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Abstract. In this paper, using the concept of natural density, we have introduced the
notion of rough statistical convergence which is an extension of the notion of rough
convergence in a partial metric space. We have defined the set of rough statistical limit
points of a sequence in a partial metric space and proved that this set is closed and
bounded. Finally, we have found out the relationship between the set of statistical
cluster points and the set of rough statistical limit points of sequences in a partial
metric space.
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1. Introduction

The idea of rough convergence of sequences was first introduced in a normed
linear space by H. X. Phu [16] in 2001 and then he further studied the same on an
infinite dimensional normed linear space [17]. The formal definition given by him
is as follows: if {z,} is a sequence in a normed linear space (X, ||.||) and r is a
non-negative real number, then {z,} is said to be r-convergent to z, denoted by
T, -z, ifVe >0, 3INeN:n>N — ||z, — || < r+e¢, or equivalently,
if limsupp oo ||2n — x|| < 7. This is the idea of rough convergence with r as
roughness degree. For = 0 we have the ordinary convergence. The main difference
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of ordinary and rough convergence is that if a sequence in a normed linear space
converges, then its limit is unique but for rough convergence with roughness degree
r > 0 the limit may be infinite. The set of all r-limits is denoted by LIM"z,. Phu
discussed about the idea of rough limit sets and also some basic properties of rough
limit sets such as boundedness, closedness and convexity etc. Also he introduced
the idea of rough Cauchy sequences. Later works on rough convergence in many
directions were carried out by many authors [1, 2, 4, 7, 11, 12, 13].

We intended to study the idea of rough convergence in a more generalized form.
So, it is required to discuss in brief the ideas of statistical convergence.

Statistical convergence is a generalization of the ordinary convergence. The
concept of statistical convergence was introduced by H. Fast [8] and H. Steinhaus
[18] in the year 1951. The idea of statistical convergence has been dependent on the
structure of subsets of the natural numbers by T. Salat [19] as follows: if B C N, then
B, will denote the set {k € B : k < n} and |B,| stands for the cardinality of B,.

The natural density of B is denoted by d(B) and defined by d(B) = limy,— 0 “i"‘,
if the limit exists. A real sequence {&,} is said to be statistically convergent to
¢ if for every € > 0 the set B(e) = {k € N : |§, — | > ¢} has natural density
zero. In this case, & is called the statistical limit of the sequence {¢,} and we write
st—LIM"¢, = & We have d(B°¢) = 1—d(B), where B¢ = N\ B is the complement
of B. If By C By, then d(B1) < d(Bs). Also, in [9, 10] and their references we can
find more results on statistical convergence.

In 1994, partial metric spaces were introduced by S. Mattews [14] as a general-
ization of metric spaces. In our present work we discuss the idea of rough statistical
convergence of sequences in partial metric spaces. We have given the idea of statis-
tical boundedness in a partial metric space. We have also defined the set of rough
statistical limit points and found out several properties of this set like boundedness
and closedness etc.

2. Preliminaries

Definition 2.1. [6] A partial metric on a nonempty set X is a function p : X x
X — [0,00) such that for all x,y, z € X:

(p1) 0 < p(z,z) < p(z,y) (nonnegativity and small self-distances),

(p2) v =y <= p(z,z) = p(z,y) = p(y,y) (indistancy both implies equality),

(p3) p(z,y) = p(y,z) (symmetry),

(p4) p(z,y) < p(z,2) + p(z,y) — p(z, 2) (triangularity).

Then (X, p) is said to be a partial metric space, where X is a nonempty set and p
is a partial metric on X.

Properties and examples of partial metric spaces have been thoroughly discussed
in [6].

Definition 2.2. [6] In a partial metric space (X, p), for r > 0 and x € X we define
the open and closed ball of radius r and center x respectively are as follows:
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Bf(z) ={y € X : p(z,y) < p(z,x) + 1},
B (x) ={y € X : p(z,y) < p(z,x) +}.

Definition 2.3. [6] Let (X, p) be a partial metric space. A subset U of X is
said to be bounded in X if there exists a positive real number M such that sup
{p(z,y) 2,y €U} < M.

Definition 2.4. [6] Let (X, p) be a partial metric space and {z, } be a sequence in
X. Then {z,} is said to converge to z € X if and only if lim,ccp(n, ) = p(z, x);
i.e. if for each € > 0 there exists k € N such that |p(z,,z) — p(x,2)| < ¢ for all
n > k.

Definition 2.5. [15] Let (X, p) be a partial metric space. Then the sequence {z,}
is said to be statistically convergent to x if for every £ > 0,

din € N: |p(xpn,x) — p(z,z)| > ) =0.

Definition 2.6. [15] Let (X, p) be a partial metric space. Then the sequence {x,, }
is called statistically Cauchy if for every ¢ > 0 there is a positive integer m and
I > 0 such that

din € N:|p(xp,zm) —1] >¢€)=0.

Definition 2.7. [5] Let (X, p) be a partial metric space. A sequence {z,} in X is
said to be rough convergent (or r-convergent) to x of roughness degree r for some
non-negative real number r if for every € > 0 there exists a natural number k such
that |p(zy,x) — p(x,x)| < r + ¢ holds for all n > k.

3. Rough statistical convergence in partial metric spaces

Definition 3.1. A sequence {x,} in a partial metric space (X, p) is said to be
rough statistically convergent (or in short r-statistically convergent or r — st con-
vergent) to = of roughness degree r for some non-negative real number r if for every
e >0,

d({n € N: [p(n,z) — pla,a)| > r +}) = 0.

We denote it by the notation z, =% 2 in (X,p). When r = 0, then the rough
statistical convergence becomes the statistical convergence in any partial metric
space (X, p). Let a sequence {z,} be rough statistically convergent to z, then x is
said to be a rough statistical limit point of {x,,}. And the set of all rough statistical
limit points of a sequence {x, } is said to be the r — st limit set. We will denote it

by st — LIM"x,,. Hence st — LIM"z,, = {g; € Xz, % a:}
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Theorem 3.1. FEwvery rough convergent sequence in a partial metric space (X, p)
is rough statistically convergent in (X, p).

Proof. Let {z,} be a sequence in (X, p) and rough convergent to x. Then for an
arbitrary € > 0, there exists k¥ € N such that |p(x,,z) — p(z,2)| <1 +¢€, ¥n > k.
Now, the set A = {n € N: |p(zy,z) — p(z,z)| > r+e} C {1,2,3,...(k—1)} is a
finite set. So, d(A) = 0. Hence {x,} is rough statistically convergent in (X, p). O

Remark 3.1. The converse of the above theorem may not be true i.e. rough statistically
convergent sequence may not be rough convergent in (X, p).

Example 3.1. Let X =R" and p: X x X — R™" be given by p(z,y) = maz{z,y} for
all z,y € X. Then (X, p) is a partial metric space. Let us took a sequence {z,} which is
defined by
k, ifn=k?,
Tn =142, ifn#k?andn is even,
0, ifn# k? and n is odd.

Let € > 0 be given.

Then A1 = {n € N: |p(x,,0) — p(0,0)] > 14} C {12,2%,3%, 4% 5%.....} = P (say).
Similarly, the sets A2 = {n € N : |p(zn,1) — p(1,1)] > 1 +¢e} C P and A3 = {n € N :
|,0(.’L‘n,2) - p(272)| >1 +€} cP.

Since d(P) = 0, so d(A1) = d(A2) = d(A3) = 0.

So, {x,} is rough statistical convergent to 0,1 and 2 of roughness degree 1.

Again, for any k such that 1 < k < 2, the set Ay, = {n € N: |p(zn, k) — p(k, k)| > 1+¢€} C
{1%,2% 32, ... =P

If k£ > 2, then the set Ay C P. So, the statistical rough limit set of roughness degree 1 is
{0}u{keR" : k> 1}ie st— LIM "z, = {0}U[l,00). But

|p(k72)_p(272)| = |k_2|7 ifn:k27
lp(zn,2) — p(2,2)] = < |p(2,2) — p(2,2)] =0, if n # k? and n is even,
[p(0,2) — p(2,2)] =0, if n # k? and n is odd.

So, when n = k2, there does not exist any positive integer ng such that the condition
|p(xn,2) — p(2,2)] < r+ ¢ for all n > ng holds, since |k — 2| — oo as k* — co.

Hence {z,} is not rough convergent to 2 of any roughness degree r > 0. Similarly, it can be
shown that {z,} is not rough convergent to 0 or any number in [1,00) i.e. LIM"x, = ¢.

Definition 3.2. [5] The diameter of a set B in a partial metric space (X, p) is
defined by

diam(B) = sup {p(z,y) : x,y € B}.

Theorem 3.2. Let (X, p) be a partial metric space and a be a positive real number
such that p(x,z) = a for all x in X. Then for a sequence {x,}, we have diam(st —
LIM"x,) < (2r 4 2a).
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Proof. Let diam(st — LIM"x,) > 2r + 2a. Then there exist elements y,z € st —

LIM"x, such that p(y,z) > 2r + 2a. Let us take ¢ € (0, % —1r —a). Since
y,z € st — LIM"x,, we have d(M;) = 0 and d(Ms) = 0, where M; = {n € N :
lp(@n,y) — p(y,y)| > 7r+e} and My = {n € N: |p(z,, 2) — p(z,2)| > r+¢}. Using
the property of natural density, we get d(M{ N MS) = 1. So, for all n € M{ N M,
we have

Py, 2) < p(y, 2n) + p(2n, 2) = p(Tn, Tn)
={p(@n,y) = p(y, )} + {p(zn, 2) = p(2,2)} = p(xn, 20) + p(y, y) + p(2,2)
<2(r+e)—a+a+a
=2r+2+a
<2r+p(y,z) —2r—2a+a

= p(y, z) — a, which is a contradiction.

Hence we must have diam(st — LIM"x,) < 2r 4+ 2a. O

Theorem 3.3. If a sequence {xn} statistically converges to x in a partial metric
space (X, p), then {y € B (z) : p(z,z) = p(y,y)} C st — LIM"x,,.

Proof. Let € > 0 and a sequence {z,} statistically converges to z in a partial
metric space (X, p). Then d(A) = 0, where A = {n € N: |p(z,,z) — p(z,z)| > £}.
Let y € BE(z) such that p(z,z) = p(y,y). Then p(x,y) < p(z,z) + r such that
p(z,z) = p(y,y). For n € A,

p(Tn,y) < p(xn, ) + p(z,y) — p(, )
<Ap(zn,2) — p(z,2)} + p(z,y)
<e+{p(z,z)+r}
=p(z,z) + (r +e€)

Therefore,

p(Tn,y) — py,y) < p(x,2) — p(y,y) + (r +¢€)
= (r+e), since p(z,z) = p(y,y).

So, by (p1) axiom, |p(zn,y) — p(y,y)| = p(zn,y) — p(y,y) < (r+€), for every
n € A% So, {n € N : |p(zn,y) — p(y,y)| > r +e} C A and hence d({n € N :

lo(zn,y) — p(y,y)| >r+e})=0. So,y € st — LIM"z,. O

Theorem 3.4. Let {x,} be a r-statistical convergent sequence in (X, p) and {y,}
be a convergent sequence in st — LIM"x, converging to y. Then y must belong to
st — LIM"x,,.

Proof. If st — LIM"x, = ¢, then there is nothing to prove. So, we can assume that
st—LIM"x,, # ¢. Let {y,} be a sequence in st — LIM"x,, such that {y,}—y. Let
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e > 0 be given. Since {y, }—y, there exists nc € Nsuch that [p(y,,y)—p(y,y)| < 5
for all n > ne. Now, choose an ny € N such that ng > ne. Then we can write
1p(Yno»y) — p(y,y)| < 5. On the other hand, because {y,} C st — LIM"x,,, we have
Yno € st — LIM"x,, and

(3.1) d({n € N: (0, Yng) = PYgs Yno)| = 7+ 53) =0

Now, we show

(3.2)
£
{n eN: |p(xn,y) - p(yay)| <r +E} 2 {n eN: |p($n,yn0) - p(ynoaym)” <r+ 5}

Let k € {n eN: |p(xnvyno) - p(ynoayno)| <r-+ %}
Then we have [p(2, Yny) = P(Yno» Yno)| < 7+ 5 and hence

p(@r,y) — oY, y) < p(Xks Yno) + PYno» ¥) — P(YUnos Yno) — P(Y5Y)
< (ks Yno) = P(YUnos Yno) + P(Yno»y) — (¥, Y]
< |p(@k Yno) = PYnos Yno)| + 10(Yno> ¥) — (¥, 9)]
g E
< (T =+ 5) + 5
=r+e

So, by (pl) axiom, |p(zk,y) — p(y,y)| < r + . Therefore, k € {n € N: |p(xn,y) —
p(y,y)| < r+ e}, which proves (3.2). From (3.1), we can say that the set on the
right-hand side of (3.2) has a natural density of 1 and so, the natural density of the
set on the left-hand side of (3.2) is equal to 1. Hence d({n € N : |p(zn,y)—p(y,y)| >
r +¢e}) = 0. This proves that y € st — LIM"x,,. O

Corollary 3.1. Let {x,} be a r-statistical convergent sequence in a partial metric
space (X, p). Then st — LIM"x,, is a closed set for any degree of roughness r > 0.

Proof. Since the partial metric space (X, p) is first countable [5], the result follows
directly from Theorem 3.4. [

Definition 3.3. [3] A sequence {z,} in a partial metric space (X, p) is said to be
statistically bounded if for any fixed u € X there exists a positive real number M
such that

d({n € N: p(xn,u) > M}) =

Remark 3.2. In [15], the definition of boundedness of a sequence in a partial metric
space is given as follows:

{zn} is bounded if there exists M > 0 such that p(zn,zm) < M,V n,m e N.

This definition is equivalent to Definition 3.3.
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Theorem 3.5. Let (X, p) be a partial metric space and a be a positive real number
such that p(x,x) = a, Yo € X. Then a sequence {x,} is statistically bounded
in (X, p) if and only if there exists a non-negative real number r such that st —
LIM"x, # ¢.

Proof. Let u € X be a fixed element in X. Since the sequence {x,} is statistically
bounded, there exists a positive real number M such that d({n € N : p(x,,u) >
M}) =0. Let € > 0 be arbitrary and r = M + a. Now, we show that

(3.3) {neN:|p(xn,u) — plu,u) <r+e} D{neN:p(z,,u) < M}

Let i € {n € N : p(zp,u) < M}. Then p(z;,u) < M. Now, p(z;,u) — p(u,u)
lo(zi,w) — p(u,u)| < |p(zi,u)| + |p(u,u)] < M +a=r<r+e So,i€{neN:
lo(xn, u) — p(u,uw)| < r+e}. So, (3.3) holds and hence {n € N : |p(x,, u) — p(u,u)
r+e} C{ne€N:p(z,,u) > M}. This implies that d({n € N : |p(z,,u) — p(u,u)
r +¢}) = 0. Therefore, u € st — LIM"x,, i.e. st — LIM"x,, # ¢.

IN

2
2

Conversely, suppose that st — LIM "z, # ¢. So, let u be a r-limit of {z,}.
Therefore, for e > 0, d({n € N: |p(xy, u) —p(u,u) >r+e}) =0. Let K = {n e N:
lp(xn,u) — p(u,u) >r+e} and M =r+a+e. Then d(K) =0 and if n € K¢, then

p(@n; u) = |p(@n, u) — p(u, u) + p(u, u)|
< |p(@n, u) = plu, w)| + [p(u, u)|
<r+e+a
<M

So, n € {n eN: p(xy,u) < M}. This implies K¢ C {n € N: p(z,,u) < M}.
So, {n € N: p(z,,u) > M} C K. Since d(K) =0, d({n € N: p(z,,u) > M}) =0.
Hence {x,} is statistically bounded. O

Theorem 3.6. Let {x,, } be a subsequence of {x,} such that d({ni,ne,...}) =1,
then st — LIM"x,, C st — LIM"x,, .

Proof. Let {x,,} be a subsequence of {x,} and = € st — LIM"x,, and let ¢ > 0.
So the set A = {n € N : |p(zn,x) — p(z,x)] > r + e} has density zero. So,
d(A°) = 1. Since the set K = {nj,ng,....} has density 1, A°N K # ¢. For if
A°NK = ¢, then K C A and so d(K) = 0, since d(A) = 0. But d(K) = 1,
then AN K # ¢. Let n, € AN K. Then |p(z,,,z) — p(z,2)] < 7+ ¢ ie.
ng € {nk € K : |p(xn,,z) — p(z,z)| <r+e}. So, {ny € K : |p(zy,,z) — p(z, )] >
r+e} C AUK®. This implies that d({ny € K : |p(zn,,z) — p(z,z)| > r+¢c}) =0,
since d(AUK°) < d(A)+d(K°¢) =0+0 = 0. Therefore, z € st — LIM"x,, . Hence
st — LIM"x, C st — LIM"x,,. O

Theorem 3.7. Let{x,} and {y,} be two sequences in (X, p) such that p(x,, yn) —
0 as n — oo. If {xp} is r-statistically convergent to x and p(x,,x,) — 0
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as n —» oo, then {y,} is r-statistically convergent to x. Conversely, if {yn} is
r-statistically convergent to y and p(yn,yn) — 0 as n —> oo, then {x,} is r-
statistically convergent to y.

Proof. Let {x,} be r-statistically convergent to  and let £ > 0 be arbitrary. So,
for e >0, d(A) =0, where A = {n € N: |p(zp,2) — p(x,2)| > 7+ 5}.

Again, since p(zy,,y,) — 0 as n — oo, for € > 0, 3 k; € N such that

(3.4) (T, yn) < when n > k;.

)

w| ™

Since p(zy,z,) — 0 as n —> 00, 3 ko € N such that

m

(3.5) p(Tn,xn) < =, when n > ko.

—~ WM

Let k = max{ky,ka}. Then for n > k, (3.4) and (3.5) both hold.

We can write p(yn, ) < p(Yn,Zn) + p(@n, ) — p(Tn, Tn). S0, p(yn,z) — p(x,2) <
P(Yn, Tn) + p(Tn, &) = p(Tn, Tn) — p(z, 2).

Since d(A) = 0, d(A°) = 1. Since d({1,2,...k}) = 0, so d({1,2,...k}*) = 1. So,
A°NA{1,2,....k}° # ¢. Therefore, if n € A°N{1,2,....k}°, then

(Yn, ) — p(z, 2)|

lp(yn, ) — p(x, )| = [p
|p(yn7xn) + p(mn,x) - p(xnvxn) - p(mvx)l
lp

<
< (xnvyn” + |p(xn,x) - p((ZZ,IL')| + ‘p(xnaxn”
<S4r+o)+S

3 3 3

=r+e

This implies that A°N{1,2,...k}° C {n € N: |p(yn,z) — p(z,2z)| < r+¢} and hence
{n e N:|p(yn,z) —p(z,z)| >r+e} C (A°N{1,2,....k}°)° = AU{1,2,....k}. Since
d(AU{L,2,...k}) < d(A) +d({1,2,...k}) = 0+ 0 = 0, it follows that d({n € N :
lo(yn,x) — p(x,2)| > r 4+ e}) = 0. Therefore, {y,} is r-statistical convergent to x.

Converse part is similar. [

Theorem 3.8. Let {x,} and {y,} be two sequences in (X, p) such that p(z,, yn) —
0 as n — oco. If {x,} is r-statistically convergent to x and a positive number ¢
such that p(xn,x,) < ¢ for all n (i.e. self-distance of the sequence is less or equal
to ¢), then {yn} is (r + ¢)-statistically convergent to x. Conversely, if {yn} is r-
statistically convergent to y and a positive number d such that p(yn,yn) < d for all
n, then {x,} is (r + d)-statistically convergent to y.

Proof. The proof is parallel to the proof of the above theorem and so is omitted. [

Definition 3.4. Let (X, p) be a partial metric space. Then ¢ € X is called a
statistical cluster point of a sequence {z,} in (X, p) if for every ¢ > 0, d({n € N :

[p(zn,c) = plc,c)| <e}) # 0.
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Theorem 3.9. Let (X, p) be a partial metric space and a be a real constant such
that p(x,x) = a, Vo € X. Let {zn} be a sequence in (X,p). If c is a cluster point
of {zn}, then st — LIM"x,, C Bf(c) for some r > 0.

Proof. 1f possible suppose that y € st — LIM "z, but y ¢ Bf(c) = {y € X :
ple,y) < ple;e) +r} = {y € X : ple,y) < atrp So,at+r < pey). Let
e = ple,y) — (a+r), so that p(c,y) = ¢ +a+r, where & > 0. Choose ¢ = S
and so we can write p(c,y) = 2¢ +a +r. Then B,;.(y) N B:(c) = ¢. [ For, if
q € Br1c(y) N Be(c), then it would imply that p(q,y) < p(y,y) +r+e=a+71+¢
and p(q,c) < p(c,c)+¢e = a+e which in turn implies that p(c, y) < p(c, q)+p(q,y) —
p(q,q) <{a+e}+{a+r+e}—a=a+r+2e=p(cy), acontradiction |. Therefore,
Bric(y) N Bc(c) = ¢. But since y € st — LIM "z, for € > 0, d(A;) = 0, where
A ={neN:|p(x,,y)—ply,y)| > r+e}. Again, since ¢ is a cluster point of {x,},
for the same € > 0, d(Az2) # 0, where Ay = {n € N: |p(zn,c) — p(c, ¢)| < e}. Now,
let k € AN Ag, then |p(zk, c) — p(c, ¢)| < e. This implies that p(zg, c) — p(c, ¢) < €.
So, p(e,zx) < p(e,¢) + €. Hence z, € B.(c). Also, |p(zk,y) — p(y,y)| < r+e. So,
p(xk,y) — p(y,y) < r +e. This implies that p(y, zx) < p(y,y) +r + €. Hence zy, €
By1e(y). So, x € Br4c(y) N Be(c), which is a contradiction. Hence y € BP(c). O
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