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Convergence processes of approximating operators

Ozlem Girgin ATLIHAN *

Abstract

The aim of this paper is to present Korovkin type theorems on approxi-
matin of continuous functions with the use of A—statistical convergence
and matrix summability method which includes both convergence and
almost convergence. Since statistical convergence and almost conver-
gence methods are incompatible, we conclude that these methods can
be used alternatively to get some approximation results.
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1. Introduction

The so-called Bohman-Korovkin theorem on approximation of continuous functions

on a compact interval provides conditions in order to make a decision whether a sequence
of positive linear operators converges to the identity operator [2],[7],[14], and so on many
proofs have appeared in a variety of settings of this result (see[15],[18],
[20],[27]). In [27], Uchiyama have given an alternate proof of it by using inequali-
ties related to variance. If the sequence of positive linear operators does not conver-
gence to the identity operator then it might be benefical to use summability methods
(11,131, 116].[22],[26],28]).

The main point of using summability theory has always been to make a nonconvergent
sequence to converge. This was the motivation behind Féjer’s famous theorem showing
Cesaro method being effective in making the Fourier series of a continuous periodic
function to converge [29]. In this paper, using Uchiyama’s idea [27], we give quite simple
proofs of the Korovkin type approximation theorems studied in ([9],[13],[23]). And also
we develop some Korovkin type results with the use of summation process and statistical
convergence methods respectively.

We pause to collect some notation.
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Let C [a, b] be the vector space of all real-valued continuous functions on [a, b] and let

L be a linear operator on C'[a,b] . We say that L is positive if Lf > 0 whenever f > 0 on

[a,b] . Note that C'[a,b] is a Banach space with norm || f|| = m[a)é] |f(z)| and we denote
zE|a,

norm of L operator by ||L|| = max {||Lf]| : ||f|| < 1}.

A subsequence B of C [a, ] is called a subalgebra if f.g belongs to B whenever f and
g are members of B.

We first recall the following lemma introduced in [27], which is useful in proving our
results.

[A] Lemma. Let B be a norm-closed subalgebra of C [a, b] that contains 1. If L is a
positive linear operator on B with L(1) <1, then

V(h) = L(h*) = (L(h))* > 0
for every h in B. Morever, for f,g and k in B:
(L1 [L(fg) - LU L) < V(HV(9)
(12)  |L(fg) — LINL@)| < IVDI> IV (9)IIZ
(13)  |L(fo) — LIOL@I < V(O IV (9) + VR)IIZ
We now turn our attention to matrix summability method.

Let A := {A<")} = {afc?)} be a sequence of infinite matrices with non-negative real

entries. A sequence {L;} of positive linear operators of C [a,b] into C [a, b] is called an
A - summation process on C [a,b] if {L; (f)} is A- convergent to f for every f € C'[a,b],
ie.,

(1.4) hin

Z ag;)Lj (f) _ fH = 0, uniformly in n,

where it is assumed that the series in (1.4) converges for each k,n and f. Recall that
a sequence of real numbers {z;} is said to be A—convergent (or A—summable) to L if

limg Y ag;)xj = L, (uniformly in n), ([19],[25]).
j=1

If A™ = A for some matrix A, then A—summability is the ordinary matrix summa-
bility by A. If af¥) = 1/k for n < j < k+n, (n =1,2,...), and a{? = 0 otherwise, then
A—summability reduces to almost convergence method [18]. Let {L;} be a sequence of
positive linear operators of C' [a, b] into C [a, b] such that for each k,n € N

(1.5) Za 1L, (1)]| < oo.

Furthermore, for each k,n € N and f € C'[a,b], let
B (fi Z ol Ly (

which is well defined by (1.5), and belongs to B [a, b] . Observe that HB’(:)

HB’(CH) HB“’) H .Some unification on Korovkin-type results through the use of a
summability method may be found in (|3],[4],[5],[6],[8])-

= maks {HB "(f H IFll < 1} .Hence
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2. Korovkin Type Approximation Theorems via Summation Pro-
cess

This section is motivated by that of Uchiyama [27]. We give quite simple proof of a
Korovkin type theorem which has been developed by Nishishiraho via A— summation
process, with the use of inequalities related to variance. And also we obtain Korovkin
type results for positive linear operators over Ca, and C(D) respectively with the use of
A— summation process which includes both convergence and almost convergence.

2.1. Theorem. Let A := {A<")} be a sequence of infinite matrices with non-negative

real entries. Assume that {L;} be a sequence of positive linear operators from C'[a, b]
into C [a, b] for which (1.5) holds. If,

(2.1) liin HB,(Q")h — hH = 0, uniformly in n,

for all h = 1, z, 2* then {L,} is A— summation process on C [a,b] i.c., for every f €
Cla,b],

liin HBin)f - fH = 0, uniformly in n.

Proof. We proceed as in [27]. Since li{n HB,(C")l — 1H = 0, (uniformly in n), we have

li}in B,(c")lH = 1, (uniformly in n). Without loss of generality we may assume that
(n)

HB,(C") # 0 for all n and k.By considering Hiﬁ in place of B,in), without loss of
k

generality we assume that B,(C")(l) < 1 for all m, k. This implies thatHB,(C")

n, k. Using (1.2), for every f in C[a,b] and for all n, k ,
we can write

|B @) = B @).B (f)

< 1 for all

2

22 <||B 6 - B @) ||BU 0N - @ 0|
Since HB,&")H <1, we get

| B = B < ||B&] 121 11} < 20007

Considering hypothesis we conclude that

lilgn B}in)(xQ) =2’ = lillcn(B,in)(x))z7 uniformly in n,
this implies that the right-hand side of (2.2) tends to zero (uniformly in n). We see that
(B @h) = at]| < | B @) — BU @B ()| | B @)-B () - -
If lim HB}C”) f fH — 0, uniformly in n, then it follows from (2.2) that
li{n HB’(“M (zf) — xf” =0, uniformly in n.

Here by taking h = 1,x,2° instead of f. We obtain (2.1) holds for h = 2™ for m =
0,1,2,....Since B](Cn) is linear, (2.1) holds for every polynomial p. From the Weierstrass
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theorem asserting the norm-density of polynomials in C [a,b] (see [24],p.159), we have
for every f € C[a, b

|Bes - | < |5 s = BEw

+ "B;i")p - pH +If =l
<2|lf —pll+ |[Bp - |-
Taking supremum over n and letting k — oo, result follows. O

Let Cr be the space of real-valued continuous functions f on [—m, 7] such that
f(=m) = f(m). Then Cay is closed subalgebra of C [—m, 7] and 1 belongs to Cax.

In the following theorem, we extend Korovkin type approximation theorem for a se-
quence of positive linear operators over Ca, via A— summation process.

2.2. Theorem. Let A := {A(”)} be a sequence of infinite matrices with non-negative

real entries. Assume that {L;} be a sequence of positive linear operators from Ca, into
Car for which (1.5) holds. If,

lilgn HB,(Cn)h — hH = 0, uniformly in n,

for all h = 1, sinz, cosz, then {L;} is A— summation process on Ca, i.e., for every
f € Copr,

liin HB,(Q")f - fH = 0, uniformly in n.

Proof. As in the proof of Theorem 2.1, without loss generality we assume that B,(C") 1) <
1. By (1.3), for every f in Car,we have

| B (fsina) - B,§”>(f).3,§”)(smx)HQ
<[y = B2 | B (sin 0) = (B (sinw))*+ B (cos” x) — (B{ (cos )’

=B - By

<20IfI”- [ B (1) - (B (sinw))* ~(B{" (cos2))*||.

[[|B @) = (B (sin@))*~ (B (cos )’

Considering hypothesis we conclude that
liin "B,i")(f sinz) — B,in)(f).Blg")(sin x)H = 0, uniformly in n.

Observe now that
’ B,(Cn)(fsinm) — fsian

< ‘)Blg”)(fsinx) - B,g")(f).B,gm(smx)H HB,Q")(f).B,gm(smm) - fsian.

It li}gn HB,(C”)f — fH = 0,(uniformly in n) then lilgn HB](Cn)(f sinz) — fsian =0,
(uniformly in n). We obtain similarly that liin )‘B,i")(f cosx) — fcosa:H = 0, (uniformly

in n). By taking h = 1,sinx,cosz instead of f then (2.1) holds for h = sin™ x cos’ z
for all nonnegative integers m and ¢, which ensures that it is valid for h = sinmz. costz
for all such m and ¢. Thus (2.1) holds for every trigonometric polynomial p, and since
the latter functions are dense in Car. (see [24],p:190) we have for every f in Ca. that

li}gn “Blin)f — fH = 0, uniformly in n. O
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We next consider the space C(D) of complex-valued continuous functions f on the
closed unit disk D = {2z : |z| < 1} in the complex plane.

In what follows we require the following

[B] Lemma. [27] If L is a positive linear operators on C'(D) with L(1) < 1, then

V(h) = L(h*) = |L(h)]* > 0

for every h in C(D). Morever, for f and g in C(D) it is the case that

IL(fg) — L(f)L(g)|> < V)V (g)
(24)  |L(f9) = LA)L@)] < V(O [V (g)|

We now give a Korovkin type approximation theorem for a sequence of positive linear
operators defined on C'(D) via A— summation process.

2.3. Theorem. Let A := {A(")} be a sequence of infinite matrices with non-negative

real entries. Assume that {L;} be a sequence of positive linear operators from C(D) into
C(D) for which (1.5) holds. If,

liin HB,(Qn)h — hH = 0, uniformly in n,

for all b = 1, z, |z|?, then {L;} is A— summation process on C(D) i.e., for every f €
(D),

liin HB,(C")f — fH = 0, uniformly in n.
Proof. We may assume that B,(cn)(l) < 1 for all n, k. Since (2.4), we have
2 2 2
[0 en - m e o < |80 - el |aear-[se ol |

<2||f|I*

B ()= .

By the hypothesis we get

2

liinB](Cn)ﬂz\Q) =|z)° = h,?l ’Blgn)(z) , uniformly in n,

this implies that
liin HB,(C”)(zf) - B,g")(z).B,g")(f)H =0, uniformly in n.
We can write
B = 21| < || B G0 - B @B ()| | B ) B () - 2|

if li}gn HBl(cn)f - fH = 0, (uniformly in n) then li}gn HB](Cn)(zf) — zf” = 0, (uniformly in

n). We obtain that (2.1) holds for h whenever it holds for h. Here by taking h =
1,z,]|z|? instead of f, (2.1) holds for h = z™.z* for all non-negative integers m and k,
hence for every polynomial in z and Zz” By Stone’s theorem (see [24],p:165) the set of all

such polynomials is dense in C(D), so (2.1) holds for every f in C(D).
]
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3. A Korovkin Type Approximation Theorem via Statistical Con-
vergence
In this section we give simple proofs for statistical analog of Korovkin’s theorems
considered in [9] and [13], also using A—statistically convergence, we extend a Korovkin
type result for positive linear operators over the space C(D).
First we recall the concept of A—statistical convergence. Let A := (ajn), j,n = 1,2, ...,
be an infinite summability matrix. For a given sequence = := (z,), the A—transform
of z, denoted by Ax := ((Azx);), is given by (Az); := > ajnZn, provided the series

converges for each j. The matrix A is said to be regular if lim;(Ax); = L whenever
lima = L [12].Suppose that A is a non-negative regular summability matrix. Then z is
A—statistically convergent to L if for every ¢ > 0

lim E ajn = 0.
n:lxy, —L|>e

In this case we write st4 —limz = L ([11],[17]). The case in which A = C}, the Cesaro
matrix of order one, reduces to the statistical convergence ([10],[11]). Also if A =1, the
identity matrix, then it reduces to the ordinary convergence.

Note that, if A = (a;n) is a non-negative regular matrix such that lim; max, {a;»} =0,
then A—statistical convergence is stonger than convergence [17].

3.1. Theorem.Let A = (a;,) be a non-negative regular summability matrix. Assume
that {L,} be a sequence of positive linear operators from C [a,b] into C [a,b] . If,

(3.1)  sta—lim|L,h—h| =0.
for all h = 1, , 22, then, for every f € C[a,b]
sta —lUm||L,f — f|| = 0.

Proof. As in the proof of Theorem 2.1 , without loss of generality we assume that in
L, (1) <1 for all n. By (1.2), for every f in C'[a,b] and for all n , we can write

(32)  |Ln(zf) = Lu(@)-La(N)I* < [ Ln(@®) = (La(@))* | | La(f*) = (La(H))?]] -
Since ||L,|| < 1, we get

1Ln(F%) = La ([ < ULl (£ + 117 < 2115117
by hypothesis we obtain that

sta — lirrln Ly () = 2° = sta — 1i7£n(Ln(x))2

this implies that the right-hand side of (3.2) is A—statistically convergent to zero. Observe
that

[Ln(@f) = 2 fll < | Ln(zf) = Ln(@)-La (NI [ Lo () La(f) = 2]
If sta—lim||L,f — f|| =0, then it follows from (3.2) that

sta —lim||Ln(zf) —zf] = 0.

Here by taking h = 1, z,2? instead of f. We see that (3.1) holds for h = z™ for m =
0,1,2,....Since Ly, is linear, (3.1) holds for every polynomial p. Since ||L,|| < 1 for every n,
theorem follows from the Weierstrass theorem asserting the norm-density of polynomials
in C[a,b] . O
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3.2. Theorem. Let A = (a;n) be a non-negative regular summability matrix. As-
sume that {L,} be a sequence of positive linear operators from Car into Car. If,

sta —lim||L,h — k|| = 0.
for all h = 1, sinx, cos x, then, for every f € Car

sta —lm||L,f — f|| = 0.

Proof. As in the proof of Theorem 2.2, there is no loss of generality in assuming that
L, (1) < 1. By (1.3), we have for every f in Cor,
|Ln(fsinz) — Ln(f).La(sin)|®

< ||Ln(f2) — (Ln(f))2|| HLn(sin2 x) — (Ln(sinz))® + Ly(cos® x) — (Ln(cosm))QH
[ 2a () = (Ll D] [ n(1) = (L(sin))? — (Ln(cos 2))7]
<2 £ |[La(1) — (La(sing))? — (La(cosa))’|
By the hypothesis we have
sta —lm||Ly(fsinz) — Ln(f)Ln(sinz)|| = 0.
This implies that st4 — limy, ||L,(fsinz) — fsinz| = 0 whenever
sta —lm||Lnf — f|| = 0.We see similarly that st4 — lim, |[|L,(f cosz) — fcosz| =0 in

this situtation. Thus (3.1) holds for h = sin™ x cos’ z for all nonnegative integers m and
t, which ensures that it is valid for h = sinmaz. costz for all such m and ¢.Thus (3.1)
holds for every trigonometric polynomial p, and since the latter functions are dense in
Car.(see [24],p:190) we have for every f € Car that

sta —lUm|| L, f — f|| = 0.
O

3.3. Theorem. Let A = (a;n) be a non-negative regular summability matrix. As-
sume that {L,} be a sequence of positive linear operators from C(D) into C(D). If,

sta —lim||L,h — k|| = 0.
for all b = 1, z, |z|?, then, for every f € C(D)
sta —lim||L,f — f|| = 0.

Proof. We may assume that L,(1) < 1 for all n. It is evident that (3.1) holds for h
whenever it holds for h. The estimate (2.4) guarantees that (3.1) holds for h = z™.2*
for all nonnegative integers m and k, hence for every polynomial in z and Z. By Stone’s
theorem the set of all such polynomials is dense in C(D), so (3.1) holds for every f in
C (D).

O

Note that if we replace A by the identity matrix we get the complex Korovkin theorem.
3.1. Remark. Now we exhibit two examples of sequences of positive linear operators.
The first one shows that Theorem 3.3 does not work, so the classical Korovkin theorem
does not work either; but Theorem 2.3 works. The second one gives that Theorem 2.3
does not work but Theorem 3.3 does work. In order to see this let {L;} be a sequence of
positive linear operators from C(D) into C(D) satisfying the hypothesis of the classical

complex Korovkin theorem. Assume now that A = {A(")} = {ag.)} is a sequence of
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infinite matrices defined by a,(g) =1/kifn < j <n+k, and a,(g? = 0 otherwise. In
this case A—summability method reduces to almost convergence.. We also take A =
C; in Theorem 3.3. In this case A— statistical convergence reduces to the statistical
convergence. Then consider the following two examples.

(a) Take (u;) = {(—1)7}. Note that u is almost convergent to zero [19], but it is not
statistically convergent [11]. Now define

Ti(f;2) = (14 u;)Li(f;z) for all f € C(D).

Then observe that {7} satisfies Theorem 2.3, but it satisfies neither the classical Ko-
rovkin theorem nor the present Theorem 3.3.
(b) Consider a non-negative sequence (u;) which is statistically convergent to zero but
not almost convergent. Such an example may be found in [21]. Proceeding exactly as in
the case (a) we can construct a sequence of positive linear operators so that it is statisti-
cally convergent to the identity operator but not almost convergent. These two methods
are incompatible [21].

The examples given above suggest that if the sequence of positive linear operators
does not converge then we can use alternatively either almost convergence method or
statistical convergence method to get some Korovkin type approximation results.
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