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ROUGH CONVERGENCE OF DOUBLE SEQUENCES
ERDINC DUNDAR!* AND CELAL CAKAN?

ABSTRACT. In this paper, we introduce the notion of rough convergence and
the set of rough limit points of a double sequence and obtained two rough
convergence criteria associated with this set. Later, we proved that this set
is closed and convex. Finally, we examined the relations between the set of
cluster points and the set of rough limit points of a double sequence.

1. INTRODUCTION AND PRELIMINARIES

The well-know Pringsheim [18] convergence of double sequences is defined as the
convergence of nets, where the set of indexes N x N is ordered in the natural way.
The main drawback of this convergence is that a convergent double sequence
fails in general to be bounded. The notion of regular convergence introduced by
Hardy [10] lacks this disadvantage. In addition to the Pringsheim convergence
the regular convergence requires the convergence of rows and columns of a double
sequence. These two most important kinds of convergence and some related
notions were considered in the classical works of Robison [20], Kojima [12] and
Hamilton [J] in connection with maps defined by 4-dimensional matrices.

Nowadays double sequence has become one of the most active area of research
in the field of summability. Altay and Bagar [3] defined some new spaces of double
sequences and also examined some properties of those sequence spaces. A lot of
developments have been made in this area after the works of [4, 5, 6, 14].

The idea of rough convergence was first introduced by Phu [15] in finite-
dimensional normed spaces. He showed that the set LIM"x is bounded, closed, and
convex; and he introduced the notion of rough Cauchy sequence. He also investi-
gated the relations between rough convergence and other convergence types and
the dependence of LIM"z on the roughness degree r. Phu [16] defined the rough
continuity of linear operators and showed that every linear operator f : X — Y is
r -continuous at every point x € X under the assumption dimY < co and r > 0
where X and Y are normed spaces. He [17] extended the results given in [15] to
infinite-dimensional normed spaces.

Aytar [1] studied of rough statistical convergence and defined the set of rough
statistical limit points of a sequence and obtained two statistical convergence
criteria associated with this set and prove that this set is closed and convex. Also,
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Aytar [2] studied that the r-limit set of the sequence is equal to the intersection
of these sets and that r-core of the sequence is equal to the union of these sets.
Diindar and Cakan [7] investigated of rough ideal convergence and defined the
set of rough ideal limit points of a sequence.

In this paper, we introduce the notion of rough convergence and the set of
rough limit points of a double sequence and obtained two rough convergence
criteria associated with this set. Later, we proved that this set is closed and
convex. Finally, we examined the relations between the set of cluster points and
the set of rough limit points of a double sequence.

We note that our results and proof techniques presented in this paper are
analogues of those in Phu’s [15] paper and Aytar’s [1] paper. Namely, the actual
origin of most of these results and proof techniques is them papers.

2. DEFINITIONS AND NOTATIONS

Throughout the paper N and R denote the set of all positive integers and the
set of all real numbers, respectively.

Now, we recall the concepts of convergence of the double sequences, rough
convergence of the sequences (see [1, 3, 7, 15, 19] ).

A double sequence & = (Zyn)mnen Of real numbers is said to be bounded if
there exists a positive real number M such that |z,,,| < M, for all m,n € N.
That is

|]|co = SUP |Zmn| < o0.

m,n
A double sequence = = (Zyn)mnen of real numbers is said to be convergent to
L € R in Pringsheim’s sense (shortly, p-convergent to L € R), if for any € > 0
there exists N. € N such that |z,,, — L| < €, whenever m,n > N.. In this case
we write

lim z,,, = L.
m,n— 00

Throughout the paper, let » be a nonnegative real number.
Let x = (z,) be a sequence in some normed linear space (X, |.||). = = (x,) is
said to be rough convergent (r-convergent) to x,, denoted by x, - x, if

Ve>0 dn.eN: n>n.= ||z, — x| <r+e, (2.1)
or equivalently, if
limsup ||z, — z.|| < r. (2.2)
The set
LMz, := {z, € R" : 2, > 2.}
is called the r-limit set of the sequence z = (z,,).
A sequence z = (z,,) is said to be r-convergent if LIM"z # (). In this case, r
is called the convergence degree of the sequence z = (x,,). For r = 0, we get the
ordinary convergence.

Throughout the paper, R™ denotes the real n-dimensional space with the norm
|.||. Consider a double sequence z = (z,,,) such that (x,,,) € R*, m,n € N.
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3. MAIN RESULTS

Definition 3.1. The double sequence © = () is said to be rough convergent
(r-convergent) in Prinsgheim sense to ., denoted by T, — x, provided that

Ve>0 Jk. e N: mn>ke = ||z — x| <7T+¢, (3.1)
or equivalently, if
Hm sup ||, — 2| < 7 (3.2)

Here r is called the roughness degree. If we take » = 0, then we obtain the
ordinary convergence of a double sequence. Assume that a double sequence y =
(Ymn) is convergent and cannot be measured or calculated exactly; one has to do
with an approximated sequence © = () satisfying ||€mn — Yma|| < r for all
m,n where r > 0 is an upper bound of approximation error. Then, the sequence
= (Zpmy) 18 N0 more convergent in the Prindsheim’s sense, but

[Zmn = @]l < |Tmn = Ymnll + [Ymn — 2]l S 74 ([Ymn — 24| (3.3)
implies that it is r-convergent in the sense of (3.1).

If (3.1) holds, z,. is an rough limit point of z = (x,,,), which is usually no
more unique (for » > 0). So we have to consider the so-called rough limit set (or
shortly: 7-limit) of © = (z,,,) defined by

LIM 2, = {2, € R™ : 1, = 1.} (3.4)

A double sequence x = (2,,,) is said to be r-convergent if LIM"z,,, # 0. In this
case, 1 is called a convergence degree of & = (Zy,,).

As noted above, we cannot say that the r-limit of a double sequence is unique
for the roughness degree r > 0. The following result is related to the this fact.

Theorem 3.2. For a double sequence x = (Tpy), we have diam(LIM"z,,,) < 2r.
In general, diam(LIM"z,,,) has no smaller bound.

Proof. Assume that
diam(LIM"z,,,) = sup{|ly — 2| : v, 2 € LIM"z,,, } > 2r.

Then, there exist y, z € LIM"x,,,, such that ||y — z|| > 2r. Take ¢ € (0, @ —7).
Because y, z € LIM"x,,,, it follows from (3.1) and (3.4) that thereisa k = k. € N
such that

|Tmn —yl| <7+ and |zpm, —z|| <r+e¢, for m,n > k.
This implies

ly — =l
2

ly = 2l < llzmn = yll + [Jemn — 2l < 2(r + ) <2(r + —r)=lly ==,

This is a contradiction. Hence, diam(LIM"x,,,,) < 2r.
Now, consider a double sequence = = (x,,) such that

lim 2, = Z..
m,n—00

Let € > 0. Then, it follows from
[Zmn = Yl < |Tmn — 2l + |20 — Y|l < T — || + 7
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and so

[Zmn —yll <7 +e,
fory € B (z,) = {y € R" : ly — ]| < r}. By (3.1) and (3.4) we have
LIM" 2., = B,(z,). Because diam(B,(x,)) = 2r, this shows that in general,
the upper bound 2r of the diameter of the set LIM"z,,, cannot be decreased
anymore. n

Now, we give the topological and geometrical properties of the r-limit set of a
double sequence.

Theorem 3.3. The r-limit set of an arbitrary double sequence v = (Tp,y,) 1S
closed

Proof. If LIM"x,,,, = (), then there is nothing to prove. Assume that LIM"x,,, #
(). Then, we can choose a sequence (Ym,,) € LIM"z,,, such that y,, — y. for
m,n — oo. We will show that y, € LIM"z,,,.

Let € > 0 be given. Because 9,,,, — ¥, there exists k = k. € N such that

|Ymn — ys|| < e, forall m,n > k.
Now choose an mg, ng € N such that mg,ny > k. Then we can write
Hymono - y*“ <e&.
On the other hand, because (Ymn) C LIM" 2, we have yp,n, € LIM 2, namely,
| Tmn — Ymono || < T + €.
Consequently,
||xmn - y*H S ||xmn - ymonOH + ”ymono - y*” <r-+ 257 Zf m,n,mg, Ng Z k.
This implies that y, € LIM"z,,,. OJ
Theorem 3.4. The r-limit set of a double sequence x = (x,,) is conver.

Proof. Assume that yo,1; € LIM"z,,, for the double sequence x = (x,,,). For
every € > ( there exists a k = k. € N such that

|Tmn — voll <7 +eand |[|[zpm, — 1| <7+,
whenever m,n > k. Thus, we have
[Zmn = [(1=Xgo + Avalll = (1 =X (@mn = o) + Al@mn — 9|
< r+eg,
for m,n > k and for A € [0,1].This implies that
(1 —=Nyo + Ayr € LIM "z,
for A € [0,1], so LIM"z,,, is convex. O

Theorem 3.5. Let r > 0. Then a double sequence x = (Tpy) is r-convergent to
x4 if and only if there exists a double sequence y = (Ymn) Such that

Ymn — Ts and ||Tpn — Yman|| < 7, for each m,n € N. (3.5)
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Proof. Assume that x,,, — x.. Then, by (3.2) we have

lim sup ||, — x| < 7. (3.6)
Now, define
._ L ) Zf men - .CL'*” <r
Ymn == Tomn + r% , otherwise :
Then, we can write
H —r ” _ 0 , if men —I*H <r
Ymn = T |Tmn — z4l| — 7, otherwise

and by definition of ¥,,,, we have
[Zmn = Y| <7, (3.7)
for all m,n € N. By (3.6) and by definition of y,,,, we get
lim Sup [[gn — .| = 0.

This implies that ¥, — x,.
Assume that (3.5) holds. Because y,,, — ., then for all £ > 0 there exists
k = k. € N such that

|Ymn — z4|| <€, for m,n > k.
Since ||Zmn — Ymnl| < 7, this immediately
[Zmn = 2ol < N %mn = Ymnll + (1Ymn — 2]l <7+, for m,n = Fk.
This implies that ., — T. O

We finally complete this work by giving the relation between the set of cluster
points and the set of r-limit points of a sequence.

Theorem 3.6. (i) If c is a cluster point of the double sequence x = (), then

LIM" 2, € B,(c). (3.8)
(ii) Let C, be the set of cluster points of © = (Tyy). Then
LIM 2, = (] Brlc) = {2, € R" : C, € B(.)}. (3.9)

CECI
Proof. (i) For an arbitrary cluster point ¢ of z = (z,,), we have
|ze — || < r, for all z, € LIM "z,
otherwise there are infinite © = (z,,,,) satisfying
[z — el =7
2
because c is an cluster point of (x,,,), which contradicts with the fact that z, €

LIM" z,,,. Hence, LIM"%,,, C B,(c) must be true.
(ii)From (3.8), we have

|Tmn — xs]| > 7 +¢e, with €:= > 0,

LIM 2, € (1] B(0). (3.10)

c€Cy
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Now, let
ye () Bilo)
CECm
Then, we have
ly —cl <,

for all ¢ € C,, which is equivalent to C, C B,(y), i.e.,
() B:(c) € {z. €R":C, C B, (.)}. (3.11)
CGCI

Now, let y & LIM"z,,,. Then, there is an € > 0 such that there exists infinite
Ton satisfying ||, — y|| > 7 + &, which implies the existence of a cluster point
c of the double sequence z = (z,,,) with ||y — || > r +¢, i.e.,

C. € B.(y) and y & {x, € R": C, C B,(z.)}.
Hence, y € LIM"z,,, follows from y € {z, € R" : C, C B,(z.)}, i.e.,
{2, €R":C, C B,(2.)} € LIM @, (3.12)
Therefore the inclusions (3.10)-(3.12) ensure that (3.9) i.e.,

LIM 2y, = (] Br(¢) = {z. € R": C; € B,(.)}.

CECz

O

Theorem 3.7. Let © = (T,,) be a bounded double sequence. If r > diam(C,),
then we have C, C LIM"x,,,,.

Proof. Let ¢ € LIM"x,,,. Then, there exists an € > 0 such that
|Tmn — || > 7 +e. (3.13)

Since © = (2y,) is bounded and from the inequality (3.13), there exists an cluster
point ¢; such that |lc — || > r + ¢, where €, := 5. So we get

diam(C,) > r + €1,

which proves the theorem.
The converse of this theorem is also holds, i.e., if C, C LIM" x,,, then we have
r > diam(Cy). O
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