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Abstract Let A be a non-empty index set consisting of ¢ indices and oy is allowed
to be either accumulation point of A or infinity. We assume that the function K,
K, : R x R — R, has finite Lebesgue integral value on R for all values of its second
variable and for any o € A and satisfies some conditions. The main purpose of this
work is to investigate the conditions under which Fatou type pointwise convergence
is obtained for the operators in the following setting:

o0

(T f) (x) = /Ka <t, Y Piof (x +Olk,at)> dt, x € R,

Y k=1

where P, and «;, are real numbers satisfying certain conditions, at p — u-
Lebesgue point of function f. The obtained results are used for presenting some
theorems for the rate of convergences.
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1 Introduction

In the year 1962, Gadjiev et al. [5] investigated the asymptotic value of the approxi-
mation of measurable functions by integral operators of the form:

L, (f,x) = /ZP,wf (x +aot) Ko (1) dt, x eR, 0 € A, (1.1)
R k=1

where A is a non-empty set of a non-negative real parameters o, o , are assumed to

be non-negative real numbers for all values of k and o with sup {ak,g} =a* <o
k,o

and Py ., are real numbers satisfying Z,fi . |Pk,g | < M (M is independent of o ) and
Z,fi, Py, = 1forall o € A. Also, the kernel function K, : R — R satisfies some
certain conditions. The operators of type (1.1) were considered later in the works
[16, 17] presenting some theorems concerning convergence in the norms of L; (R)
and L, (R) (1 < p < 00), respectively. In these works, in order to obtain the desired
convergence, the new modulus of continuity definitions are given.

In the year 1983, Musielak [11] built a bridge between linear and nonlinear inte-
gral operators of convolution type by considering the following setting of integral
operators

T,f(y) = /Kw(x — ¥ f())dx, y € G, w e A, (1.2)
G

where A is a non-empty set of indices and K,,, K, : G x R — R, forany w € A,
is a kernel function satisfying some conditions including Lipschitz property with
respect to its second variable. For some advanced studies concerning approximation
by nonlinear integral operators, we refer the reader to [1, 6, 12, 20]. Also, for some
works, related to linear integral operators of convolution type, we refer the reader to
[2, 3,7, 14, 21].

In [9], Mamedov handled the following m-singular integral operators

m

LY (f5x) = (=1 / [Z(—nm—" (’}:) fa +kr>} Ki(dt,  (1.3)
R k=1

where x € R, m > 1 is a finite natural number and A € A which is a non-empty
set of non-negative indices, by harnessing m-th finite difference formulas. Under
certain conditions, the operators of type (1.1) may be reduced to the operators of type
(1.3). Fatou type convergence of nonlinear counterparts of the operators of type (1.3)
were studied in [8]. Also, for some studies concerning convergence of m-singular
integral operators in different function spaces, we refer the reader to [15, 22]. In
1965, Mamedov [10] studied the saturation classes of linear operators by considering
further generalization of the operators of type (1.1), that is, the summation inside the
operators runs from k = —o0 to 4-00.
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Let A be a non-empty index set consisting of o indices. Here, oy is allowed to
be either accumulation point of A or infinity. We assume that the function K, :
R x R — R has finite Lebesgue integral value on R for all values of its second
variable and satisfies some conditions. The main purpose of this work is to investigate
the conditions under which Fatou type pointwise convergence is obtained for the
operators in the following setting:

(T, f) (x) = /KU (:, Y Peof(x+ ak,gz)> dt, x € R, (1.4)

R k=1

where «; , are positive real numbers with finite supremum value for all values of k
and o, that is, sup {ox o } = a* < 00, Py, are real numbers with Y32, [Po| < M
k,o

(M is independent of o) and ) ;- Pr, = 1forallo € A, at p — pu-Lebesgue point
of function f as (x, o) — (xo,00). As in [5, 17], we also suppose that f has a
majorant function, that is, there exists a function ¢ satisfying | f (x)| < ¢ (x) < c©
for all x € R. Here, L, (R) (1 < p < oo) will denote the space of all measurable
functions f for which the Lebesgue integral of |f|” has finite value on R. The
obtained results are used for presenting some theorems for the rate of convergences.
Here, the operators of type (1.4) are obtained by incorporating the operators of type
(1.1) and (1.2).

The paper is organized as follows: In Sect. 2, we introduce fundamental notions. In
Sect. 3, we give some auxiliary theorems concerning existence and pointwise conver-
gence of the operators of type (1.4). In Sect. 4, we present a Fatou type convergence
theorem for these operators. In Sect. 5, we establish the rates of both pointwise and
Fatou type convergences by using the results obtained in the previous two sections.

2 Preliminaries

The following definition is obtained by incorporating the characterization of func-
tion p given by Gadjiev [7] which helps to generalize well-known Lebesgue point
definition and the idea used in [16, 17] in order to create new modulus of continuity
definitions. For some other p-Lebesgue point characterizations, we refer the reader
to [3, 8, 14, 15, 22].

Definition 1 Let 8y € RT be a fixed number. A point x € R satisfying the following
relations:

P »

D Pio[f(xtoust) = f)] dt| =0. 2.1)
k=1

| h

lim —/
=0 \ ()

0
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1
p 4

D Po[f(xtaust) = fW] di] =0, (22
k=1

0
. 1 /
Iim | —
=0+ \ ()

—h

where 0 < h < §j and relations (2.1) and (2.2) are independent of the choice of
o € A, is called p — u-Lebesgue point of f (1 < p < o0). Here, u : R — R is an
increasing and absolutely continuous function on [0, 8y] with x (0) = 0.

The following definition is obtained by incorporating kernel properties used in
the works [5, 17, 20]. Also, usage of Lipschitz condition is due by Musielak [11].

Definition 2 Let 1 < p < oo and oy be an accumulation point of non-empty index
set A or infinity. A family K consisting of the functions K, : R x R — R, where
K, (9, u) has finite Lebesgue integral value on R for all values of its second variable
and for any o € A and the following conditions hold:

(a) Ky(0,0) =0, forevery ¥ € Rand o € A.
(b) There exists a function L, : R — R} whose Lebesgue integral has finite value
on R for any o € A such that the following inequality:

|Ko (t,u) = Ko (2, 0)| < Lo (7) [u — v

holds foreveryt € R, u, v € Rand o € A.
(c) Forevery u € R, we have lim | [, Ko (£, Y5, Prou)dt —u| =0.
o— 0y

@) lim [f‘M Ly (1) dt] — 0 forevery & > 0.
o—0)

(e) Jlgm [f\t\>é n? (a*t) Ly (1) dt] =0 forevery £ > 0.

oo
(f) For a certain real number §; > 0, the function L, (¢) is non-decreasing on
(=41, 0] and non-increasing on [0, §;) with respect to ¢, for any o € A.
(2) fR n(a*t) L, (t)dt < Ny < oo and fR L, (t)dt < Ny <ooforallo € A (N
and N, are independent of o € A).

Here,

’

n@) = supM < 00
xeR @ (X)

Iyl=t

where ¢ : R — R™ and ¢ is an aforementioned majorant function. Throughout this
manuscript, we assume that K, satisfies above conditions.

3 Existence of the Operators and Pointwise Convergence

Theorem 1 Let 1 < p < oo such that there exists a positive function ¢ € L, (R)
satisfying | f (x)| < ¢ (x) < oo forall x € R. Then, the functions T, f € L,(R) and
the inequality
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*
1T fllp,® =M ||<P||L,,(R)/TI (1) Ly (1) dt,
R
holds for every o € A.
Proof First, under the hypotheses, the convergence of the series
[o¢]
Zpk,(,f (x =+ Olk’gl‘)
k=1
is guaranteed for all fixed ¢ € R (for details, see [5, 17]), that is,

< Z |Pk,tr| |f(X +ak,at)|

k=1
< Mg (x)n (t).

o)
ZPk,zrf ()C + ak,ot)

k=1

Let p = 1. By conditions (a) and (b), we may write

17 e = [ |[ o <f»ZPk~a £ +a,mz)> dt| dx

R IR k=1

< //L(, () |[Mo (x) n (c*t)| dtdx.
R R
In view of Fubini theorem (see, e.g., [2]), we obtain the desired result, that is,

1Tl < Mol o / n(@'t) L () dt.
R

Now, we prove the theorem for the case 1 < p < oo. By conditions (a) and (b), we
may write

1
p »

oo
1T fll,® = / /Ka (t, ZPk,of (x -ka,gt)) dt| dx
R k=1

R
P »
/LG () [Mo (x)n («t)|dt | dx
R R

IA
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Now, applying generalized Minkowski inequality to the last inequality above (see,
e.g., [19]), we have

QU

0T £l @ < / /Lg’(t>}M¢<x>n(a*t)|”dx t
R

R
= M/La t)n (ot*t) dt / lo (xX)|? dx
R R

=M llell,® /77 (a*t) Ly (t)dt.
R

The desired result follows from condition (g). Thus the proof is completed. O

Now, we give a theorem concerning pointwise convergence of the operators of
type (1.4).

Theorem 2 Suppose that there exists a positive function ¢ satisfying |f (x)| <
¢ (x) <oo forall x e R If xo € Ris a p— u-Lebesgue point of the function f
(1 < p < o0), then

01220 I(T5 f) (x0) — f(x0)| =0

provided that 0 € Ay C A on which the function

8

f (e (EDY,| Lo (D,

-
where 0 < 8§ < min {8, 81}, is bounded as o tends to oy.

Proof We prove the theorem for the case 1 < p < 00. The proof for the case p = 1
is similar. Let |15 (xo)| = [(T5 f) (x0) — f (x0)l.
From (c), we can write

|15 (x0)| = /Ka (l, ZPk,af (xo + Otk,at)> dt — f(xo)

k=1

R
+[ &, (r, ZPk.gf(x<))> ar- [ &, (r, ZPk,Uf(xo)> .
R k=1 R k=1
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Using (b), we may easily get

1o G0l = [ 3P [F (50 + o) = £00)]| Lo (1
R k=1
+ /Ko (f, ZPk,af(xO)) dt — f(xo)| .
R k=1

Since whenever A and B being positive numbers the inequality (A + B)? < 27 (AP +
B?) holds (see, e.g., [13]), we have

p
o ol =27 [ [ S° P [F (0 aor) = ]| 2o (1t
k=1
R N )
+27 /Ka (l, Zpk,of (Xo)> dt — f(xo)
R k=1
=2P(h + D).

By (c), I, tends to zero as o tends to oy. Next, applying Holder’s inequality (see
[13]) to the integral /; and condition (g), we obtain

L = / ZPk,a [f (x0+(¥k,(rt) - f(xo)] (L, (t))% (L, (l‘))édt
k=1

R

p

1 pials (o +aat) = g0 Lo @ar | | [ Lo 0a
R k=1 R

i p
(N2 /

L, (t)dt
R

P
= (N2)« Iy,

IA

IA

Zpk,n [f (x0 + akot) — f(x0)]
k=1

where % + é =1.

Since xo € R is a p — u-Lebesgue point of the function f in view of relations
(2.1) and (2.2) for all ¢ > 0, there exists a number § > 0 such that the following
inequalities hold there:

/

00 P
Y Peo [f (x0+anot) — f (x0)]| dt <&”p(h), 3.1)
k=1
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0

/

—h

00 14
Y Peo [f (%0 + anot) = f (x0)]| dt <ePpu(h), (3.2)

k=1

where 0 < h < § provided that 0 < § < min {§, ;}.
Now, we consider I;;. It is easy to see that the following equality holds:

J p
I = / + L, (t)dt
=5 =5

= I + L.

ZPI(,U [f (XO + O51(,(7[) - f()C())]
k=1

For the integral I}, we can write

p

Iy = L, (t)dt

ZPk,o [f (x0 + ko) — f(x0)]

k=1

[t]>68

o) P
D Piof (x0+akot)| Lo (1) dt

k=1

2P

|t]|>38

IA

+27 | f (xo)|” f L, (t)di
[t]>8

=27 (Inn + L) -

Under the hypotheses, we observe that

p

Iy = Ly (t)dt

o0
Zpk.of (0 + rot)

k=1

|t|>6
p

L, (t)dt

o0

P I (x0 + arot) @ (x0 + axot)
1 b ¢ (x0 + o) @ (x0)

@ (x0)

IA

MP P (xo) / n’ (o*t) Ly (1) dt.

[t]>68

Using (e) and (d), I;1; tends to O and /1, tends to 0 as o tends to oy, respectively.
Lastly, we have to show that I, tends to 0 as o tends to oy.
Obviously, 111, may be written in the form

0 )

Ly = /—i—/
s

0

p

Y Peo [f (x0+auot) = f(x0)]| Lo ()dr
k=1
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= Ii121 + 1.

For 11121, let us define

0
F (1) :=/

By (3.2) the inequality

p

D Pio [f (%0 + awov) = f(x0)]| dv.
k=1

F () =e’u(=n) (3.3)

holds for every § satisfying 0 < § < min {8y, §;}. In view of (3.3) and following
similar strategy as in [7, 14], we have

0

[1101] < 8”/// (—1) Ly () dt.
s

Similarly,
s

[1122] < 8’)/#/ (t) L, (1) dt.
0

Incorporating above results, we have

S
1112 < s”f [ (tDY;| Lo (1) dt.
-5

The remaining part follows from the arbitrariness of ¢ and boundedness of
fis ‘{u (|t|)};] L, (t)dt as o tends to op. This completes the proof. m]

4 Main Theorem

In this section we will prove the Fatou type pointwise convergence of the operators
of type (1.4). For the original description, we refer the reader to Fatou [4]. Some
related works may be found in [5, 8, 14, 18]. For this purpose, we suppose that for
a sufficiently small number § > 0 such that the function 25 given as

8 o0
Q(x,0) = /Z | P | |f (x + ctat) = £ (x0 + atot)| Lo (1) dr,

7 sk=1
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where 0 < § < min {§y, 8;}, is bounded on the set defined as
Zes={(x,0) e Rx Ay :Qs(x,0) <C},

where C is positive constant which can be made arbitrarily small, as (x, o) tends
to (xg, 0p). Here, this set is given before the theorem, but it can be given inside the
theorem up to desire.

Theorem 3 Suppose such that there exists a positive function ¢ satisfying | f (x)| <
¢ (x) <oo forall x e R If xo € Ris a p— u-Lebesgue point of the function f
(1 < p < o0), then
lim (T, f) (x) = f(x0)| =0
(x,0)—(x0,00)

provided that (x,0) € Zc ;.

Proof We prove the theorem for the case 1 < p < 00. The proof for the case p = 1
is similar. Let 0 < |xg — x| < % for a given 0 < § < min {&, 8;}.
Now, set I, (x) = |(T, f) (x) — f(x0)|. Let us write

Ko (t,
R

2

o ()| =

/
[x (

R

Prof (x +akqt) | di — f(xo)

x~
Il

32

=~
Il
-

k=1

00
Prof (x —I—C\lk‘gt) dt — K, (l‘, Zpk,af (XO + ak,ot)) dt

)
+ Ko (tv ZPk,af(XO +O‘k,at) dt — f(xp)

k=1

It is easy to see that

V4
I, (x)|? <2F / L, (t)dt

R

ZP](,O' [f (X + Olk,gt) —f (XO + ak,gt)]
k=1

P

+27 /Kg (r, ZPk,Uf (x0 +ak,gt)> dt — f(xo)

R k=1
=2"{lL + b}.

Clearly, by Theorem 2, I, — 0 as o tends to oy.
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The following inequality holds for I;:

0 p
I = (/ > Pro [ (x+arot) = f (v0+ o)) Lo (W”)
R k=1
N P
< /+/ S Peol|f (¢ +arot) = £ (0 +arof)| Lo (1) dr
lfl>=s —s8) k=1
- P
Y /Z|pk,(,|}f(x+ak,at)_f(x0+ak,gt)|Lg(t)dt

|t]>6k=1
p

8 o
+2P /Z |Pro| | f (x +akot) — f(x0+ arot)| Lo (t)dt
~sk=1

=27+ 12).

Applying Holder’s inequality to /;; and using condition (g), we have

P

[ee) P q
Iy < /<Z|Pk,a|> |f (x + akot) — f (x0 + arot)|” Lo (1) dt (/La(t)dt)
[f]>s k=1 R
00 P »
= f(ZIPkH) |/ (x +awat) = f (v +ewat)]” Lo () di | (N2)7
[t]>8 k=1
=1111(N2)g,

where % + é = 1. It is easy to see that

0 P
1111§2p/ (Z|Pk,o|> |f (x +auot)]” Lo (1) dt

f]>8 k=1

00 P
+2p/ <Z|Pk,a|) | (%0 + arot)|” Lo (1) dt.

lf]>8 k=1

Following same strategy as in Theorem 2, we have

I < 2PMPgP (x) /nl’ (a*t) Ly (1) dt
|t]>8
+2"MP " (x0) / 0’ (at) Lo (1) dt

[t|>8

=Iun + .
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Using condition (e), 13111 — 0 and 11112 — 0 as (x, o) — (xo, 0p). The result
follows from the hypothesis on the integral I}, Thus the proof is completed. O

5 Rate of Convergence

Theorem 4 Suppose that the hypotheses of Theorem 2 are satisfied. Let
5
8.8 = [ by Lowar
-

where 0 < § < min {8, 81}, and the following conditions are satisfied:
(i) A(o,$) tends to 0 as ¢ — o for some § > 0.

(ii) For every & > 0, we have

/ L, (1) dt = 0(A(o, 8))
Ir>&
as o — 0y.

(iii) Forevery £ > 0 and 1 < p < oo, we have

n’ (1) Ly (1) dt = 0(A(0, 8))
lt]>§

as o — 0.
(iv) Letting 0 — o, we have

p

/ K, (t, > Piof (m)) dt — f (x0)| =0(A(0,9)).
k=1

R

Then, at each p — p-Lebesgue point of f (1 < p < 00), we have
(T5 f) (x0) — f (x0)|” = 0(A(0, §))

as o tends to oy.
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Proof By the hypotheses of Theorem 2, we have

s
I(T5 f) (x0) — f (x0)|” < €727 (N2)§/|{/~'L(|t|)};’La () dt.
-

+ 2097 () N b7 [ 7 (@) Lo (0.

[t|>6

+ 2P (N 1S ()l / L, () di

|t|>8
P

+ 27 fKa <l, ZPk.af(x0)> dt — f (xo)

R k=1
The proof follows from (i)—(iv).

Theorem 5 Suppose that the hypotheses of Theorem 3 are satisfied. Let

s o0
Qs(x,0) = /Z |Peo| |f (x +arot) = f (x0+ auot)| Lo (1) dt,

7 sk=1

where 0 < § < min {8y, 81}, and the following conditions are satisfied:

(i) Qs(x,0) tends to 0 as (x, o) tends to (xg, og) for some § > 0.
(ii) Forevery &€ > Oand 1 < p < oo, we have

/ n? (a*t) L, (1)dt = 0o(Qs(x,0))
[t]>§

as (x, o) tends to (xg, 09).
(iii) Letting (x, o) — (X0, 00),

p

/Ka (f, Zpk,af (%0 +Oék,at)> dir — f(x0)| =0(2s(x,0)).

R k=1
Then, at each p — p-Lebesgue point of f (1 < p < 00), we have
(T f) (x) = f (x0)|” = 0(2s(x, 0))

as (x, o) tends to (xg, 09).

81
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Proof Under the hypotheses of Theorem 3, we may write

Ty £) () = £ x0)IP < (N2)T 2P MPgP (x) [ n? (1) Lo (1) dt

[t]>8
+ (N2) ¥ 237 MPgP (xo) f n’ (a*t) Lo (1) dt
|t]|>68
8 o p
+2% [Z |Peo| | f (x + akot) — f (x0 + akot)| Lo (1) dt

L sk=1
P

+27 /Ka (l‘, ZPk,af (%0 +t¥k,at)) dt — f(xo)

R k=1

By conditions (i)—(iii), we obtain the desired result. This completes the proof. O
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