Bull. Korean Math. Soc. 47 (2010), No. 4, pp. 825-837
DOI 10.4134/BKMS.2010.47.4.825

A KOROVKIN TYPE APPROXIMATION THEOREM FOR
DOUBLE SEQUENCES OF POSITIVE LINEAR OPERATORS
OF TWO VARIABLES IN A-STATISTICAL SENSE

KAMIL DEMIRCI AND FADIME DIRIK

ABSTRACT. In this paper, we obtain a Korovkin type approximation the-
orem for double sequences of positive linear operators of two variables
from Hy (K) to C (K) via A-statistical convergence. Also, we construct
an example such that our new approximation result works but its classi-
cal case does not work. Furthermore, we study the rates of A-statistical
convergence by means of the modulus of continuity.

1. Introduction

For a sequence (L) of positive linear operators on C (X), the space of real
valued continuous functions on a compact subset X of real numbers, Korovkin
[12] established first the necessary and sufficient conditions for the uniform
convergence of L, (f) to a function f by using the test function e; defined
by ei(z) = z%, (i =0,1,2) (see, for instance, [3]). Later many researchers
investigated these conditions for various operators defined on different spaces.
Using the concept of statistical convergence in approximation theory provides
us with many advantages. In particular, the matrix summability methods of
Cesaro type are strong enough to correct the lack of convergence of various
sequences of linear operators such as the interpolation operator of Hermite-
Fejér [4], because these types of operators do not converge at points of simple
discontinuity. Furthermore, in recent years, with the help of the concept of
uniform statistical convergence, which is a regular (non-matrix) summability
transformation, various statistical approximation results have been proved [1,
2, 6, 5, 8, 11]. Then, it was demonstrated that those results are more powerful
than the classical Korovkin theorem. Also, Erkug and Duman [7] have studied
a Korovkin type approximation theorem via A-statistical convergence in the
space H,, (12) where 12 = [0, 00) x [0,00). Our primary interest in the present
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paper is to obtain a general Korovkin type approximation theorem for double
sequences of positive linear operators of two variables from H, (K) to C (K)
where K = [0, A] x [0, B], A, B € (0,1) via A-statistical convergence.

Let us first remind of the concept of A-statistical convergence for double
sequences.

A double sequence x = (z,,,,,) is said to be convergent in Pringsheim’s sense
if, for every ¢ > 0, there exists N = N(e) € N, the set of all natural numbers,
such that |2, ., — L| < € whenever m,n > N, where L is called the Pringsheim
limit of # and denoted by P — }qllmnacmn = L (see [15]). We shall call such an z,

briefly, “P-convergent”. A double sequence is called bounded if there exists a
positive number M such that |2, ,| < M for all (m,n) € N> = N x N. Note
that in contrast to the case for single sequences, a convergent double sequence
need not to be bounded. Let A = (@ x,m,.n) be a four-dimensional summability
matrix. For a given double sequence = (2, ), the A-transform of z, denoted
by Az := ((Ax); 1), is given by

(Az)jk =D GrmnTmn
(m,n)eN?

provided the double series converges in Pringsheim’s sense for every (j, k) € N2.

A two dimensional matrix transformation is said to be regular if it maps
every convergent sequence in to a convergent sequence with the same limit. The
well-known characterization for two dimensional matrix transformations which
are regular is known as Silverman-Toeplitz conditions (see, for instance, [10]).
In 1926, Robinson [16] presented a four dimensional analog of the regularity
by considering an additional assumption of boundedness. This assumption was
made because a double P-convergent sequence is not necessarily bounded. The
definition and the characterization of regularity for four dimensional matrices is
known as Robinson-Hamilton conditions, or briefly, RH-regularity (see [9, 16]).

Recall that a four dimensional matrix A = (a;km,n) is said to be RH-
regular if it maps every bounded P-convergent sequence into a P-convergent
sequence with the same P-limit. The Robinson-Hamilton conditions state that
a four dimensional matrix A = (a; g m,n) is RH-regular if and only if

(i) P— hrl? ajk.mn = 0 for each (m,n) € N,
7,

(ii) P —lim @5 kmn =1,
PE (momyena

(iii) P —lim Z |aj k,m,n| = 0 for each n € N,
gk meN

(iv) P — lir]? Z |aj k,m,n| = 0 for each m € N,
7 neN

(V) Z |aj,k7m,n

(m,n)eN?

is P-convergent,
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(vi) there exist finite positive integers A and B such that Z | kmon] <
m,n>B

A holds for every (j,k) € N2,
Now let A = (aj k,m,n) be a non-negative RH-regular summability matrix,
and let K C N2. Then the A-density of K is given by
5&?){[{} := P —lim Z @5k moms

IR e K (e)

where
K(g) = {(m,n) € N?: |z, , — L| > &}
provided that the limit on the right-hand side exists in Pringsheim’s sense. A

real double sequence x = (z,,,,) is said to be A-statistically convergent to a
number L if, for every € > 0,

5D {(m,n) € N? : |gpp — L| > £} = 0.

In this case, we write stf) —limz = L. Clearly, a P-convergent double sequence
n

)

is A-statistically convergent to the same value but its converse is not always
true. Also, note that an A-statistically convergent double sequence need not to
be bounded. For example, consider the double sequence z = (z,,,) given by

o mn, if m and n are squares,
mn 0, otherwise.

We should note that if we take A = C(1,1), which is the double Ceséro
matrix, then C(1,1)-statistical convergence coincides with the notion of sta-
tistical convergence for double sequence, which was introduced in [13, 14]:
If E c N? is a two-dimensional subset of positive integers, then Ej de-
notes the set {(m,n) € E:m <j, n <k} and |E;| denotes the cardinal-
ity of E; k. The double natural density of E [13, 14] is given by §(E) =
P - lgu}g%k |Ej k|, if it exists. The number sequence © = (z,,,,) is statisti-

cally convergent to L provided that for every € > 0, the set E := E(e) :=
{m <j,n<k: |rmn— L| > e} hasnatural density zero; in that case we write
st — limz,, , = L.

m,n
Finally, if we replace the matrix A by the identity matrix for four dimensional
matrices, then A-statistical convergence reduces to the Pringsheim convergence.

2. A Korovkin-type approximation theorem

Throughout this section let I = [0, 4], J = [0,B], 4,B € (0,1) and K =
I x J. We denote by C (K) the space of all continuous real valued functions
on K. This space is equipped with the supremum norm

Ifll = sup [f(z,y)], (f € C(K)).

(z,y)EK
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Consider the space H, (K) of all real valued functions f on K and satisfying

()~ ()] < f;\/<1fu1fx)2+(lfvlﬁy)2),

where w is the modulus of continuity given by, for § > 0,

w(fv(s) = Sup{‘f(uvv)ff(zvy” : (u,v),(x,y) EK,\/(M*$)2+(U7y)2 Sé} .

Then observe that any function in H,, (K) is continuous and bounded on K.
We also use the following test functions

fO(uav) =1, fl(uav) = ﬂiu’ fQ(U’U) = 1 .

f3(u7v)=<1uu>2+(lvv)2. _

Now we have the following result.

and

Theorem 1. Let {L,, } be a sequence of positive linear operators from H,, (K)
into C(K) and let A = (ajk,m,n) be a nonnegative RH-reqular summability
matriz. Assume that the following conditions hold:

(2.1) st —lim || Ly (fi) = fi | =0,i=0,1,2,3.
Then, for any f € H,, (K),
(2.2) st = lim | Ly () = f || = 0.

Proof. Assume that (2.1) holds. Let f € H, (K) and (z,y) € K be fixed. After
some simple calculations, using the continuity of f and linearity and positivity
of the operators L, ,,, we obtain

|Lm,n (f7may> - f (x,y)|
< O{‘Lm,n (f0;1'7y) - fO (a:,y)| + ‘Lm,n (fl;xvy) - fl ($7y)|
|Lm,n (f?axvy) - f2 (xay” + |Lm,n (f3ax7y) - f3 ($,y)|} +e,

2 2
where C := max{e—i—N—FQg ((1i4,4> —l—(%) ) ,%]2\’1‘_414,%]2\[1133,25]2\'} and

N :=||f]|. Then, taking supremum over (z,y) € K we get

3
(2-3) Hme (f) —f || < E+CZ ||Lm,n (fZ) _fiH-
i=0
For a given r > 0, choose ¢ > 0 such that € < r. Then, for each i = 0,1, 2, 3,
setting

U:={(m,n): |Limn(f)—f | >r}
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and
Usi= 8 (mn) « [ Lo (F1) = il > 5, i =0,1,2,3
i m,n): m,n \Ji 7,740 , t=VU,1,4,0,
it follows from (2.3) that
3
Ucl|Ju,
i=0
which gives, for all (j, k) € N2,

3
E: aj,k,m,nSE E @5 k,m,n-
i=0 (

(m,n)eU m,n)eU;

Letting j, k — oo (in any manner) and using (2.1), we obtain (2.2). The proof
is complete. O

Remark 1. If we replace the matrix A in Theorem 1 by identity double ma-
trix, then we immediately get the following classical result, which was first
introduced by Tagdelen and Erengin [17].

Corollary 1 ([17]). Let {L., .} be a sequence of positive linear operators from
H, (K) into C(K). Assume that the following conditions hold:

P —lim || L (fi) = fi || =0, i=0,1,2,3.
Then, for any f € H,, (K),

Remark 2. We now show that our result Theorem 1 is stronger than its classical
version Corollary 1. To see this first consider the following Meyer-Kénig and
Zeller operators:

(2.4)
Mm,'fl(f; x? y)
_ m+1 n+1 - k ! m+k n+li
= (1-u2) (1-y) sz<k+m+1’l+n+1>< k )( l );ckyl,

k=0 1=0

where f € H, (K), and K = [0, 4] x [0, B], A, B € (0,1).
Since, for x € [0, A], A € (0,1),

1 _Oo m+k\
(1_x>m+1 _kz_o< k )Jf )

it is clear that, for all (m,n) € N2,
My n(fos 2, y) = fo(z,y) -
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Also we obtain

m n i + k +1
Mo (i) = (=)™ (=™ 2SS (M) (M ety

=0
m ) . (m+k) (n4+1\ 4
=(1-2)"" (1~ +1xzzm 71)( z )x’“ 'y

and, similarly,

. il o=l (m4+Ek\ [(n+]
Mm,n(fQ;xvy):(lim) +1(17y) o ( k >< l )xkyl

k:Ol:0n+1
-y
L—y
Finally we get
Mm7n(.f3;xay)
0o 00 2 2
— _oymtl _ \ntl k l m otk ! byt
e B () () ()
00 00 2
_ m+1 n+1 L m + k nt ! Fyt
= (1-z) (1-y) kzolzg(m—kl) ( k )( ! )ﬂfy

+(1—x)m+1(1—y)"+122<ni1> (m,:k><nl+l>xkyl
e~k (mAk) A\
m n Y == | (mtEk\ (n+) _
O eSS s (M ) e

1
_ S il X s (mAk+D nl\
= (-2 -y mﬂ{lezmw—m( C)e

= /m+k (n+1+1)! -1
Z( k )(n+1)!(z—1)!‘”kyl

+§:§: (m]—:k) <n+ll+1>x’“yl

—

B
Il

=)
<)
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_ m+2 z 2+ 1 x +n—|—2 Y 2+ 1 Y
T m+1\1l—-=z m+1ll—z n+1\l-y n+11l—y
Hence, by Corollary 1, we know that, for any f € H, (K),
(2.5) P —lim || My, 0 (f) = fIl = 0.

m,n

Now take A = C(1,1) and define a double sequence {u, »} by

1, if m and n are squares
(2.6) Um,n = { 0, otherwise.

In this case, observe that

(2.7) st(CQ()l’l) — lim uy,, , = 0.

m,n

However, the sequence () is not P-convergent. Now using (2.4) and (2.6),
we define the following positive linear operators on H,, (K) as follows:

(2.8) Lpo(fi2,9) = (1 + tmn) My o (f;2,y).
Observe that

||Lm,n(f0) - fO” = Um,n,
[Lmn(f1) = fill = wmn,
||Lm,n(f2) - f2|| = Um,n,

2
m+2 x 1 x
]' m,n
(14w ’)<m—|—1<1—x> P il
2
n+2 1
N v\, y
n+1\1-y n+1l—-y
2 2
T Y
(=) (%)

2 2
SD —_ + +Umnm7+3+umnn7+3 ,
m+1 n+1 m4+1 n41

||Lmn(fd) - f3|| =

2 2
. 2 .
where D := { (ﬁ) , (%) , ﬁ, 1133} . Then, since St(c()m)_hmm,n Um,n

= 0, we obtain Stg()1,1) — limyy || L n(fi) — fill = 0, i = 0,1,2. Now, for a

given € > 0, it follows from above inequality that

1 .
g m=in <kl Lna(fs) = fsll = e}

—N
3
AN
S
S
IA
N
—
%
| o
Y
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1 m+3 €
= <in<k:umn > =
Tk {m Si=Ee m+1_4D}'
1 n+3 €
+ka<j,n§k Up,n +1Z4DH.
Since st(Cz()l H - limyy, 5, U, = 0, letting j, k — oo (in any manner) we obtain
stg()m) — limy, p || Lim,n(f3) — f3]] = 0. Hence, the sequence of positive linear

operators {L,, ,} defined by (2.8) satisfies all hypotheses of Theorem 1. So, by
(2.5) and (2.7), we have

2 .
st 1) = | L (F) = £ = 0.

However, since (um,,,) is not P-convergent, the sequence { L, »(f;z,y} given
by (2.8) does not converge uniformly to the function f € H, (K). So, we
conclude that Corollary 1 does not work for the operators L,, ,, in (2.8) while
our Theorem 1 still works.

3. Rate of A-statistical convergence

Various ways of defining rates of convergence in the A-statistical sense for
two-dimensional summability matrices were introduced in [6]. In a similar way,
for four-dimensional summability matrices, we present four different ways to
compute the corresponding rates of A-statistical convergence in Theorem 1.

Definition 1. Let A = (a;x,m,n) be a non-negative RH-regular summability
matrix and let {ov, .} be a positive non-increasing double sequence. A double
sequence & = {x,,} is A-statistically convergent to a number L with the rate
of o(am, ) if for every € > 0,

1
F j,ilclinoo Qi k (m77l)2€:1((s) @ kmm =0,
where
K(g) == {(m,n) EN?: |zpn, — L| > £} .
In this case, we write
Tmn —L = stf) —olamn) as m,n — oco.

Definition 2. Let A = (¢ ,m,n) and {®, } be the same as in Definition 1.
Then, a double sequence © = {z, } is A-statistically bounded with the rate
of O(am, ) if for every € > 0,

1
Supa, § aj,k,m,n < o,
Ik TG (e (e)

where
L(e) == {(m,n) e N*: |z | > € }.
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In this case, we write
2
Trmn = stfq) — O(amn) as m,n — oco.

Definition 3. Let A = (a;jk.m,n) and {a;, »} be the same as in Definition 1.
Then, a double sequence x = {z,, »} is A-statistically convergent to a number
L with the rate of o, (am ) if for every € > 0,
P= B Y Gkma =0,
’ (m,n)EM(e)
where
M(e) = {(m,n) € N*t |2y, — L| > € Qpon } -
In this case, we write

2
Tmn — L = stg) — 0 (Qm,n) a8 m,n — oo.

Definition 4. Let A = (aj k,m,n) and {am »} be the same as in Definition 1.
Then, a double sequence © = {zy, } is A-statistically bounded with the rate
of Oy, (e, p) if for every € > 0,

P —lim > @ikmn =0,
™ (m,n)EN(e)
where
N(e) = {(m,n) EN*: [Zpn| > € -
In this case, we write

Tmn — L = stf) — Om(amn) as m,n — co.

We see from the above statements that, in Definitions 1 and 2 the rate se-
quence {am,, } directly effects the entries of the matrix A = (a; k,m,») although,
according to Definitions 3 and 4, the rate is more controlled by the terms of
the sequence z = {zm.n}.

Using these definitions we obtain the following auxiliary result.

Lemma 1. Let {zpyn} and {ymn} be double sequences. Assume that A =
(@jk,m.n) @8 a non-negative RH-regular summability matriz, and let {om, n}

and {ﬁm’n} be positive non-increasing sequences. If p, , — L1 = stff) —o(amn)

and Ymn — Lo = Stf) —0(By.n), then we have

(1) (@mn — L1) F Ymn — L) = stf) — 0(Ymn) @8 myn — oo, where
Yo = max {&mn, B, } for each (m,n) € N2,
(il) Mxmpn — L1) = stf) — 0(Qm.n) as m,n — 0o for any real number .
Furthermore, similar conclusions hold with the symbol “o” replaced by “O”.

Proof. (i) Assume that ,,, , — L1 = stff) — o(aum,n) and Y — Lo = stf) -
0(Byn.n)- Also, for € > 0, define

K:= {(m,n) eN?: |(Zmn — L1) F Ymn — L2)| > €},
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9 €
Ky :=4(m,n) e N*: |xm7n—L1|2§ )

Ky := {(m,n) €N |ymom — Lo| > %}

Then observe that
K C Ky UK,,

which gives, for all (j, k) € N2,
(3.1) Yo Gkma S Y Gkma T D Gk
(m,n)eK (m,n)eK1 (m,n)eK,
Since v,, , = max {Olm,mﬁm,n}, by (3.1), we get
1 1

(32) - Z a5 k,m,n < T Z a5 km,n + % Z a5 km,n-

Vik (m,n)eK 3ok (m,n)eK; Ik (m,n)eK,

Now by taking the limit as j,k — oo (in any manner) in (3.2) and using the
hypotheses, we conclude that

1
P— ]lclm — Z aj.kmmn = 07
PR Tk (m,n)eK
which completes the proof of (i). Since the proof of (ii) is similar, we omit
it. O

The above proof can easily be modified to prove the following analogue.

Lemma 2. Let {zyn} and {ymn} be double sequences. Assume that A =
(@j.k,m.n) i a non-negative RH-regular summability matriz, and let {o, »} and
{,Bm’n} be positive non-increasing sequences. If Tp, n — L1 = stf) — om(am’n)
and Ym n — Lo = St(AQ) — 0m(Bom.n), then we have

() @mm — L1) T Wmm — L) = st'P

Vomp 1= MAX {am,n,ﬂm,n} for each (m,n) € N2,

= 0m(Vm.n) @8 m,n — 00, where

(il) Mzm,n — L) = sti‘z) — om(Qm,n) as m,n — oo for any real number \.
Furthermore, similar conclusions hold with the symbol “o,,” replaced by “O,,”.

Now we have the following result.

Theorem 2. Let {L,, ,} be a sequence of positive linear operators from H,, (K)
into C (K), and let A = (a;k,mmn) be a nonnegative RH-regular summability
matriz method. Assume that the following conditions hold:

@) [ Linn (fo) = foll = ') — o(m,n) as m,n — oo,

(i) w (f;0m.n) = stf) — O(ﬂmm) as m,n — 00, where 8y, n = \/||Lm,n ()]
2 2
with (u,v) = (ﬁ — ﬁ) + (131) — ﬁ) . Then, for any f € H,, (K),

Lo (F) = f || = 5t5 = 0(m.) a8 myn — oo,
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where 7,, , = max {am,n,ﬂm,n} for each (m,n) € N2. Furthermore, similar
results holds when the symbol “0” is replaced by “O”.

Proof. Let f € H, (K) and (z,y) € K be fixed. Using linearity and positivity
of the Ly, n, we have, for any (m,n) € N?,

|Lm,n (f;xa y) - f (x,y)|

|Lm,n (f (U,’U) - f ($7y) ;‘T7y) - f (IE/y) (Lm,n (fO; "E,y) - fO (‘f?y))‘
Lo (If (u,0) = f oz, 9)l52,y) + N | L (fos 2,9) = fo (2,9)]

2 Y 2
(m*m) +(1_U*ﬂ)

IN

<w(fi0) Ly |1+ 3 T,y
+N ‘Lm,n (fo;x,y) — fo (l‘,y)|
, , 3 w(f;0) . ,
< w(f;0) L (fo;2,9) — fo (z,y)| + Ly (03 7,y) +w (f;90)

52
+N ‘Lm,n (fO;mvy) - fO (xvy)lv

where N := ||f||. Taking supremum over (x,y) € D on the both-sides of the
above inequality, we obtain, for any é > 0,

;0
Emaf = 71 < 0 (75) [mafo ~ foll + L5

+w (fv(S) + N ||L’m,nf0 - fOH .
Now if we take § := 0y := \/||Lm,n(®)||, then we may write
”Lm,nf - fH Sw (f§6) ||Lm,nf0 - fOH + 2w (f?é) +N HLm,nfO - fOH

and hence
(3.3) HLm,nf - f” < D{w (f30) HLm,nfO - fOH +w(f;0) + ||Lm,nf0 - fOH}a
where D = max {2, N}. For a given r > 0, define the following sets:
U:={(m,n): |Lonn (f) = f I 27},
r
Ur = {(m.n) 0 (£30) | Lmanfo = foll = 55}

Up = {(m.n) s (f:0) > 55}

Us = {(m,n) : | Lmnfo = foll > 35 }-

It follows from (3.3) that
U C U1 U UQ U U3.

Also define the sets:

U, :{<m,n>:w<f;6>z\/3TD},
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s i= { ) < Mo~ ol 2 | 55}

Then, observe that Uy € Uy U Us. So, we have U € Uy UUz U U4 U Us. Now,
since v,,, ,, := max {amm, ﬁmm} for each (m,n) € N2, we get for all (j,k) € N2,

! Z a5 k,m,n < ﬂi Z a5 km,n + CUL Z Qj.km,n

Vik (m,n)eU Jk (m,n)eUs Ik (m,n)eUs
1 1
+ § ajemn + — E Ajk,mn-
Bk Qj.k
N (m,n)€Us (m,n)€Us

Letting j, k — oo (in any manner) and using (i) and (ii), we obtain
1
P — hrlil— Z aj k,mmn = 0.
IR Vg k (m,n)eU

The proof is complete. O
The following analog also holds.

Theorem 3. Let {L,, ,} be a sequence of positive linear operators from H,, (K)
into C (K), and let A = (a;k,mmn) be a nonnegative RH-regular summability
matriz method. Assume that the following conditions hold:

(1) 1 Lm.n (fo) = foll = 815542) — om(Qmyn) as m,n — 00,
(i) w(f; 0mmn) = stf)—om(ﬂm,n) asm,n — 00, where 0 pn = /|| Lm,n ()]l

with p(u,v) = (L - i)z + ( v L)Z. Then, for any f € H, (K),

1—u 11—z 1—v 1—y
|Emn () = 1 1| = 585 = 0m(Yon) a5 1,10 00,
where 7, ,, = max {Qmn, By} for each (m,n) € N2 Similar results hold

when little “o,,” is replaced by big “O,,”.
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