Palestine Journal of Mathematics

Vol. 12(1)(2023) , 352-360 © Palestine Polytechnic University-PPU 2023

Quantum Calculus and Norlund integrability

A. Sudhakar, Banitamani Mallik, *Birupakhya Prasad Padhy and Umakanta Misra
Communicated by V. Lokesha

MSC 2020 Classifications: 40E05, 05A30, 26A03
Keywords and phrases: g-calculus, Cesaro integrable, Norlund integrability, Tauberian theorems, Jackson integral.

The authors would like to thank the Editor and the anonymous referees for their valuable comments and suggestions,
which helped us to improve the quality of this manuscript.

Abstract. Quantum calculus is the modern technique vastly used for the investigations in
calculus. Summability theory is the theory of assigning sums, that is fundamental in analysis,
has wide range of applications concerning with infinite series and Fourier series. In the present
article, we have established some properties on Norlund integrability and Tauberian theorems by
defining the Norlund integrability method in quantum calculus.

1 Introduction

g-calculus often known as quantum calculus is a methodology that is similar to classical calculus
but focuses on obtaining g-analogous findings without employing the concept of limits. It is a
modern technique which is applied in different field of mathematics such as theory of numbers,
combinatorics, orthogonal polynomials etc. since last decades of twentieth century. It has also
wide applications in different field of science particularly in the areas like quantum theory, the-
ory of relativity and statistical mechanics of physics. Hence g-calculus is a bridge by which
mathematicians and physicist share their views in the same ground.

The theory of summability has a wide range of usage in analysis and practical mathematics.
Engineers and physicists who work with the Fourier series or analytic continuation will find the
concept useful in their work. The idea of summability has been used to a sequence of fuzzy
numbers as well as ergodic theory theorems. A summability technique is essentially a function
from the set. A summability method is a function that returns a value from a set of partial sums
of a series. Summability is the theory of assigning sums, which is fundamental in analysis, func-
tion theory, topolgy, and functional analysis in its broadest sense. Summability approaches for
continuous functions are becoming increasingly prominent in recent years. Currently, a number
of significant classical works are being released.

Throughout the paper, the functions that are dealt with are real valued functions and the numbers
are real. For any function f(¢) defined on [0, o) let

s(t) = /Otf(x) da. (1.1)

The above function s(t) is Cesaro integrable, if there exists a finite number s such that

t
%/ s(z)dx = s, ast — oo. (1.2)
b Jo

For any non-decreasing function p(¢) on [0, o), let

Pi= [ p(x) do. plx) £ 0, p(0) = 0 (13)
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The function s(¢) is Nérlund integrable, if there is a finite number s for which

P(lx)/o p(t) s(t) dt = s, asx — . (1.4)
It is clear that, Norlund integrable method is regular. That is, (1.4) is true whenever (1.2) holds.
But (1.4) does not imply (1.2) always. However, by a suitable additional condition to s(x),
(1.4) implies (1.2). Such type of conditions are usually termed as Tauberian conditions, named
after the famous mathematician A.Tauber, and theorem associated with those conditions is called
Tauberian theorem.

2 g-calculus

In order to justify the article, some definitions and properties on g-calculus that are related to this
work have been presented in this section.

2.1 Definitions

Definition 2.1. For a real valued function ¢(¢) and a number ¢, the g-differential of ¢(¢), usually
denoted as d,¢(t) is defined as [7]

de(t) = (qt) — &(t) 2.1
Clearly d,t = (g — 1)t. For any two functions ¢(t) and 1 (¢), we have [7]
dy($()0 (1)) = lat)dgtp(t) + (t)dgo(t) 22)

Definition 2.2. D,¢(t), the g-derivative of the ¢(t), is defined by [7]

Dyole) = ) - ) = o) 23)

In particular, if ¢(¢) is differentiable, then

lime o Dyo(t) — 900 2.4)

Clearly, Leibnitz notation % is a ratio of two infinitesimals, on the other hand ¢-derivative is

simply a ratio.
In particular, for ¢(¢) = t™, where m is a positive integer

m qtm_tm qm_lmf m—
Dat™ = ((q)— o g1 L= e ()
where
[m] = q;niill = qm_] + ...+1-

For any two functions ¢(¢) and ¢ (t) and two constants a and b

() Dq(a o(t) + b(t) = aDng(t) + quZZ’(t) (2.6)
(11) Dqg(o(t) (1)) = ¥(t) Deo(t) + ¢(at) Dyib(t) 2.7
and
o)\ _ (1) Dyo(t) — ¢(t) Dyyp(t)
(i) Dy (555) = ORECD) 29
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Thus, similar to differentiation in classical calculus, we too derive product rule and quotient
rule in g-differentiation. However, the chain rule for ¢-derivative, in general, does not hold. As
an exceptional case for the functions of the form ¢(v(t)), where, for the constants o and 3,
v(t) = at?

(ag’t?) - ¢(at’)

Dy¢p(v(t))] = Dyld(at?)] =

qt — t
_ ¢(ag’t?) — p(at?) agft’ — atP)
N agft — ath qt — t
_ ¢(d°v) — o(v) v(gt) — u(t)
N ¢fv — v qt — t
and therefore,
Dy¢p(v(t)) = (Dgsd(v(t)) - Dyv(t). (2.9)

similar to classical calculus. On the other hand, for v(t) = ¢ + t*> and v(t) = sin t, the quantity
v(qt) can not be presented in some form of v easily. Hence, it is impossible to have chain rule,
in general.

Definition 2.3. Suppose D,¢(t) = ®(t). Then the function ¢(t) is called a g-antiderivative of
d(t). It is denoted by [ P(t) d,(t).

It is to be noted that in quantum calculus, it is not necessarily true that D,¢(t) = 0 if and
only if ¢ is constant. Further, if ¢(t) is expressed as a power series ¢(t) = >~ ;a, t™, then
¢(t) has a unique g-antiderivative up to a constant term, which is

(oo}

ant’n+l
/qS(t) dgt = Z[n—l—l] +C (2.10)
n=0

Definition 2.4. The Jackson integrals of ¢(¢) over the intervals [0, k] and [0, 00) are defined
respectively by

k oo
/0 $(t)dgt = (1—q)kY_ o(kq") q" 2.11)
n=0
/ Todt = (1-q) S 6" ¢" 2.12)

if the series are absolute-convergent.

Thus, the integral in (2.11) is the sum of the area of an infinite number of rectangles, as shown
in figure-1 [7].

fe)

@b q*b  qb b

Figure 1. Jackson Integral
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If ®(¢) is a g-antiderivative of ¢(t) at ¢ = 0 and ®(¢) is continuous, then we have
b
/ 6(t) dt = D) — D(a) 2.13)
Further, for any function ¢, we have
t
Du( [ o) dyr) = o(t). (2.14)
0

In g-calculus, the change in order of integration is given by

/Ow /Otéf’(S)dqsdqt = /Ox /qj¢>(s)dqtdqs. (2.15)

Further, it is noted that, for n € R,

T . B i zq™
/0 ot = — /O (1) dyt . (2.16)

Definition 2.5.For 0 < ¢ < 1 and z € C with |z] < 137’ the g-exponential function usually
denoted by &7, is defined by[7]

n

e = Z(Zﬂ 2.17)

where (n) = %and (n)! = (1)(2)...(n).

Definition 2.6. For all = € R, g-trigonometric functions such as ¢ — sine , ¢ — cosine are defined
respectively as [7]
Eiac _ €—iac Eim + E—ix

% and COSq.’I/' = % (218)

such that —1 < Cosgz < land —1 < Singz <1

It is established by Cliesliniski [4] that

Singr =

Cosqz 4+ Cosy(qx)
2

and D,Cos,e — — >Ma® +25 ing(az) 5 19

D,Singz =

3 g-summability of integrals

For0 < ¢ < 1,wedenote R, ; = (¢" :n € Z). For a function f(¢) continuous on [0, c0), let

s(t) = /Ot (@) dyz. G.1)

Then s(z) is g-Cesaro integrable, if there exists a finite number A such thatlim,_, ., o(s(z)) = A4,

where | e
o(s(@) = + /0 s(t) dt. (3.2)

X

Further, for a non-decreasing function p(¢) delineated on [0, co), let

P = | " p(t) dyt, pl(t) # 0. p(0) = 0. (33)

Then the function s(t), as defined in (3.1), is ¢-Norlund integrable, if there is a finite number A
such that lim,_,o, v(s(t)) = A, where

V(s(t) = Ptt) /0 p(2)s(z) dyz. (3.4)

From the following theorem it is clear that g-Norlund integrability is regular. That is
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Theorem 3.1. The existence of the limit lim,_, s(t) = I, implies lim,_,, v(s(t)) = 1.

Proof. Since lim;_,, s(t) = [, fora given§ > O thereis a k > O such that |s(t) — I| < $, for
all t > k and a finite number K such that |s(t) — I| < K, for all £. Now

ps0) 1 = | [

3

()s(z) dgx — Pit)/o Ip(x) dyx ‘

ol
< — p(x)(s(x) — 1)| dgx
1 k t
< —— |pxsx—ldx+—/ p(z)(s(z) — )| dyx
B | @@ = e + 5o [ pa@eE - D14
P(k)K 5 (P(t) — P(k))
< + =
- P(t) 2 P(t)
P(k)K 0
< + —.
- P(t) 2
Clearly lim;_, o % = 0. Hence for every § > 0, there is a k; such that |P1(32§(| < %, for
t > k. Let kg = max (k,k;). Then, for ¢ > kg
lv(s(t)) — 1| <. (3.5)
Hence, lim;_,o, v(s(t)) = L.
Thus the proof is completed. O

But, in general the counter part is not always true. For p(t) = 1, the integral | gosqt + cosq(qt) dgt

0 )
is ¢-Nérlund integrable to zero, though [;f w dgt does not exist. As in the stan-

dard calculus, addition of some extra condition on s(t), lim;_,o, v(s(t)) = s may imply
lim;_, (s(t)) = s. The main purpose of this article is to establish certain Tauberian theorems
on ¢-Norlund integrability of improper integrals. Before that certain results have been presented
as follows.

Theorem 3.2. If v(s(t)) is the g-Norlund mean of the integral s(t), then

s(t) = v(s(t) = qu(), (3-6)
where w(t) = %fot P(qz) f(x) dgx
Proof. We have
v(s(t)) = P}t)/o p(z) s(z) dgx
1 [ ‘
= 55 L 2@( [ 1) du) dis
1 !
= P(t)/o f(y)(/qy p(m)dqt) dqy
1 t
= P(t)/o (P(t) - P(qy)) f(y) dgy
= [ 1@ =5 [ Plaw) 1) dy
Hence
S(t) = v(s(t)) P}t) | Pl 1) iy = +(0) (3.7)
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4 Tauberian theorems for g-Norlund integrability

An additional condition on a sequence of integrals is said to be a Tauberian condition for a given
limitation method, which with the limitability of the sequence implies the convergence of the
sequence. The theorem associated with the Tauberian condition that establishes the validity of
the condition is usually called Tauberian theorem. The first theorem of this type was presented
by the Hungerian-born Austrian mathematician Alfred Tauber [10]. So far classical summability
method for series is concerned, a,, = O(1/n) and a,, = o(1/n) are the Tauberian conditions for
Cesaro and Abel’s method of the series Y | a,, respectively. Such theorems are found in the book
of Petersen [8]. We have

Theorem 4.1. b,, = O(--) is a Tauberian-condition for (C, 1) limitable of >, by,.

1
Theorem 4.2. b,, = 0(%) is a Tauberian-condition for Abel’s limitable of > b,,.

Varheny[11], have established a Tauberian theorem on Norlund summability method.
Analogue to Tauber’s first theorem, following theorem for Cesaro integrability for continuous
function was found in the book of Hardy[6]:

Theorem 4.3. lim,_,, = d%s(x) = 0 is a Tauberian-condition for Cesaro integrable of an

integral s(z) .

Further, Hardy[6] also delineated slow oscillation concept for functions of real variables
as defined by Schimidt[9]. Dealing with Cesaro summability of integrales, Canak and Totur
([11,[2]) established certain results of Schmidt type theorem. One of the result is

Theorem 4.4. [fA is Cesaro integrable of s(x) and s(x) is slowly oscillating, then s(x) converges
to Aasx — 00.

Very recently, dealing with ¢-Cesaro integrability, Canak et al[3] generalizes the result of
Fitouchi and Brahim[5] establishing the following theorem:

Theorem 4.5. If the function s(t) is g-Cesaro integrable to s and its q-Cesaro mean be such that
forall 6 > 0, there is a k > 0 with

o(s(t)) — o(s(qt))| < 9, (4.1)
Sforallt >k, thenlim;_, o s(t) = s.

However, in the present paper we establish certain theorems on ¢-Nérlund integrability. We
prove :

Theorem 4.6. If s(t) is q-Norlund integrable to s and its q-Norlund mean be such that for all
6 >0, there is t, > 0 such that

w(s(t) — vis(at))l < e (4.2)

forallt > t,, thenlimy_,, s(t) = s.

Proof. The theorem is established in two steps. In the first step it is considered for s = 0 and in
the later step it is established for s # 0. First of all we start with s = 0. From the definition of
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v(z), we have

v@@ﬂ——v@@ﬂ)—-)l p@)ﬂxwuw—-llqzmwsu>%x

P(qt)

= W /Oq p(x) s(z) dgx + Ptt) /t p(x) s(z) dgx — P(iqt) /Oq p(x) s(z) dgz
1

x

= (3~ ) [, P00+ oy [0 o)t

xX

_ P(qt) - P(t) [ t
~ P(t)P(qt) /o p(z) s(z) dgx + 20 /qt p(x) s(x) dyx
N P(Qtz)a_t)P(t)V(S(qt)) + P((i))(P(t) — P(qt))

Hence
v(s(t)) — s(t) <wv(s(gt)) — v(s(t)). (4.3)

Therefore, by the condition, for every § > 0 there exists ¢; > 0 such that

W(s(8)) — (0] < Iolslat) — Vs < 3. 44)

Further, since ¢-Norlund integrability of s(¢) tends to zero, for every § > O there is ¢, > 0 with
(sl < 35 4.5)

for all ¢ > t,.
Letty = Max(t;,t;). Then, fort > 1,

) )
s = Is(t) =v(s(t)) +v(s)] < [s(t) =v(sO)] + (@) < 5 + 5 =06 (46)
which implies that lim; ., s(t) = 0.
If s # 0, let v(t) = s(¢) — s. Proceeding as above we can show that lim;_,, v(t) = 0 which
implies that lim; ., s(t) = 0. O

From Theorem 4.6, we derive Theorem 4.7 as a corollary.

Theorem 4.7. Let s(t) be q-Norlund integrable to s and be such that for all 5 > 0, there is ty > 0
such that

Ip(t)s(t) — plqgt)s(qt)] < 0, 4.7

SJorallt > 1y, then lim;_, o, s(t) = s.

Proof. For establishing the theorem, we need to show that v(s(¢)), the ¢g-Nérlund mean of the
integral s(t), satisfies the condition that satisfies s(¢). By the hypothesis, for every § > 0, there
exists t; > 0 such that for all ¢t > k;

() — stat)l < @8)
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For a positive finite number A, we have |s(t) — s(gt)| < A for all t. Then

(s(8) = v(s(at)] = |z [ 9t o) by = s [ o) (o)
_ P}t)/ot p(x)s(z) dyr — P(qqt)/ot plgx) s(qx) dgt
_ Ptt)/ot (1) s(z) dyr — P}t)/ot plaw) s(az) dyz |
_ Ptt) /0 " o) s(2) — plaa) s(aa) dqfv\
< o | o) s(a) — plar) )| da
< i [ W)sta) ~ lastan) dos + s [ pGo)sto) =l dye

A (5(1‘,—251)

<
=P T 2p0)
tA 4]
< Z
- P(¥) 2
Since lim;_, oo % = 0, for every § > 0, there is ¢, such that |;‘T‘?)| < 3, fort > t. Let
to = max (t1,t2). Then, for ¢ > tg
lv(s(t)) — v(s(qt))] < 6. 4.9)
Hence, using Theorem 4.6, the proof is completed. O
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