each € € L— {0} andt > 0.

Definition 2.9. A sequence a = (ap) is said to be bounded with respect to fuzzy norm in a £ — fuzzy normed space (V, |, X") , provided
that, for each r € L—{0r,1.} and t >0,
t(an,t) = A (r),

foralln € N.
On £ — fuzzy normed spaces, we’ll look at statistical convergence. Before we continue, let’s go through basic statistical convergence terms.
If K C N, the set of natural numbers, then §{A} is the asymptotic density of A, is

6{A} ::lilgn%Hngk:nEA}‘

the limit exists the cardinality of the set A is given by |A|.
If the set K(&) = {n < k: |a, — | > €} has the asymptotic density zero, i.e.

1
lim— |{n<k:|a,—1]>¢€}|=0,
k k
then the sequence a = (a,) is known as a statistically convergent to the number /. In this case, we will write st — lima = /.

Despite the fact that every convergent sequence is statistically convergent to the same limit, the opposite of this is not necessarily true.

Definition 2.10 ( [40]). A sequence a = (ay) is statistically convergent to | € V with respect to U fuzzy norm in a £ — fuzzy normed space
(V,u, %) if provided that, for each € € L—{0p} and t > 0,

S{neN:u(a,—1,t) # A (e)} =0
or equivalently
lim L <m plan— 1) 7 A ()} =0,
In this case, we will write st o —lima = .

Definition 2.11 ( [40]). A sequence a = (ay,) is said to be statistically Cauchy with respect to fuzzy norm [ in a £ — fuzzy normed space
(V,u, %), if provided that
Sk e N: t(a —am1) 3 A (€)} =0

foreache e L—{0.}, me Nandt > 0.

Definition 2.12 ( [40]). A sequence a = (ay) is said to be statistically bounded with respect to fuzzy norm [ in a £ — fuzzy normed space
(V, 1, ) if provided that there exists r € L—{0p, 1.} and t > 0 such that

S{keN:u(ag,t) # A (r)}=0

for each positive integer k.

3. Lacunary Statistical Convergence for Double Sequences on .2 —Fuzzy Normed Space

In this section we define and study lacunary statistical convergence for double sequences on . — fuzzy normed space.

Definition 3.1. By a lacunary sequence we mean an increasing integer sequence 0 = (k,) such that kg = 0 and h, :== k, —k,_| — o0 as
r — oo. The intervals determined by 0 will be denoted by I, := (k,_1,k;| and the ratio k].{il will be abbreviated by q;.
For any set N C N, the number

1
89(N) = lim ——{k€ I, : k€ N}|
r

is called the 0 density of the set N, provided the limit exists.
A sequence a = (ay) is said to be lacunary statistically convergent or S¢ convergent to a number £ provided that for each € > 0,

So{k € N:|ag—f] > €} =0.

In other words, the set K(€) = {k € N : |x; — (| > €} has 0— density zero. In this case the number { is called lacunary statistical limit of the
sequence x = (x;) and we write Sg —lim,_,eo x; = £ or x; — £(Sp).

Definition 3.2. Ler (V, 11, %) be a £ —fuzzy normed space. Then a sequence a = (ay,) is lacunary statistically convergent to | € V with
respect to W fuzzy norm, provided that, for each € € L— {0} andt > 0,

Solk e N:plag—1,1) 3 N (e)} =0,

In this scenario, Séf —limx=1.
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[41] The double sequence 6 = {(k,Is)} is called double lacunary if there exist there exist two increasing integer sequence such that
ko =0,hy =k, —ky,_1 — o0,as r— oo

and
lo=0,mg=13—1l;_| — o0,as s — oo.

The intervals are determined by 6, I, = {(k) : k1 <k <k.}, [ ={(l) 1 ls—1 <s <L}, Ly ={(k,]) i kp—y <k <ky,ls_1 <5<}, qr= ki‘"] ,

MS:]

—1”

Note that the double 6— density will be denoted by &g, .

Definition 3.3. Let (V,u, %) be a £ —fuzzy normed space. Then a double sequence a = (amp) is lacunary statistically convergent to l € V
with respect to V fuzzy norm, provided that, for each € € L— {0} and t > 0,

0, {(m,n) e NxN: u(am, —1,t) » N (€)} =0.
In this scenario, it is denoted by S‘g —lima=1.

Proposition 3.4. Ler (V,u, %) be a £ —fuzzy normed space. Then, the following statements are equivalent, for every € € L—{0.} and
t>0:

(a) S§ —lima=1,

(b) 8g,{(m,n) e NXN: pi(amn—1,t) # N (€)} =0,
(c) 8g,{(m,n) e NXN: u(am,—1,t) = N (e)} =1,
(d) s;f’ —lim (g — 1,1) = 1.

Theorem 3.5. Let (V, 1, %) be a £ — fuzzy normed space and a = (amy) be a double sequence. If lima = [ in Pringsheim sense, then
S§ —lima=1.
2

Proof. Letlima = I. Then, for every € € L— {0} and ¢ > 0, there is a number ko € N such that
U(amn —1,t) = A (€),

for all m,n > kq. Therefore,
{(m,n) e NxN: pi(amn—1,1) ¥ N (€)}

has at most finitely many terms. We can see right away that any finite subset of the natural numbers has double 6 — density zero. Hence,

S, {(m,n) ENXN: pt(amn —1,1) # N ()} =0.

As shown in the following case, the converse of the theorem is not true.

Example 3.6. LetV =R and £ = (P (R™),Q), the lattice of all subsets of the set of non-negative real numbers. Define the function
U:Rx (0,00) — P(RT) with

t
wxt)={reRt:|x|< ;}
Then, (R, u, Z(R")) is a £~ fuzzy normed space. On this space, consider the sequence a = (ayn) given by the rule

P 1, formée (ky—1In(h;),k;] and n € (Is—In(my),Ls],r,s €N,
e 0, otherwise.

Then,
fim 30, =0
which means S;‘f —lima =1 € R, while the sequence itself is not convergent.
Theorem 3.7. Let (V,u, %) be a £ —fuzzy normed space. If a double sequence a = (amy) is lacunary statistically convergent with respect

to the £ — fuzzy norm U, then S@({, limit is unique.

Proof. Suppose that S@? —lima = ¢ and S‘g —lima = ¢, where ¢ # {,. For any given € € L— {0z} and ¢ > 0, we can choose a

r € L—{0r} such that
(N (), N (1)) = N (€).

Define the following sets
Ky ={(m,n) e NxN: u(am,—£1,1)) # A (r)}

and
Ky ={(m,n) e NXN: t(amp—lo,1)) # A (r)}

for any ¢t > 0. Since for elements of the set K(&,t) = K| (€,1) UK (€,t) we have
t t
(s~ 0,0) = (1 — 1, 5). Bl — 2, 3)) = H (A (), N (1) = A ).

it can be concluded that ¢; = /5. O
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Theorem 3.8. Let (V, 1, %) be a £ —fuzzy normed space. Then, S‘f —lima = { if and only if there exists a subset K C N X N such that
06, (K) = L and £ —limy o apy = L.

Proof. Suppose that S‘gf —lima = 1. Let (&,) be a sequence in L — {0} such that .4 (g,) — 1. in L increasingly, and for any # > 0 and
jeN, let
K() = {(k1) € NXN: ptlay —1,1) = A ()}

Then, observe that, for any t >0 and j € N,
K(j+1) C K()).

Since Sf —lima = [, it is obvious that
86,{K(/)} =1,(j€Nandz>0).

Now, let (p1,g1) be an arbitrary number of K(1). Then, there exist numbers (p2,g2) € K(2), p» > p1,92 > q1, such that for all / > p»,k > g7,

1
hytg

(k1) € Iy : (e —61) = A (£2)}] > %

Further, there is a number (p3,q3) € K(3), p3 > p2,q3 > g2 such that for all I > p3,k > g,

1
hyts

(k1) € I g — £6) = A ()} > 5

and so on. So, we can construct, by induction, an increasing index sequence increasing in both coordinates (p;,q) jken of the natural
numbers such that (g;,q;) € K(j) and that the following statement holds for all / > p;,k > g;:

1
hyts

j—1
{(k,1) € I (g — £,8) = A (€)) }] > 5
Now, we construct an index sequence increasing in both coordinates as follows:

K::{(k,l)ENXN:1<l<p1,1<k<q1}U[U{(k,l)EK(j):pj§l<pj+1,qj§k<qj+1} .
jeN

Hence, it follows that 8, (K) = 1. Now, let £ > 0z, and choose a positive integer j such that £; < €. Such a number j always exists since
(€1) — Or. Assume that [ > p;,k > g; and k,! € K. Then, by the definiton of K, there exists a number d > j such that p; <1< pgy1,qq <
k < qg+1 and (k,1) € K(j). Hence, we have, for every € > 0,

Wlag — 1) = N (&) = A (€)

forall/ > p;,k > g; and (k,I) € K and this means
£ — lim arg =/
kleK

)

Conversely, suppose that there exists an increasing index sequence K = (ay;) jen of pairs of natural numbers such that &g, (K) = 1 and
£ — kl}n}( ag; = ¢. Then, for every € > 0, there is a number ¢ such that for each k,! > ng the inequality u(ag — ¢,t) = A (€) holds. Now,
e

define
M(e) = {(k,]) € Nx N: play — £.1) ¥ N ()}
Then, there exists an ng € N such that
M(e) CNxN—(K—{(ag,a;): k,l <ng}).

Since 8, (K) = 1, we get dg, { (N x N) — (K — {(ax,a;) : k,l <np})} =0, which yields that g, {M(€)} = 0. In other words, S;g —lima =
l. O

4. The Relationship Between Lacunary Statistical Double Cauchy and Lacunary Statistical Double
Bounded Sequences

In this section, the notion of lacunary statistically double Cauchy and lacunary statistically double bounded sequences will be defined and
relationship between them will be given.

Definition 4.1. Let (V,u, %) be a £ — fuzzy normed space. Then, a sequence a = (amy,) is said to be lacunary statistically double
Cauchy with respect to L — fuzzy norm L, if for every € € L— {01} and t > 0, there exist N = N(€) and M = M(¢€) such that for all
m,k >N and n,l > M provided that

g, {(m,n) € Nx N: pi(amn —ay,t) # A (€)} = 0.

Theorem 4.2. Every lacunary statistically convergent double sequence is lacunary statistically double Cauchy.
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Proof. Let a = (amy) be a double sequence such that lacunary statistical convergent to ¢ with respect to £ — fuzzy norm (L, in other saying
S;f —lima = /. For a given € > 0, choose r > 0 such that,

H(N(r), N (r)) = N (€).
For ¢t > 0 we can write,

A={(mn) €NxN: (am — ¥, %) - N ().

Take (p,q) € A. Obviously, u(apg —¢,5) = A (r). Also since,

t 5 t
1€ —apq, E) = w(apg — ¢, ‘%) :/,L(aquf,i) =N ()

1]
we have
t t
W(@mn — Xpg,t) = u((a,,m —0)+(L—apg), 5 + E)
t t
> %(.u(amn _€7 5)7 (V(Z_aptp E))
= (N (r), N (r))
= N (€).

If we define a set B = {(m,n) € NxN: p(am, —apg,t) = A (€)}, then A C B. Since 8y, (A) = 1, &g, (B) = 1. Thus, the double theta density
of complement of B equals to zero,i.e. dg, (B°) = 0, which means a = (a,u,) is lacunary statistical double Cauchy. O

Definition 4.3. Let (V, 1, %) be a £ — fuzzy normed space and a = (an) be a double sequence. Then, a = (ayy) is said to be lacunary
statistically double bounded with respect to £ — fuzzy norm [, provided that there exists r € L—{0r,11} and t > 0 such that

O, {(m,n) e NxN: u(amp,t) # A (r)} =0
for each positive integer m,n.

Theorem 4.4. Every double bounded sequence on a £ — fuzzy normed space (V, U, %), is lacunary statistically double bounded.

Proof. Let (amy) be a double bounded sequence on (V, it,.%"). Then, there exist# > 0 and r € L— {0z, 11} such that t(apm,t) > A (r). In
that case we have,
{(m,n) e NxN: tt(amn,t) # A (r)} =0

which yields
592{(m,n) e NxN: I.i(amnvt) a e/‘/(")} =0.

Thus, (@my) is lacunary statistically bounded. O

However the converse of this theorem does not hold in general as seen in the example below.

Example 4.5. Let V =R and £ = (L, <) where L is the set of non-negative extended real numbers, that is L = [0,e0]. Then, Op = 0,17 = oo.
Define a £ —fuzzy norm v on'V by u(x,t) = ‘%‘forx #0and v(0,t) = oo for each t € (0,00). Consider the t— norm ¥ (a,b) = min{a, b}
on Z. Given the sequence,

1

m+n, if m+n is a prime number,
Xmn =
T(m+n)-2>

otherwise

where, T(m—+ n) denotes the number of positive divisors of m+ n. Note that (Xiy) is not bounded since for eacht > 0 and r € L— {0, 0}, for
any prime number m+ n such that rt < m+n we have

Mo t) = ) = — Lx i),

T |m4n| m4n7 r
However for t =1 and any non-prime integer m+ n, r = 2 satisfies
1 1

D=r—7—

1
=|t(m+n)—-2|> 3 =4(r)
|‘r(m+n)—2|

ﬂ(xmml):ll(m7

since T(m+n) # 2 for any non-prime m + n, and since the density of prime numbers converges zero by Prime Number Theorem we have,
06, {(J,k) e NXN:v(xj, 1) # A (2)} =0

suggesting that (X, ) is lacunary statistically double bounded.

Theorem 4.6. Every lacunary statistically double Cauchy sequence on a £ —fuzzy normed space (V, |1, ) is lacunary statistically double
bounded.
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Proof. Let () be a lacunary statistically double Cauchy on (V,u,.%"). Then, for every € € L— {0} and ¢ > 0, there exist N = N(€) and
M = M(¢€) such that for all m,k > N and n,l > M provided that

09, {(m,n) € NXN: i(amn —ay,1) # AN (€)} = 0.

Then,
09, {(m,n) € NxN: p(amn —ay,t) = A (€)} = 1.

Consider a number (m,n) € N x N such that 4 (am, —ag, 1) = A (€). Then, for r =2
Wamn,2) = Wamn — axg +ax,2) = A (W(amn — ag, 1), 1i(ag, 1)) = (A (€), v (xi, 1))
Say r:= A (# (AN (€),1(ax,1))). Then,
Wlamn,2) = A (N (&), u(ap, 1)) = A (r),

which implies
Og, {(m,n) € NxN: u(apn,2) = N (r)} =1

or equivalently
S, {(m.n) € N N: ft(amn,2) # A (1)} =0

giving lacunary statistically double boundedness of (amy,)- O

5. Conclusion

In this study, the properties of Lacunary statistical convergence for double sequences, which is a generalization of statistical convergence,
are defined on L fuzzy spaces, which are a generalization of fuzzy spaces, and their properties are examined. Some characteristics of the
lacunary statistical convergence of sequences within the context of the current investigation are examined on L-fuzzy normed spaces, a
structure that provides a flexible frame- work that generalizes other structures like normed spaces, fuzzy normed spaces, and IF-normed
spaces. As a result of this research, the concept of norm was emphasized on a broader concept, the topological vector space, by combining
the lattice structure and the norm structure.
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