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Abstract: In the present paper, using the triangular A—statistical convergence for double sequences, which is an
interesting convergence method, we prove a Korovkin-type approximation theorem for positive linear operators on the
space of all real-valued continuous functions on [0, 00) X [0,00) with the property that have a finite limit at the infinity.

Moreover, we present the rate of convergence via modulus of continuity. Finally, we give some further developments.
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1. Introduction and preliminaries

The Korovkin theory [10, 17] deals with an approximation to a function f by means of a sequence (L; (f))

of positive linear operators, which is mainly based on the classical limit limZ; (f) = f. In 1960, first of all,
J

Korovkin [17] determined the sufficient conditions for the uniform convergence of L; (f) to a function f by
the test function 1, w, u?. Many authors have researched these conditions for various operators defined on
different spaces (see i.e. [1, 14]). Obviously, using the statistical convergence in approximation theory, which
is known as statistical approximation, brings along many advantages. We should note that the statistical
approximation was initiated by Gadjiev and Orhan (see [13]) and improved by Anastassiou and Duman (see
[2]). These types results have a crucial role in the approximation. Especially, the matrix summability methods
of Cesaro type are strong enough to correct the absence of convergence of various sequences of linear operators
such as Hermite-Fejér [7]. As it is well known, these types of operators do not converge at points of simple
discontinuity. Therefore, such facts present why we need summability methods in the approximation theory
(see i.e. [3, 4, 21, 22]). Furthermore, presently, with the help of the concept of statistical convergence, which is
a regular (nonmatrix) summability transformation, various statistical approximation results have been proved
[12, 16]. Then, it was shown that these new versions of Korovkin type theorems extended the classical one.
Recently, Bardaro et al. [5] introduced an approximation theorem with the help of the notion of new statistical

convergence called triangular A— statistical convergence. Let C,. (D) be a Banach space of all real-valued

continuous functions on D := [0, 00) x [0, 00) with the property that lim(, ,)—(cc,00) f(u,v) exists and is finite.
Moreover, it is endowed with the supremum norm ||f|| = sup |f (u,v)| for f € Ci (D). In the present work,
(u,v)€D
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using this convergence method and test functions 1, e™%, e, and e 2% 4+ e~2?, we provide a Korovkin-type
approximation theorem for positive linear operators on the space C, (D). We construct two examples such that
in the first one, our new approximation theorem works but its statistical case does not work and in the second
one, statistical case works but our result does not work. We also present a rate of convergence by means of the
modulus of continuity. Finally, we give some further developments.

We will now mention some basic definitions and notations used in the paper.

A double sequence u = (u;;), 4,j € N, is said to be convergent in Pringsheim’s sense if, for every e
> 0, there exists J = J(¢) € N such that |u; ; — L| < ¢ whenever ¢,j > J. Then, L is the Pringsheim limit of
u (see [19]). In this case, we say that u = (u; ;) is “ P—convergent to L” and is denoted by P —limu = L.
Moreover, if there exists a positive number M such that |u; ;| < M for all (i,j) € N> =N x N, then u = (u; ;)
is said to be bounded. As it is known, different from a convergent single sequence, a convergent double sequence
need not be bounded.

We denote the set of all P— convergent double sequences by c2.

Now let A = (agi4,;), k,l,i,7 € N, be a four-dimensional summability matrix. For a given double

sequence u = (u;;), the A—transform of u, denoted by Au := ((Au)y,), is given by

(Au)p = Z Q10,5 Wi g

(i,5)€N?

provided the double series converges in Pringsheim’s sense for every (k,l) € N2, As it is known, A = (ag ;)
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 well-known characterization of regularity for four-dimensional matrices is known

as Robison-Hamilton conditions, or briefly, RH—regularity (see, [15, 20]):

(1) P— llicr?ak’l’i’j =0 for each ¢ and j,

00,00

(Z’L) P —lim Z Ak li,5 = ].,
kg i=11
o0
(t3i) P — lllcnll |ak,1,:,;] = 0 for each j € N,
=1
oo}
(iv) P — 1,161? lak.i,i,;] = 0 for each i € N,
Lj=1
00,00
(v) > laku,i;| is P—convergent for every (k,l) € N2,
ij=1,1
(vi) There exits finite positive integers M and N such that > |aj,; ;| < M holds for every (k,1) € N2.

i,j>N
Now, let A = (ak,,,;) be a nonnegative RH—regular summability matrix, and let K C N2 Then, a
real double sequence u = (u; ;) is said to be A— statistically convergent to a number L if, for every ¢ > 0,
P —1i ;=10
l%cm Z ak,l,z,g )

1
(i,§) €K (e)

where
K(e) :={(i,j) € N? . luij — L| > e}
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In this case we write st} —limu; ; = L ([18]). Observe that, a P— convergent double sequence is A—statistically
i

convergent to the same value but the converse is not always true.

Let C(1,1) = (¢k,1,;) be a double Cesaro matrix defined by cg 1 ; = % if1<i<k 1<j<I, and
Ck,1,i,; = 0 otherwise. Note that if we take A = C(1,1), then C(1,1)—statistical convergence coincides with the
concept of statistical convergence for double sequence. Moreover, if the matrix A is replaced by the identity
matrix for four-dimensional matrices, then A—statistical convergence reduces to the Pringsheim convergence.

We denote the set of all A—statistically convergent double sequences by st?.

Consider the double sequence u = (u; ;) and suppose that it is neither A—statistical convergent nor
convergent in the Pringsheim’s sense. For answering the question if there is any kind of statistical convergence
which is different from A—statistical convergence and Pringsheim convergence, Bardaro et al. ([5]) used two-
dimensional regular matrices for double sequences. We now recall this interesting convergence method:

Let A = (a;;) be a two-dimensional matrix transformation. For a double sequence u = (u; ;) of real

numbers, put
oo
(Au)i ==Y aijuij,
Jj=1

if the series is convergent.
A two-dimensional matrix transformation is regular if it maps every convergent sequence into a convergent
sequence with the same limit. The well-known characterization of regularity for two dimensional matrix

A = (a; ;) is known as Silverman Toeplitz ([8]) conditions:

(1) Al = sup 3 [ai ;] < oo,

i—00j=1

(¢4) lima;; =0 for each j € N,

i—00
o0
1

1—00 =

Definition 1.1 [5] Let A = (a;;) be a nonnegative regular summability matriz, K C N? be a nonempty set,
and for every i € N, consider K; = {j € N:(i,j) € K, j <i}. Let |K;| be the cardinality of K;. We say that
the triangular A— density of K is defined by

54 (K) = lim Z Q4,5

JEK;
provided that the limit on the right-hand side exists.

Definition 1.2 [5] Let A = (a; ;) be a nonnegative reqular summability matriz. The double sequence u = (u;, ;)

is triangular A— statistically convergent to L iff for every € >0

lim Z a;; =0,

JEK;(e)
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where K; (e) ={ j € N:j<i, |u;; —L| > ¢} and this is denoted by st’, — lignum- = L.

Note that if A = C1, that is Cesaro matrix, then triangular Cj—statistical convergence coincides with
the notion of triangular statistical convergence.
The set of all triangular A—statistically convergent sequences denoted by st’.

Now, in the view of above definition, we compare triangular statistical convergence to statistical conver-
gence. First, we present below an example to show that a sequence is triangular A—statistically convergent

whenever it is not statistically convergent.

Example 1.3 Let A= C; and the double sequence u = (u; ;) is given by

1, i=j=n?
n — i
Ui j = 4nt1)” 2.72n’j7?(n b, n e N.
] W, Z:2n+1,j:2n+3,
0, otherwise,
For every ¢ € (0, %] ,
1, 1=1,
2 . 2
1 W, 1 = (271) 5
;HJEN.]S% |ui,j|26}|: W’ Z:(2n+1)27 TLEN,
%, 1 =2n and i is not square,
0, otherwise,

then clearly,
1
hm* |{ ] € Nj S i, |U7;1j‘ Z 6}‘ =0.
i1
Hence, we obtain stg1 — limu,; ; = 0. Nevertheless, v = (u;;) is not Pringsheim’s and C (1,1) — statistically
3
convergent.

From Example 1.3, we can say that the concept of triangular A—statistical convergence does not
characterize as given below:

A double sequence u = (u; ;) is triangular A—statistically convergent to L if and only if there exists a

set K C N? such that the triangular A—density of K is 1 and

i,j—o0 and (i,j)EK
By (1.1) we mean that for every € > 0 there exists an integer N such that
|ui7j —L‘ <e lfl,j > N and (’L,]) € K.

The following example shows that a sequence is A—statistically convergent whenever it is not triangular

A—statistically convergent.
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Example 1.4 Take A= C(1,1) and the double sequence u = (u; ;) is given by

{ Vij, if i and j are squares,
Uz’,j =

L otherwise.
ij

It is easy to see that sté(l )~ limu,; ; = 0. Nevertheless, u is not Pringsheim’s and triangular statistically
’ 0.

convergent.

Example 1.5 Let A= C; and the double sequence u = (u; ;) is given by
2

_J L i=j5=n7
uw—{ 0, otherwise. neN.

. . T . _ 2 . _
Similarly, sto, — hinui}j =0 and stgq 4y — lllr]nu” =0.

Example 1.6 Take A= Ci and the double sequence u = (u; ;) is given by

1, i=j=n?

% i=2n+1, j=2n—-1,

2n+1?
Uiy =9 Tz =20, j=2(m+1), neN.
n, i:nQ,j:nQ—l—l,
0, otherwise.
For every € € (0, %] ,
1, i=1,
2 . 2
1 . . . (2n+1)2, 1= (2Tl <2i’ 1) s
2|{]€NI]§Z, lu; j| > e} = ﬁ, i=(2n)", neN,
Tl-s-p t=2n+1 and i is not square,
0, otherwise.

Then, it is seen to be
1
lim—{jeN:j<i, |u;|=e} =0.
P4

Hence, we obtain stf, — lilmui,j = 0. Neither u = (u; ;) is Pringsheim’s and C (1,1) — statistically convergent

nor bounded.

Remark 1.7 [5] i) Statistical convergence and triangular statistical convergence are incompatible; i.e. st g
sth and st ¢ st%.
1) P— convergent double sequence is A— statistically convergent and triangular A— statistically conver-

gent to the same value but the inverse implications are not true, i.e. st} ¢ c? and st ¢ 2.
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2. A Korovkin-type theorem
Boyanov and Veselinov [9] have results for single sequences, where they proved the Korovkin theorem on
C. [0,00), which is the Banach space of all real-valued continuous functions on [0, 00) with the property that

li_I)n f (u) exists and is finite, endowed with the supremum norm ||f|| = sup |f(u)| for f € C,[0,00), by
uU—r 00
)

u€[0,00

u

using the test function 1, e~%, e~2%. In this section, using the concept of triangular A—statistical convergence

u

for double sequences and test functions 1, e~ %, e~¥, and e~ 2%4e~2¥, we provide a Korovkin-type approximation

for positive linear operators on the space Ci (D).
Now, we remind Korovkin’s theorem for double sequences of positive linear operators given by Demirci

and Karakug [11] and then, we give the Korovkin theorem in the triangular statistical sense.

Let L be a linear operator from C, (D) into itself. Then, as usual, we say that L is positive linear
operator provided that f > 0 implies L (f) > 0. Moreover, we denote the value of L (f) at a point (u,v) € D
by L(f;u,v).

We note that a function which is continuous on D and has a finite limit to infinity is uniformly continuous.

Hence, Theorem 2.2. in [11] can be given as follow:

Theorem 2.1 [11] Let A= (ay,;;,;) be a nonnegative RH— reqular summability matriz. Let (L; ;) be a double
sequence of positive linear operators acting from C. (D) into itself. Then, for all f € C, (D)

st —lim | Lo, (£) = £ = 0
if and only if the following statements hold:
a) sti —lim|Li; (1) -1 =0,
B sty —lim L (%) — e~ =0,
Q) sth—lim L (=) = el =0,
B 8 tim L (72 o) - (2 ) <0
Before giving our main theorem, we prove the following lemma:

Lemma 2.2 Let (L; ;) be a double sequence of positive linear operators acting from C. (D) into itself. Then,
for every € > 0, there exists a § >0 and M > 0 such that for every L, ; : C, (D) — Cy (D), f € C.(D), and
(u,v) € D, the following inequality holds

|Lij (f;u,v) = f (u,0)]

AM
< e+ <€+M+52> |Li7j(1;u7v)—1|

aM s —ul o AM _ .
+6—2|Lm (e ;u,v) —e |+ 52 |Lz-7j (e t;u,v) —e |
+26—A24 |Li7j (6725 +e 2, v) — (672“ + 672v)| )
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Proof Following the same lines as in the proof of Theorem 2.2 in [11], the proof is obtained. O

Now, we give the following, which is the main result in this section.

Theorem 2.3 Let A = (a; ;) be a nonnegative regular summability matric and (L, ;) be a double sequence of

positive linear operators acting from C, (D) into itself. Then, for all f € C, (D)
st —lim [ Li; (f) = fl| =0
iff the following statements hold:
a) sty —lim|[Li; (1) - 1] =0,
) sth —lim||Ly () — e~ = 0,
&) sth —lm| Ly (™) e~V =0,

d) st —lim HL%J’ (e7% +e ) — (e72" + e~ %) H =0.

Proof Since the necessity is obvious, then it is enough to prove sufficiency. Suppose that the conditions (a),
(b),(c), and (d) are satisfied. Let f € C, (D). Then, from Lemma 2.2, for every € > 0, there exists a 6 > 0
and M > 0 such that for every (i,4) € N2 and (u,v) € D, the following inequality holds

|Lij (f;u,0) = f (u,0)]
4M
< e+ <E+M—l—52> |Li; (1;u,v) — 1]

+45—J\24 |Li’j (e_s;um) - e_"| + 457]\24 |Li’j (e_t;um) — e_”|

2 L (7 e 0) = (7 ).

Then taking the supremum over (u,v) € D, we get

1Li; (f) = fll (2.1)
S €+ K {HLz,g (1) — ].H + ||Li’j (6_5) — 6_u||
+{1Zas (e7) = e |+ ([ Lig (€7 +e7) = (e +e7) |}
where K := max {5 + M + 45#, aM %;—];4} . For a given r > 0 choose € > 0 such that € < r. Define the following

52
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sets:
Si + ={jeN:j<i, |Lij(f)—fll>r},
st ={senisi -z 25
S2 . :{jeN:jgi, HLi,j(eS)—e“||2T4;{€},
S3 :{jeN:jgz’, }|Li,j(et)—e”}|zr4K€},
St —{jeN:jSi, | L. (625+62f)(e2"+62”)||zr4;}.

In the view of (2.1), it can be easily seen that S; C S} US? U S? U S}, Thus, for each j € N, we may write

Z Qi j < Z a; 5 + Z Qi + Z a5 + Z Qg j- (2.2)

JES; jes? jes? jes? jest

From (2.2), using (a), (b), (¢), and (d), we get that

11?1 Z Qi 5 = 0

JES:

whence the result. O

Now, we give the following examples of double sequences of positive linear operators.

Example 2.4 Consider the following Szasz—Mirakyan operators (see [23])

S = e S5 (1) G ”

1=0 k=0
where (u,v) € D, f € C. (D). Moreover, observe that
Sij (Liu,v) = 1,

. ~1
Sij (e %u,v) = e_w(l_e 1),

) _1
Sij (e_t;u,v) = eiﬂ(lie ]),

|

<

S
~

—

[
N~—
9]

d
<
/N
=
|
9]

|
<
N——

Sii (€7 +e % u,v)

Now we take A = C1 and define a double sequence («; ;) by

1, i=j=n?
—2— i=2n, j=2(n-1)
o 4(n+1)> ? y J )
Q= " . neN 24
J sy i=2n+1, j=2n+ 3, (24)
0, otherwise.
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It is clear that
sto, — limay;; = 0. (2.5)

Now in the view of (2.3) and (2.4), we define the following positive linear operators on C (D) as follows:
Lij (fiu,v) = (14 aij) Sij (f;u,v). (2.6)
Therefore, by the Theorem 2.3 and (2.5), we see that

ste, = lim||Li; (f) = fl = 0.

Moreover, since (o ;) is not P— convergent and statistical convergent, we can say that the Korovkin theorems

in the Pringsheim’s and statistical sense do not work for our operators defined by (2.6).

Example 2.5 Let Szasz—Mirakyan operators be the same as in Ezample 2.4. Now take A = C(1,1) and define
a double sequence (8, ;) by

. Vij, ifi and j are squares,
Pis = { :71 otherwise. (2.7)
It is clear that
steay — mpy = 0. (2.8)

Now in the view of (2.3) and (2.7), we define the following positive linear operators on C (D) as follows:
Lij(fiu,v) = (1+ Bij) Siy (fiu,v). (2.9)

Therefore, by the Theorem 2.1 and (2.8), we see that
stE1) — 1111}1 ILi; (f) = f I =0.

Moreover, since (5; ;) is not triangular statistical convergent, we can say that the Theorem 2.3 does not work
for operators defined by (2.9).

3. The rate of approximation

In this section, we study the rate of convergence of a sequence of positive linear operators defined from C, (D)
into itself with the help of modulus of continuity. The earlier results proved in [5]. Now, we begin by recalling

the following:

Definition 3.1 [5] Let A = (a;;) be a nonnegative reqular summability matriz and let (o;) be a positive
nonincreasing sequence. Then, a double sequence u = (u; ;) is said to be triangular A— statistically convergent

to a number L with the rate of ox(ay) iff for every € > 0,

lim Z a;; =0,

JEK;(e)
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where
Ki(e):={jeN:|u,;—L| >¢c a;}.

In this case, one can say that

w;j — L = st —op(e;) as i — oc.

Definition 3.2 [5] Let A = (a; ;) and (o) be the same as in Definition 3.1. Then, a double sequence u = (u; ;)
is said to be triangular A— statistically bounded with the rate of Oy(cy;) iff for every € > 0,

lim > a;; =0,

JEK;(e)

where
Ki(e):={j eN:|u | >¢e a;}.

In this case, one can say that

wij = sth — Og(ey) as i — oo.

Lemma 3.3 [5] Let (u; ;) and (v;;) be double sequences. Suppose that A = (a; ;) is a nonnegative regular
summability matriz. Moreover, let (o;) and (3;) be positive nonincreasing sequences. If u; j— L1 = st} —og(c;)

and v; ; — Ly = st — ox(B;), then we have
(i) (uwij — L1) F (vij — La) = st —ox(y;) as i — oo, where ; := max{a;,B;} for each i € N,
(i) Au;j — L1) = sth —ox(a;) as i— 00 for any real number .

Furthermore, similar conclusions hold with the symbol “oy ” replaced by “Oy "

Recall that for a continuous function f € C(I) defined on an interval I C R?, the function w :
C(I) x [0,00) = RU{oo}, defined as follows:

o (f0)i=sup {IF (50) = F (w0 5 5,0), (o) € Doy fls =) 4 (1= o) < 6

is called its usual modulus of continuity.
To estimate the rate of convergence of a double sequence of positive linear operators defined from C., (D)

into itself, we make use of the following modulus of continuity:

o (f38) = sup {11 (5:) = 0 s (50, () € Dyl e (et = e <5
where f € C, (D) and § > 0. In fact, this modulus can be given the usual modulus of continuity by the relation:
w" (f;0) =w(f";0)
where f* is the continuous function defined on [0,1] x [0,1] by

f(flnuaflnv)v (U,U)G(O,].]X(O,”,
im (5 4)— (00,00) £ (5, 1), uw=0orv=0.

o) ={

938



CINAR et al./Turk J Math

With simple calculation, it can be seen that for any § > 0

(e —e ™) + (e”

If (s,8) = f (u,0)] < <1+ —e) )w (f:9)

52

for all f € C. (D).

Now we can give the following result.

Theorem 3.4 Let A = (a;;) be a nonnegative regular summability matriz method and (L, ;) be a double

sequence of positive linear operators from C, (D) into itself. Suppose that the following conditions hold:
(4) || Li; (1) — 1] = st — o(a;) as i — oo,
(”) w* (fa 5i,j) = St£ - Ok(ﬁl) as 1 — oo, where (si,j = HLi,j((P(u,v))H with (p(u,v)(svt) =

2

(e=* — e~ ") + (et — e~)*. Then, for any f € C, (D)

||Li,j (f) - f H = St?; - 0( ’71)5 as i — 00,

where ~y; := max{«;, B;} for each i € N. We can say that the similar results hold when the symbol “o 7 is

replaced by “Oy "
Proof Let f € C. (D) and (u,v) € D be fixed. Using linearity and positivity of the L; ;, we have, for any
(i,5) € N?,

|Lij (f;u,v) = f (u,0)]
|Lij (f (5,8) = f (w,0) 50,0) = f(u,v) (Lij (1u,v) = 1)

< Ly (16 (5:0) = S ()] s0,0) + M Ly (150,0) 1]
< L ((1 A GU)Z; - ev)2> W’ (f;5);u,v>
+M|L; ; (1;u,v) — 1
+M|L; ; (1;u,v) — 1
< W (50) 12 W) = 1+ S i)+ (19

+M |L; j (1;u,v) — 1],

where M := ||f||. Thus, taking supremum over (u,v) € D on the both sides of the above inequality, we get,
for any § > 0,

] w* (f;9)
I Lij (f) = fII < w"(f;0) Ly (1) =1 + 5z | Lij () ||

+w* (f;0)+ M| L;; (1) — 1
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Now if & := 6;; := /|| Lij (¢(u))]|

, then we can write

[1Lij (f) = fIl <™ (f;0) | Lij (1) = 1| + 207 (f;0) + M || Ls 5 (1) = 1]]

and hence
[Li; (f) = fIl < NAw* (f50) [[Lij (1) = L 4+ w™ (f;0) + [| Li,; (1) — 1|} (3.1)

where N = max {2, M}. Now, for a given r > 0, we define the following sets:

U+ ={jeN:j<i|Lij ()= f | =7r%},
. . . * r
Ul : = {ieN <iw (£9) 1Ly () =1 = B
. L T
Ui ={J€N:JSW (f;5)2ﬁf3i},
Us ;:@6N4<WL(U—w>lﬂ@.
! - ~ 3N
In the view of (3.1) that
U, cU'OURUUR.
Moreover, define the sets:
4 : . . r
. N = N: < (5 > —= i y
U; {96 J<iw (f;0) > 3Nﬂ}

. . . r
Uy o :{jEN:]<z,|Li’j(1)—1||>,/3Nai}.

Then, observe that Ul C U} UU?. Therefore, we have U; C U2 UU UU} UU?. Now, since ; := max {ay, (;}
for each i € N, we get

Z ai; < Z a5 + Z s,

JjeU; jeU? jeu?
+ E @ij + E @ij-
jeus jeu?

Letting 7 — oo and from (i) and (i), we have

lim Z Qi 5 = 0

JjeU;

whence the result. O

4. Possible further developments

Here we recall the notion of A—statistical type convergence, includes the triangular A— statistical convergence

as a particular case, given by Bardaro et al. ([5, 6]).
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Let A = (a; ;) be a nonnegative regular summability matrix, ¥ : NxN — R a fixed function. A sequence

u = (u;;) is said to be ¥ — A— statistically convergent to a real number L provided that for every ¢ > 0

lim Z a;; =0,

JEK;(e)

where K;(e) ={j e N: U(i,5) >0, |u;; — L| > €} (See [5, 6]).

v —

Note that, if ¥(i,j) = ¢ — j then, the triangular A-—statistical convergence is the special case of

A—statistical convergence. If U(i,j) = B(i) — j, where 8 : N — N is a suitable increasing function,

then we get other interesting results. Hence, all the theory given in the previous sections can be carried on also

in the setting of ¥ — A—statistical convergence.

(1]

[13]

[14]

[15]
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