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A VORONOVSKAYA TYPE THEOREM FOR
q¢-SZASZ-MIRAKYAN-KANTOROVICH OPERATORS
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Abstract. In this work, we consider a Kantorovich type generalization of
g-Szasz-Mirakyan operators via Riemann type g-integral and prove a Voronovska-
ya type theorem by using suitable machinery of g-calculus.
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1. INTRODUCTION

In [5], Butzer introduced the Kantorovich variant of the Szasz-Mirakyan
operators as
k+1

Kn(f;z) =ne™™ ) (”,f?kﬁ "fdt z>0

k=0 n

for each n € N and f € L'(0,00), the space of integrable functions on un-
bounded interval [0,00). The LP(1 < p < oo) saturation and inverse the-
orems for the Szasz-Mirakyan-Kantorovich operators were studied by Totik
n [19]. Bezier variant of the Szasz-Mirakyan-Kantorovich operators were in-
troduced by Gupta, Vasishtha and Gupta in [8], where the rate of conver-
gence of these operators for functions of bounded variation was measured.
Moreover, approximation properties of these operators for locally bounded
functions have been investigated recently by Gupta and Xiao-Ming Zeng in
[9]. In [7], Duman, Ozarslan and Della Vecchia constructed a modified Szasz-
Mirakyan-Kantorovich operators and introduced a better error estimation and
a Voronovskaya type theorem. Another interesting modification of Szasz-
Mirakyan-Kantorovich operators has been carried out by Nowak and Sikorska-
Nowak in [I5], where the operators are defined for Denjoy-Perron integrable
functions f. The authors have obtained an estimate for the rate of pointwise
convergence for such operators at the Lebesgue Denjoy points of f.
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In 1996, Phillips’ generalization of Bernstein polynomials by using ¢g-integers
[16] has brought up a new point of view to the theory of approximation by lin-
ear positive operators. There are numerous works dealing with this approach.
Some are in [2], [3], [4], [6], [11], [12], [13], [20], [21] and references therein.

In this work, we consider a Kantorovich type generalization of ¢-Szasz-
Mirakyan operators, introduced by Aral in [4] with the help of the Riemann
type g-integral defined in [I4] and prove a Voronovskaya type theorem. Ob-
serve that a different form of ¢-Szasz-Mirakyan-Kantorovich operators has
been studied in [I13] by Mahmudov and Gupta.

2. NOTATION AND CONSTRUCTION OF THE OPERATORS

In this section, we first mention some well-known definitions of g-calculus.
Next introduce the g-Szasz-Mirakyan-Kantorovich operators via Riemann type
g-integral.

Let ¢ > 0 be a fixed real number and n be a nonnegative integer. The
respective definitions of the g-integer [n], and the g-factorial [n],! are (see [1])

o (e
7 n ifg=1"

[n],! = {[1]q[2]q“’[n]q ifn>1

The two g-analogues of the exponential function e are given by

1 . 1
= ors 1t <19 ldl <1

[n]q!
and
o n(anl)
Eyw) =3 " = (<(1— iqos; 7 €R, gl <1,
n=0
where (2; )0 = H(l — 2¢"1) (see [10]). We know that
k=1
eq(2)Eq(z) =1
and

lim ey(z) = lim E,(x) =e".
q—1— q—1-

In [4], Aral defined the ¢-Szasz-Mirakyan operators as follows:

(21) Sifia) = B, (-l qbn)Zf(“““”")[kﬁ’;“éi?fm v € [0, e )

wheren € N, 0 < ¢ < 1, f € C[0,00) and (by,) is an increasing sequence of pos-

itive numbers such that lim b, = co. He proved a Voronovskaya type theorem
n—oo
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using g-derivatives and also obtained convergence properties of these opera-
tors and their derivatives. Note that the operators defined by (2.1) are the
g-extension of the Szasz-Chlodovsky operators introduced in [18] by Stypinski.
From [4] we have

(2.2)
Sl(eg;x) =1
Si(er;z) ==

Si(eq;x) = qz? + []

2
Sz(eg;l') :q3x3_|_(q —|—2q) [n] $ + ([n} ) x

, . 4 b\ 2 3
Siesia) =g+ (@ + 20" +30°) o’ + (6 + 3¢+ 30) () 2*+(P) =,

where e, (t) :=t", m =0,1,2,3,4.

Now assume that 0 < a < b, 0 < g <1 and f is a real-valued function. The
g-Jackson integral of f over the interval [0, b] and over a general interval [a, b]
are defined by (see[L0])

b 0o
/0 f@)dgr = (1— b3 £ (b6
=0

/ab f(x)dgz = /Obf(x)dqx — /Oa fz)dgz,

respectively, provided the series converge. It is easily seen that the inequality
f(z) > 0 for all € [a,b] does not ensure that f;f(x)dqx > 0. This fact
may not be convenient in order to guarantee the positivity of our operator.
On the other hand, since the g-Jackson integral contains two infinite sums,
in obtaining the g-analogues of some well-known integral inequalities which
are used to estimate the order of approximation of linear positive operators
involving g-Jackson integral, some problems are encountered. Because of these
circumstances, we consider the Riemann type g-integral introduced in [14]

and

(2.3)  Ry(f;a,b) = /f x— (1-¢q)(b—a) Zf a+ (b—a)g )q]

7=0

to construct a Kantorovich variant of the operator defined by (2.1).
With this motivation, we now introduce the Kantorovich type generalization
of the ¢-Szasz-Mirakyan operators as follows:

[k+1]gbn

T > nlgz)* [n [”}q
@) Kuglfio)=Ey (~02) Y (e B fn SO
k

= nlq
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by, . . .
where z € [0, m), n €N, 0<qg<1, fis Riemann type g-integrable on

[[%T, [kﬁ}]:b"] and (by,) is an increasing sequence of positive numbers having

the property lim b, = co.
n—oo

3. AUXILIARY RESULTS

In this section, we give some lemmas which will be used to prove our main
result.

LEMMA 1. Let m be a nonnegative integer. Then we have

[n] m k n m n m=
o) = fugge” 0= 5230 (7) ()" Cnatart
[nlq =0
where e, (t) :=t"™ and
lmfl
b, m—l —1)°

(3.1) Crni(q,bn) = (m) Z( s )[l(jer)l}q'

5=0

Proof. From (2.3) and binomial formula it follows that

— by N ( [Hlgba by, Klabn N 5\
Ing(em) = (1= @) G > ( o+ (W + (g — 1)ﬁ> qJ) &

_ Fby ikl my (b Kb \* ([ [Klabn \™ "
= W= D@ (f + @ -0 I) ()

Interchanging the order of summations over ¢ and [ and then taking s =i — [
in the obtained result, one may write

m m A i -

huten) = £ 3300 (%52)" (o) T
k ot m n m—l ” oo 1yt
- q[n?: ;Z_l: s C%Z ) <[$m> (q[z'+11)]q

m m—l ! .
= q[Z?: Z Z!(ﬁiZ)!s!((er:zlz!s)! (%in) ([?ﬁ) [l(i;i)uq =
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m m—l lm_l —1)°
_ q[’:j,; Z (7}1) ([k[;f}[;”> (ﬁ) Z (ms—l) [l(isi)l]q

=0 s=0
b Ny (g )™
- q[n]q Z (l) ( [n(,;{]q ) CmJ(Q? bn)a
=0
where each Cy, (g, by) is given by (3.1). Thus the proof is completed. O

Now, by means of the Lemma 1 we can evaluate K, ;(em; ).

LEMMA 2. Let m be a nonnegative integer. Then for the operator K, 4(f;x)
defined by (2.4), we have

m
nq 6m7 Z ml Q7 Sq(em—l;x)a
=0

where Cp,1(q,b,) and Si are given by (3.1) and (2.1), respectively.

Proof. Taking into account the definitions of K, , and S; we immediately
obtain that

Kn7Q(6m§ x) = ( )
<9”>Cmvz<q’bn>{Eq ) ()"}

(T) Crni(q, bn) S (em—i; ).

I
NE

N
I
o

I
NE

T
=

COROLLARY 1. For the operator K, 4(f;x) defined by (2.4) we have

(3'2) Kn,q(em 37) = CO,O((L bn)
(33) Kn,q(el; :17) = Cl,O(q; bn)x + Cl,l(Q7 bn)a
(3.4)

Knq(e2;2) = Ca0(q, by)qz® + { - C20(¢, bn) +2C2.1 (g, bn)} x4 C2(q, by)
(3.5)
Konq(es; ) =Cs,0(a, ba)a*e® + { (¢ + 20) £4-Cs.0(, bn) + 34Cs1 (g, bn) | 22
by )2 b
+ (ﬁ) C3,0(q,0n) +353-C3,1(q, bn) +3C32(q, bn) p
b

+ 03,3 (Qa n)
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and
(3.6)
Ko g(es;2) =Cao(a,bu)a®* + { (® + 26" + 3¢) &4 Cuo(g, bu)

2
+44°C11(q,bn) fo° + {(q3 +3¢2+39) ({4 ) Caola,bn)

+4(¢* + QQ)bfTCm(q’ by) +6C42(q, bn)} z?

[nlq
+ { ([7%)3 Cuo(q,by) +4 (ﬁ)z Ca,1(q,bn)

6.2 Cr.2(0,bu) +4C13(,b0) | & + Caa(a,bo).

[nlq

In the equalities (3.2) — (3.6), the coefficients Cy,1(q,by) for m =0,1,2,3,4,
1=0,1,2,3,4 are listed below:

Coo(q,bn) = 1,

Cro(a:bn) = 1+ B

C1,1(q,by) = ﬁ [nﬁlq’

Co0(q,bn) =1+ 2([%111) 4 (q[gﬁf’
Caalarbn) = (f; + ) i

Co,2(4:bn) = 7 (ML :

Caolabe) = L+ .2+ S +

1
q
2(g—1 -1)%\ b,
CS,I(van> = (ﬁ + (é]q ) + (q[‘ﬂq) >

[
Cuo(g,bn) = 1+ 2 4 SEAE | Mg Al | (a2l

7, 8 i, Ble
_ (1 | 3(g=1) | 3(¢g=1)% | (¢=1)3\ b,
C4vl(q’bn)—<[21q+ B, t o, T, )[n]q’

Caa(a,bn) = <ﬁ + X (q[g]lq)2> (b*")Q,

[nlq

Cia(q,bn) = [% (b*"

]
Using Lemma 2 and (2.2), it can be proved by direct calculation. So we
omit it.
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In the light of Corollary 1 and the linearity of K, ;, we now introduce the
following Lemma without proof.

LEMMA 3. For the operator K, 4(f;x) defined by (2.4), we have
(3~7) Kn,q(@x? l’) = {Cl,O((L bn) - 1} T+ Cl,l(‘]a bn)

(3.8)
Kng(92;2) ={qC20(q,bn) — 2C10(g, by) + 1} 22

+ { 2 C2.0(a, bn) +2C21(a, ba) = 2C11(a,bn) } 2 + C2(a, bn)

and
(3.9)
Kn,q(@i§ $) =

= {a"Cu0(a.b2) ~44*C.0(,b) +6aC20(q,b) ~4C1 0(q, ba) +1 o
[n]q

+ {(q5+2q4+3q3)1’"04,o(q, bn) +4¢°Ca1(4,bn) — 4(¢* + 20) 1 C3,0(a; bn)

—12¢C51(q, bp) +672-C5,0(q, b H12C2,1 (g, bn) —4C1,1 (g, by) (2
[n]q

[nlq

2
+ {(q3+ 3¢°+34) ({4:) Ca0(a,bn) +4(* + 20) &4-Cu1(a,bn)
2
+64Ci.2(ab) = 4 () Cao(abn)

— 122205 1(g,by) — 12C32(q, bn) + 6Ca.2(q, bn)}fﬁ2

[n]q
3 2
+ { <[5’ﬁ) Cy0(q,bp) +4 ([fﬁ) Cy1(q,bp) + 6[:%04,2(% bn)

+ 404,3(Q7 bn) - 403,3((]’ bn) }l’ + 04,4(q’ bn)7
where @, = e; —x and the coefficients Cy, (g, by) for m = 0,1,2,3,4, | =
0,1,2,3,4 are given as in Corollary 1.

Now, with the help of the Lemma 3, we can evaluate the following limits
which will be essential in the proof of the main theorem.

LEMMA 4. Let (g) be a sequence in (0,1) such that lim ¢, = 1 and
n—oo

lim 22 = 0. Assume also that there is some a > 0 and some ng € N
n—oo [n]Qn

such that
bn,
a§ m fO?” (Lll nZTLO.
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Then for every x € [0,a) we have

(3.10) Jim Blin K, g0 (005 7) = §
(3.11) Jim o ¢, o (210) =@
and

(3.12) Tim ek, g, (phs7) = 0.

Proof. Using the fact le b, = oo from (3.7) it readily follows that

lim e £, 0, (i) = Tim Bl {(Co(gn,ba) = 1)@ + Cua(ga,ba)}

n—oo
= i (i e+ )

n—oo [Q]ann
o qn—1 1
= lim ([mnbnx + [21%)
1
— 1L

Now from (3.8), we can write
K?’L7Qn (()037 1’) = {qCQ,O(an bn) - 2CI,O(Qn; bn) + 1} .1'2
+{ 2Co0(an, ba) +2C1 (g bu)-2C1.1 (dns bn) f 2+ Co2(dns bn)

_ _ 2(gn—1)2 | gnlgn—121 .2 2(gn—1) | =1\ b,
—{(q" D+ =+ E }f”+(1+ 2o +[3}qn)[n}qn$

b ()

and

n n—. 2 n(Qn—. 2 N)gn

2(qgn—1) | ¢2-1 1 by
+ (” Bl T+ [a}qn)“ Blon ilen
_ 2(gn—1) | qnlgn—1) | go-1_2 2(qgn—1) | ¢2-1
—{(H Rl T Bl } T +(1+ 2l +[31qn>”5
1 [
T Blaw Ml

Since lim ¢, =1, lim b, = oo and lim 2~ = 0 this gives
n—00 n—o00 n—oo Man

Similarly it can be shown that (3.12) holds. O
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4. MAIN RESULT

Now, we can establish a Voronovskaya type result for the operator K, (f;x)
defined by (2.4).

THEOREM 1. Let (qn) be a sequence in (0,1) such that lim ¢, = 1 and
n— oo

lim 22— = 0. Assume also that there is some a > 0 and some ng € N such
n—oo [n]an
that

bn,
(Ig m fO?” all nZTL(].

Then for every x € [0,a) and every function f € Cp[0,00), the space of
continuous and bounded functions on [0,00), which is twice differentiable at x
one has

lim T (K g, (/) = f(x)) = T,

n—oo “n

Proof. Follows by Lemma 4 and Theorem 1 in [I7]. O
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