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Abstract

In this work, we apply the concept of (p, q)-calculus or post quantum calculus to establish the definitions of (p, q)-analogues
of the natural transform of the first and second kind, which is a symmetric relation between (p, q)-analogues of the natural,
Laplace, and Sumudu transforms. Moreover, as a result of the convolution theorem, some properties and some functions present
in the table of (p, q)-analogues of the natural transform are discussed. Also, we apply them to solve higher order (p, q)-IVP with
constants and coefficients, and to show the performance and effectiveness of the proposed transform.
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1. Introduction

Integral transform techniques have been used for a long time as a significantly powerful tool to solve
some problems in various fields, such as applied mathematics, physics, and engineering. They have also
played a crucial part in a variety of theories and applications. Among numerous techniques, two of the
most frequently used techniques are Laplace and Sumudu transforms, first introduced in 1780 and 1993,
respectively. Following such introductions, in 2008, Khan [34] established a new integral transform, called
the natural transform, and applied it to the unsteady flow over a plane wall.

In 2011, Silambarasan and Belgacem [44] derived certain electric field solutions of the natural trans-
form to Maxwell’s equation in conducting media and showed that the natural transform converges to
Laplace and Sumudu transforms. In 2012, they studied some properties and applied this transform to
Maxwell’s equations describing transient electromagnetic [16]. In 2013, Al-Omari [8] applied the natural

*Corresponding author
Email address: nkamsi@kku.ac.th (Kamsing Nonlaopon)

doi: 10.22436/jmcs.029.04.06
Received: 2022-07-08 Revised: 2022-08-01  Accepted: 2022-08-25


http://dx.doi.org/10.22436/jmcs.029.04.06
http://dx.doi.org/10.22436/jmcs.029.04.06
http://crossmark.crossref.org/dialog/?doi=10.22436/jmcs.029.04.06&domain=pdf

S. Jirakulchaiwong, et al., ]. Math. Computer Sci., 29 (2023), 369-386 370

transform to some ordinary differential equations and some spaces of Boehmians. Recently, Al-Omari
and Araci [12] investigated the definition and the properties of the generalized natural transform on sets
of generalized functions.

Quantum calculus or g-calculus, is also known as calculus without limits. Euler was the first mathe-
matician to study quantum calculus in the early eighteenth, which Gauss and Ramanujan later developed.
In 1910, Jackson [27, 28] studied q-calculus in a symmetrical and introduced q-derivative and g-integral,
which are known as Jackson derivative and Jackson integral. Quantum calculus has been used in the
applications of diverse areas such as mathematics, applied mathematics, and physics; for instance, Fock
[24] studied the symmetry operators of the hydrogen atoms using the g-difference equations. Many re-
searchers have generalized and developed the g-calculus as found in [4, 5, 15, 21, 23, 30, 37, 45, 46] and
their references. Also, the fundamental explanation of the g-calculus aspects can be found in the book by
Kac and Cheung [32].

Around a decade ago, the topic of g-integral transform has piqued many researchers’ interest, leading
to various investigation forms. In 2011, Ganie and Jain [25] presented the g-Laplace transform of two
variables and sought for application to figure out a generalized form of diffusion, wave, and space-time
telegraphic equations. In 2013, Albayrak et al. [6] investigated g-analogues of Sumudu transform and
derived specific properties. In 2014, Chung et al. [20] studied the g-analogues of the Laplace transform
and pinpointed some distinct properties of the q-Laplcae transform to further the investigation. In 2018,
Al-Omari [9] proposed the g-analogues of the natural transform on many functions of a special kind with
the first kind and the second kind, and some of their respective properties. In 2020, he proposed the
g-analogues and properties of the Laplace-type integral operator in the quantum calculus [10]. Recently,
he presented the generalized g-theory of the q-Mellin transform and its specific properties in a set of
g-generalized functions [11]; see [7, 13, 48] for more details.

The post quantum calculus or (p, q)-calculus is a generalized form of g-calculus. It was first studied
in 1991 by Chakrabarti and Jagannathan [18]. It is pertinent that the direct substitution of q by q/p in
g-calculus cannot provide valid quantum calculus; however, if p = 1 in (p, q)-calculus, it will reduce to
g-calculus. In 2013, Sadjang [41] studied the concept of the (p, q)-derivative, the (p, q)-integration, (p, q)-
Taylor formulas, and the fundamental theorem of (p, q)-calculus. The studies and developments of the
(p, q)-calculus have been conducted many times as found in [1-3, 14, 17, 19, 22, 26, 33, 36, 38, 39] and
their references.

A slew of extensive research about (p, q)-integral transforms can also be seen later. In 2017, Sadjang
[40] studied the properties of (p, q)-analogues of the Laplace transform and attempted to apply those
properties to solve certain (p, q)-difference equations. In 2019, Sadjang [42] studied the (p, q)-analogues
of the Sumudu transform and gave some properties to solve (p, q)-difference equations. In 2020, Tassaddiq
et al. [47] proposed (p, q)-analogues of Laplace and (p, q)-analogues of Sumudu transforms with (p, q)-
Aleph function. Recently, Jirakulchaiwong et al. [31] established (p, q)-analogues of Laplace-type integral
transforms and use some obtained properties to apply some (p, q)-differential equations.

We are fascinated by such inspirational literature as mentioned above, and therefore, propose to extend
the g-analogues of the natural transform to (p, q)-analogues of the natural transform while giving a result
of convolution theorem, some properties, and some functions that cover (p, q)-analogues of Laplace and
Sumudu transform just by letting u = 1 and v = 1, respectively, and to apply those properties to solve
higher order (p, q)-IVP with constants and coefficients.

The outline of this paper is as follows. Section 2 consists of some basic knowledge and notations
that use in the following sections. Section 3 comprises of some properties of the (p, q)-analogues of the
natural transform. Section 4 demonstrates the application to (p, q)-differential equations. Section 5 is
about discussion, and the last section includes is the conclusion.
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2. Preliminaries

For the convenience, we give some usual notations and definitions used in the (p, q)-calculus, which
can be found in [36, 39-41]. Throughout this paper, let 0 < q < p < 1 be constants.
The (p, q)-analogue or (p, q)-number of n € IN is defined by

pn . qn
Mmlpqg=——"-. (2.1)
P9 p—gq
If p=1in (2.1), then (2.1) is the g-analogue of n or g-number.
The (p, q)-factorial is defined by

[n] | — {H?_l[]‘]p'q = [n]P,q [Tl— 1]p,q te [Hp,q, forn > 1,
P.q:

2.2
1, forn =0. 22)

If p =1in (2.2), then (2.2) is q-factorial. The (p, q)-binomial coefficients are defined by

n _ np,q! :( n ) 23
(j)p,q (lp,q!n—jlp,q! n—j/pq 23

for 0 <j < n. If p=1in (2.3), then (2.3) reduces to the g-binomial coefficients. The (p, q)-analogue of
derivative of a function f : [0, c0) — R is defined by

f(pt) — f(qt)
(p—alt

If p =1in (2.4), then Dy of(t) = Dqf(t), which is the g-derivative of the function f, see [32]. Also, if
q — 1 in (2.4), then we get the classical derivative.
The (p, q)-derivatives of higher order are given by

Dy qf(t) = , t£0. (2.4)

(DY 4f) (1) =f(t) and (Df f) (t) =Dpq (Dy4'f) (1), keN.
Example 2.1. Define the function f: R™ — R by f(t) = t2 + 5t +c and t # 0, where c is a constant, then

2t2 t _ 2t2 t
Dp,q(t2+5t+C) — (p +5p +C) (q +5q +C)

(p—qlt
(2.5)
PPt +5(p—q)t
- ot =(p+q)t+5.
The (p, q)-derivatives of the product and quotient rules of functions f and g are as follows:
Dp,q(f(t)g(t)) = f(pt)Dp,qg(t) + g(qt)Dyp,qf(t), (2.6)
f(t)\ _ 9(qt)Dyp,qf(t) — f(qt)Dp,q9(t)

ora (g1 = g(ptiglat o A0 @7

If p=1in (2.6) and (2.7), then (2.6) and (2.7) reduce to g-derivative of the product and quotient rules of
functions f and g, respectively.
The (p, q)-integral of f and (p, q)-integral of f on [0, co) are defined by

JH%@—pthwH<wH> (2.8)

> - 4 (. d
Jo f(t)dp,qt = (p—q) Z Wf <p”1) : (2.9)

j=—o0
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If p=1in (2.9), then (2.9) reduces to the g-integral of the function f, see [32]. Also, if ¢ — 1 in (2.9), then
we get the classical integral.
The (p, q)-integral in an interval [a, b] is given by

b
J Dy qf(t)dp gt = f(b) —f(a). (2.10)
The (p, q)-integration by parts is given by
b b
J f(pt)(Dp,q9(t))dp,qt = f(b)g(b) —f(a)g(a) —J g(qt)Dyp,qf(t)dp,qt. (2.11)

Note that b = oo is allowed. If p =1 in (2.11), then (2.11) reduces to the g-integration by parts.
The two types of (p, q)-exponential functions are defined by

%)
erals) = X g™ 212
© g3)
q n
E = . 2.13
palz) HZ_O[“]p,q!Z (2.13)

If p =11in (2.12) and (2.13), then we have the g-exponential function, see [32]. Also, if ¢ — 1, then (2.12)
and (2.13) reduce to the classical exponential function.
Moreover, the derivative of the (p, q)-exponential functions is given by

Dy, qep,q(nt) =nep q(npt), (2.14)

Due to (2.12) and (2.13), the (p, q)-analogues of the trigonometric functions cosine and sine are as follows:

2n
ep q(iz) +ep q(—iz) > (—1)“p(2) 5
cosy, q(z) = 24 P.q -y 2P m
P-4 2 T;) 2nlp 4!
B, o(iz) + Epgl—iz) & (=1)7q(3)
COSp,q (Z) — P/q( ) 5 P/q( ) — Z ( [Zi]pqq! 211,
n=0 4
00 2n+1
. ep qliz) —ep q(—iz) (_1)“p( ) —_
sing, ¢(z) = 24 P4 = et
P-4 2 T;O 2n+1lp,4!
E . _E . Ie%s) 1 (2n+1)
Sing,q(z) = alZ) . p,q(=iz) :Z( D"qt 2 ang

g 2n+1]p,4!

n

The (p, q)-integral of f on [0, o) for a € R\{0} can be written as below:

o 1 o
J flat)dp,qt = J f(t)dp, qt. (2.15)
0 alo
Example 2.2. Define the function f: R* — R by f(t) = ep q(—t), then by (2.14) and (2.10), we obtain
> p ([~ 5t p p
JO ep,q(—St)dp,qt = —g JO D'P,q ep,q <_p> dp,qt = —g (0 — 1) = g,
and

L[> p(* t p P
g JO ep,q(—t)dp,qt = —g JO Dp,qep,q <_p> dp’qt = —g (O — 1) = g

Therefore,
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The (p, q)-gamma function of the first kind is defined by

n(n—1)

Using (2.16) and (2.11), we have
Mpqm+1)=[nlp 4! (2.17)

The (p, q)-gamma function of the second kind is defined by

n(n—1)

Yp,q(m) =q L t" ey q(—pt)dp qt. (2.18)

Using (2.18) and (2.11), we have
Yp,qm+1) =Mnlp 4.
The (p, q)-beta function is defined by

1

Bp,q(s,t) = J XL = qu)} o dp,gx. (2.19)
0

The relation between the (p, q)-gamma function and the (p, q)-beta function is

tnisse2) I q(s)Tp,q (1)

NP (2.20)

Bp,q(s,t)=p
see [36] for more detalils.

3. Some properties of the (p, q)-natural transform

The natural transform of a function f(t) for t,u,v, M, ji > 0, and k € IN, was proposed by Khan [34],
which is defined over the set A,

A= {f(t) | 3IM, i1, j2 > 0, ()] < MeltVix t € (—1)% x [0, 00), k = 1,2},

which is given as

N () v) = — JOO f(t) exp (—VD dt,

u Jo

where the constants u, v > 0. The natural transform can be converted to Laplace and Sumudu transforms
just by letting u = 1 and v = 1, respectively. Hence, the relation between the natural, Laplace, and
Sumudu transforms is a symmetric relation.

Next, Al-Omari [9] extended to the g-natural transform which is defined over the sets B and C,
respectively,

t
B = {f(t) | 3M,j1,j2 > 0, [f(t)] < MEq <]||> e (=1)% x[0,00),k = 1,2},
k

t
c— {f(t) | IM 3132 > 0, (1)) < Meq (l') te (“1)* x [0,00), k = 1,2},
k

by the following formulas:

N (F(£);u,v) = irof(t)Eq <qu“> dgt and NO(f(t)u,v) = - JOO f(t)eq <‘$> dyt,

0

where the constants u,v > 0.
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Now, we present the (p, q)-natural transform which covers (p, q)-Laplace and (p, q)-Sumudu trans-
forms. We introduce N}D,q and N%/q which are called Ny, ¢-transform of the first kind and second kind,
respectively. Let

t
D- {f(t) 13M, 1,42 > 0, (1) < MEp,q (L') e (—1) x [0, 00), k = 1,2},
k

and

t
E = {f(t) | AM, 1,52 > 0, [f(t)] < Mep,q C') ,te (—1)k x [0,00),k = 1,2} .
Kk

Next, we define Ny, , and N3 . in Definition 3.1.

Definition 3.1. The N]lo,q and N%,q of the function f(t) of exponential order are defined over the set of
functions D and E, respectively, as follows:

1 ) 1 (> qvt
Np,q (f(t),u,\}) - a 0 f(t)Ep,q —T dp,qt, (31)

and L oo
2 . o pvt
Np,q (f(t),u,\)) = a JO f(t)ep,q <—u) dp/qt,
where the constants u,v > 0.

Now, we only show the properties of N%,,q but N%,q omitted because N%,q can be showed in the same
way.

Theorem 3.2 (Linearity). If f,g € D, then the following formula holds:
N (e (1) + Bg(t);u,v) = aNL (F(1);u,v) + BN, 4 (g(t);u,v),
where o and P are constants.

Proof. Use the Definition 3.1, we have
1 (> vt
NG, )+ Bt v) = [ (af(t)+ Bglt)Epq (22 ) dyat

_x (" _avt Br" vt
_ J f(t)Ep,q( > )dp,qt+u 0 g(t)Ep,q< ) )dp,qt

Wwlo
= Ny, (f(t);u,v) + BN}, 4 (g(t);u,v).
This completes the proof. O
Theorem 3.3 (Scaling). If f € D, then the following formula holds:
1 . — NI .
Ny o (FIEL; W, v) = N, ¢ (f(t); &u, v),
where & is a non-zero constant.

Proof. Using (3.1), we have

1 (> vt
Np (&8, v) = = L F(EL)Ep q <—qu> dp qt.

Next, using (2.15), we get

o0

1
NbqlflEtiuy) = oo |

. f(t)Ep q <_E,u> dp,qt =N, 4 (f(t); &, v).

Therefore, the proof is completed. O
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In Table 1, we provide the (p, q)-natural transforms of the first kind and second kind of some basic
functions.

Table 1: Table of the (p, q)-natural transforms.

No. Function First kind Second kind
1 . 2 .
(1) NL o (F(0);u,v) N2 (F(1);,v)
1 1 I 1
v v
2t o7 7
5 e Fariur O Ypatriun o
yntl (MY yn+l m3h
4 i np,qlu™ neN np,qu™ nelN
wntip ("D ynig("3 )’
1 p(g)(%)
5 eP/q(at) vp—au’ u< ‘%‘ ; Z (nH)
-0 9?2
%) (“) (au)“ "
1 q‘?
6 Ep,q(at) 5 Z n+\1) v jau’u< |Laq
vn*O p( 2 ) K
= w . (—1)“]:)(2“2“) (%)Zn
7 sinp,q(at) vzp(zl+gzu2 vizz (2n+2 =
n=0
2n 2n
. 1 & (—yrpld) (e
8  cospqlat) e v > D) -
n=0 (Znﬂ) mn
o0 auw
. au o pt 2 ()
9 sinhpglat) o u< [P 5 ) )
v n=0 q 2
o (Zn) w21
p>v vp 1 p? T)
10 COShp/q (at) VzpziazuZI u < ‘ a ‘ ; Z q(ZnZ-H)
n=0
1 1
11 H(t— Cl) ng,q (—z)x gep,q (—E\;l)x
12 6(t—(1) EEp,q (_ w ) uwbpr.q (_ u )

Theorem 3.4 (Transforms of derivatives). If f € D and Dy ; has the N%jlq of type one for each n € IN, then the
transforms of the first, second, and n-th derivatives of f can be written in the following forms:

(i)
f(0) \)N]l3 q(f(t)pu,v) .

N3 o (Dp,gfthu,v) = —— + — ;
b4 (Dpqf(tu,v) = =20 -
(ii)
£/(0)  vf(0)  VENDL L (f(t);p*u,v)
1 2 . _ P.q .
Np,q(Dp,qf(t)/u/V) - u - puz + puz ’
(iii)
1 .
_H0) YN (Opuy)
v'NL (F(t)up™v) —3 vk ly (D £)(0)
N%,q(DB’qf(t))u,V) = plnp(g) - TkL:O p%{nfkﬂ?ﬂ
n—k—1, —n+k k
N AL L S UG SR A
Proof.

(). Using Definition 3.1 and (2.11) and (2.15), we have

1 (> qvt
1 . _
Ny, q(Dp,qf(t)u,v) = L Dy, qf(t)Ep,q (_u) dp,qt

u
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]- . vt @ b vt

f(0) L qvt fl0) v
="y E 1 —_— 41N . )
+ Jo f(t)Ep q < - > dp,qt " + " p,q(f(t),pu,v)

Applying the result of (i), we get

1 (> qvt
Np,q(D5q (b, v) = " Jo D} qf(t)Epq (_u) dp,qt
f'(0) v

=-— 7 ENLq(f’(t);pu,v) =— + — N (f(t); p*u, v),

which is (ii).
(iii). If n =1, it is not difficult to see that

VIND o (F(8;up™, v) vl R(DSS ((0))

=y > e : (3.2)

unpnpl™: k=0

1 . —
Np,q (Dg,qf(t)/ U,V) -

n—k—2)(n—k+1)

If n > 1, we apply (3.2) by changing p™~*~! to p(fﬂ and putting n = 2. We can write

1 .
Np,q(Dpqf(thu,v)
o (D{,‘,Elf)(O) B v(Dg’azf)(O) N VZN%),q (Dg,azf(t);pzu,v)

u pu? pu?
_ (Dpq'1)(0)  v(Dy*)(0) . v2 [vENL () up™,v)
u pu? pu? unp—nPZn—lp(“El)

(n—k—4)(n—k—1)

-3 —Kk—3(2,,\— k—+2 k
Sy R S(p2y) (DK )(0)
5 +1

k=0

_(DREN0)  vIDRRN0)  vUNp(fup™y) {0 v (DR 4 )(0)

u pu? unp—np(nfl) = p(pan—2k—1) (pwJﬂ)
(Dpg'1(0)  v(DR0) V' Npq(H(tyup™v) (= v (D ) 0)
B 2 1 (n—k—2)(n—k—1)
" P unp—np( 2) k=0 p 2zt

2

(n—k—2)(n—k+1) +1
n—2

VING o (F(t);up™,v) v hu R (DE ) (0) v (DR 4 (0)
k=0 p : k=

unp(g) pn—k—l

Therefore, the proof is completed. O

Theorem 3.5 (Transforms of integrals). If f € D, then the following Formulae hold:

(i)

(ii)

1
|

I 2 pu” 1
JO JO f(t)dp,qTdp,q%; P u,v) =2 Npq(f(thuv);
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(iii)

X2 Xn Byn
n 1% u 1
JO e JO f(x1)dp,qx1 | - dp,gXn—1 ) dp,qXn; P W,V | = o Nop.q (f(t); u,v).

. t
N ||,

P.q 0
Proof. Using (2.11) and (2.15) to prove (i)-(iii), we have

t 1 00 q\)t t
N! <J f(x)d x;u) = J E (—) J f(x)dp gxdp gt.
P.q 0 P-4 uJo P.q u 0 P.q P.q

We set O(t fo x)dp,qx and applying the (p, q)-integration by part, we get

®© vt vt\ ] 0 vt
J ®(pt)Dp qEp q (—u> dp ot = [(D(t)Ep,q (—uﬂ —J Epq (—qu> Dy, @ (t)dyp qt.
0 t=0 0

Next, we obtain
v [* qvt o qvt
a JO d)(pt)Ep,q <—u> dp,qt = JO Ep,q <—u> f(t)dp,qt

n times

Consequently,

Let @ (x) = [ f(t)dp,qT, then we get

t px ¢
Np.a (Jo Jo f(T)dp'qup'qx;pZu'v> =Np g (Jo Q(X)dp,qX}quﬂ)

U
=" Np g (@[] pu,v)

u t u?
= pTN%J,q (Jo f(T)dp,qT;pu,v) = vaN]lo q(f(t)'u,v).

Next, we set @1 (x fo dp,qT1dp,qx1, then we obtain

1
Npq(

Similarly, after continuing this process, we obtain the sequence

1 t
Moa |,
P.q 0

Therefore, the proof is completed. O

t px X1 X p3u3 1
Jo Jo Jo fT)dp.qm1dp,qx1dp,ax;p u,v) - TNp,q(f(t);u,V).

Xn X2 n p(rzl)un 1
Jo <L f(xl)dp,qx1> ---dp,qxn1> dp,gXn; P u,v | = Np,q(f(t);u,v).

n times

Theorem 3.6 (Convolution theorem). If i, f, € D are defined by f1(t) = t® and fo(t) = t&1 for & > 0 and
(=1, then

2 _ _
N, q ((F1 % F2)p 3w, v) = upl& 320 2NE (890, v)NG, o (157 5, v),

where .
(1 % F2)p.q () = JO F1 ()2t — qm)dp g (3.3)
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Proof. Using (3.3), we get
t
(Fy 5 F2)p g (1) = JO n®(t— qn)&Ldp g, (3.4)

Then, we change the variables in (3.4) by n = rt and use (2.19), which results in the following form:

1 1
(f1 % f2)p,q(t) = tL ot (t—qrt) 5, dp,qr =t°7C L (1= qr)5 4 dp,qr =t By q(6+1,0).  (3.5)

Thus, using (2.17) and (2.20) in (3.5), we get

N%J,q((f* 9p.aiw V) Bpq(8+1,8) [ Epq (—I) t2Cdp qt
up(P—3p-28)/2 u2p(?—30-28)/2

pleV@HO/20, (5 4+ 1)Tp,q (QUHE[8 + Cpq!
up (236~ 25)/2p(6+c+1)rp,q(6+C—I—l)v5+c+1

[6] [C o 1] .'LL6+C_1 _
_ [8lpq P, =NL (%5, v)N] (55, v).

5+1

NCONG)
Hence, we obtain
N%j,q((fl *f2)p,qsw, V) = up(Cz_g’c_%)/lelorq(té,'u,v)N1 (L u,v).
Therefore, the proof is completed. O

Theorem 3.7. If f1,f2 € D are defined by f1(t) = Y 2, a;t® and fa(t) = to 1for 0 >0and C > 1, then we
have

N fl * fZ)p q: W V) =up (e 73C726)/2N‘}3,q (fl;u/V)N%),q (fZI u,\)).

pall

Proof. By using Theorem 3.6, we obtain

N%,,q((fl *2)p,q; W, V) Z ajup'© ?’C*ZF’)/ZN]lo,q((’cf’i «t5 ) g, v)

— Z aiup(CZ*%*%VzN}D,q (tf’;u,v)N%),q (5w, v)

237
=up!C 3 RVAND (5, VNG o (f51,v),

Therefore, the proof is completed. O

4. Solving (p, q)-IVP by the (p, q)-natural transform

In this section, we apply the (p, q)-natural transform to solve high order (p, q)-IVP with constant and
variable coefficients. Also, we apply it to obtain solutions.

4.1. Solving (p, q)-IVP with constant coefficient
Consider the (p,q)-IVP for a; € R,i=1,2,...,nand n € N of the form

D} qy(t) + a1Dp g y(pt) + -+ + any(p™t) = g(t) (4.1)
with the initial conditions

y(0) =yo,Dp,qy(0) =y1,..., D 'y(0) = yn_1. (4.2)
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Now, we apply N%a,q to both sides of (4.1) and use initial conditions (4.2). We divide it into two cases in
the process including following.

Case 1 (n = 1): Using Theorems 3.4 (i) and 3.3, we get
N}, o (Dp,qu(t) + a1y(pt)iw,v) = N o (g(t)u,v),
v
+ - Np,g (YU Pw ) + aNp g (y(pthw,v) = Ny 4 (g(t);w,v),

v
+=Np (Yt pu,v) + arNy, o (y(t);pu,v) = N, (g(t);w,v),

Yo v 1 . _ N1 .
30 (2 @) N g (98P, v) = N g (9(6);,v)
Then, we have
UNG o (9(t); %)
,q 7 7 yo
NL  (y(t);u,v) = F pv+ T o (4.3)
P P

Finally, by applying the inverse transform N%), q on both sides of (4.3), we obtain the exact solution which
is in the form:

UNG g (g(t); 5,v)
_ (N1 -1 | P _PA ' p’ 1 -1 Yo
y(t) = (Ng 4 v o +(Np, 4) v o (4.4)
Example 4.1. The (p, q)-Cauchy problem is in the following form:
Dyp,qy(t) + ary(pt) =0
with the initial condition y(0) = 1.
By using (4.4), the previous equation of (4.4) equals to zero. Since g(t) = 0, we obtain
) =(NL ) | —2 .
y(t) = (N}, o) Lp+mu}
Hence, the solution is as follows:
y(t) = ep,q(—art). (4.5)

In addition, if p = 1 and q — 1, then equation (4.5) reduces to y(t) = exp(—ajt), which is a solution of
y’(t) + a1y (t) = 0 with the initial condition y(0) = 1, which appeared in [40].

Example 4.2. Consider the first order (p, q)-differential equation of the form
Dp,qy(t) + ary(pt) =t

with the initial condition y(0) = 1.
By using (4.4), we get

UNL (5 2,v) 1
_ (N1 1 |» PA*7p’ 1 =1
=(NL )7t ! -, +NL )T — P (4.6)
P-4 ad(bu+pv) dpv  apiH? Pd vp + aju ’
t 1 1
= (14— ) epq(—art).
ap  d3p ( a%) pa(—art)

In addition, if p =1 and q — 1, then (4.6) reduces to

t 1 1
t=——S+(1+= —ait),
y(t) o a%+( —I—a%>exp( at)

which is a solution of y’(t) + ajy(t) = t with the initial condition y(0) = 1.
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Case 2 (n > 1): Using Theorems 3.4 (iii) and 3.3, we have

N} (DF qu(t) + a1 Dy gy (pt) + a2D) Py (p*t) + - + an-1Dpqy(p™ 1) + any(p™t)iu, v)
= N%),q(g(t),u,v).

Then, we have

3 k=1, —n+k k n—-1 . n-k—1, —n+kmn
vt = v (D v u (Dp,qu)(0)
WNp,q(y(t);upn/\’) Z (h—k—2)(n—k+1) Z n—k—1 A
unpt2 k=0 p 2 k=n—2 P
vn—lNl (y (pt)'up“_l ) n—4 yn—k—=2 —n+k+1 (Dk )(0)
+ ai n—1 - (n—k— 3](
un— 1p( ) — +1
n—2 . n—k—2, —n+k+1l/mn yn—2 1 2 n—2
v u (D y)(0) N, pet);upn e, v)
B Z n—k—2 ] +a [ 2 ( 2) (47)
k=n—-3 p un-
n— 5vn k-3 7n+k+2(Dk qy n—4 y—k=3, 7n+k+2(any)(0)
- (n—k—4)(n—k—1) Z pn—kf?)
k=0 P 2 k=n—5
1 n—1
0 YNp qylp™ ) pu,v)
+otan— !—11 + —PA " + anN%,,q(y(p“t);u,v) = N%,,q(g(t);u,v).
After simplifying (4.7), we get
N1 . (g(t); 2%,v)
NL (y(t);u,v) = e
’ v av av .”_'_(ln 1V+a
u"p(g)ﬂ@ u“flp(nz_])fn2+n un— Zp(n 2) n242n n
. G(pTrv)
v a;v—1 ap,yn—2 o an_1Vv ’
unp(2)7n2 + un_]p(n51)7n2+n un72p(n272)71’12+2n + + = + an
where
n—3 n-k—1, —n+kpk n—1l  n-k-1, —n+kpk
v (Dp,qu)l v (Dp,qu)(0)
_ q 9
G(w,v) =— Z (n—kfz](nfknLl Z pn—k 1
k=0 1% 2 k=n—2
. n— 4vn k—2 —n+k+1(Dk qy)(o) . n—2 yn—k—2 —n+k+1(Dk qy)(o)
-4 (n—k—3)(n— 1 —k—2
k=0 P P k=n—3 Pt
. n—>5 yn—k—3 —n+k+2(Dk qy)(o) . n—4 yn—k-3 —n+k+2(Dk qy)(o) an_1y(0)
-2 (k4 (nk 1D -2 —k—3 T :
k=0 P 2 +1 k=n—5 pTL u

Next, taking inverse transform N%,, q on both sides of above equation, we obtain the exact solution which
is in the form:

NL 4 (g(t); 2, v)

-1
P.q ) v a;vn—1 apyn—2 (ln 1V
n—1 n52)7n2+2n R + an

(4.8)

u"p(z u“flp( 2 )-—nZin u“*z‘p(
L
N G(pw,v)
P9 wn a;vn—! a,vn—2 T an 1\) 1a
unp(z)*ﬂz un_]p[n51)7n2+n unfzp("gz)fnZJan n
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Example 4.3. Consider the second order (p, q)-differential equation of the form

D3 y(t) —y(p’t) =t

with the initial conditions y(0) = Dy, qy(0) = 1. Using equation (4.8), we have

TN (t; %, V) _y'(g) _ vy((l)
gl =1 | gt 2y 1 y—1|_up? ulp3
y(t) =Ny q) T | (Np,q) [ v
u2p73 uz'p*3
- 3 2 3
—(NL )1 u up vp
( p,q) _p3V2(V2P3 _ LLZ) + V2p3 —u2 + V2p3 —u?
Nl [ u up? vp? (4.9)
= (Np,q) P2 —uZ  piy2 T V2p3 — 12 + v2p3 —u2
_(NL ) (1 +p2)u_ u vp?
P4 2wz ph? | 2p3 2

t t 1+ p? . t
= e () + (55 v (5 )
In addition, if p =1 and q — 1, then (4.9) reduces to
y(t) = —t+ cosh(t) + 2sinh(t),

which is a solution of y”(t) —y(t) = t with the initial conditions y(0) = y’(0) = 1, which appeared in
[35].

Example 4.4. Consider the second order (p, q)-differential equation of the form
D},qu(t) — 4Dy qy(pt) — 12y(p*t) = 3exp(5t)

with the initial conditions y(0) = Dy qy(0) = 0. Using (4.8), we have

— (Nl )1 3p°u?

= (Npq) [(p3v2 —4pZvu —12u?)(p3v—>5u) | (4.10)

y(t) = (Njq) " Vi v 1o
Wp3  up?

N3, 4 (3exp(5t); ;*2,\))]

In addition, if p =1 and q — 1, then (4.10) reduces to

_N-! 3u?

yl =N [(v—6u)(v+2u)(v—5u)}
re=n 3 3 3 B _3exp(5t) 3exp(—2t) = 3exp(6t)
=N [ 7(v—5u) +56(2u+v) + 8(v—6u)] N 7 * 56 + 8§

which is a solution of y”(t) —4y’(t) — 12y(t) = 3 exp(5t) with the initial conditions y(0) =y’(0) = 0, see
[34] for the inverse natural transform.

Example 4.5. Consider the third order (p, q)-differential equation of the form
D%,qy(t) + 2D%,qy(pt) +2Dp,qy(p?t) +3y(p’t) = sin(t) + cos(t)
with the initial conditions y(0) = D%,qy(O) =0and Dy qy(0) = 1. Using (4.8), we have

1 N'}),q (sin(t); %,V) + N%,,q (cos(t); %,v)

y(t) = (N}, )~

V3 2v2 2v
Wpo + wps + up 3 +3
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(4.11)

_y”(0)  wy'(0) vPy(0) 2y’(0) 2vy(0) 2y(0)
w3 ulp o u3p—6 up—3 wWpS5  up 3

B 4
(Nl )71 VZ;LBPJrU} + v2p 8+u2 + + L
P, v3p® + 2v2p + 2vp +3
u3 u
NL 1 [p3u(plOV3 + 2p8uv? + (p2? + %)pf’uzv +(2+p)ud)
P (p8v2 +u2)(pbv3 + 2pSuv? + 2p3uv + 3u?)

In addition, if p =1 and q — 1, then equation (4.11) reduces to

u
V2 4+ u?

yt) =N [ } — sin(t),

which is a solution of y””(t) +2y”(t) + 2y’(t) + 3y(t) = sin(t) + cos(t) with the initial conditions y(0) =
y”(0) =0 and y’(0) = 1, which appeared in [29].
4.2. Solving (p, q)-IVP with variable coefficients

Consider the following (p, q)-IVP problems of the form

@ (t)D7 y (p o )+a2(t 1ty <W)+---+an(t)y(t)=gm

with the initial conditions

y(0) =yo,Dp,qy(0) =y1,..., DR y(0) = yn_1,
where a;(t™) = bit™,b; € R,i=1,2,...,nand n € N.

Theorem 4.6 (Derivative of transforms). For n € IN, the following formulas hold:

(i) 5
1 i __9 9 1 . .
Np,q (tf(t)r u/V) - _am (uNp,q( (t)/ qu/V)) s
(ii)
N (2f(tuv) = & Dh.q Ny, o (F(1); g”u, V) ;
p,q( ( )/U,V)—Em (u P.q /9 u,v),
(iii)
n+1
1 n . _ (_1)nq( 2 ) Dg,q 1 8
N, o (EH (8w, v) = - o, (2) (UN, o (F(1); g™, V) -
Proof. Using Definition (3.1) to prove (i), we have
1 (* vt
1 . = - . 4.12
Ny, (f(t); qu,v) qu Jo f(t)Ep q ( u> dp,qt (4.12)

Taking (p, q)-derivative to both sides with respect to 1/u, we get

q Dpgq

N o (tf(t);u,v) = — WDyq (2 )(uN%,,q(f(t);qu,v)).
P.q

From (4.12), taking the second (p, q)-derivative to both sides with respect to 1/u to prove (ii), we have

1 (42 q° D%q 1 2
Np,q(t f(t),u,v) = ?m (uNp,q(f(t);q u,v)) .

Following the same procedure, we can prove (iii). Therefore, the proof is completed. O
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Theorem 4.7. For n,m € N, the following formulas hold:

(i)
1" (") pn
N o (1" Dy o f(t);u,v) = =1 f on p’(ql) (UN}, 4 (Dp,qf(t); g™u,v)) ;
P9 \u
(ii)
_1mq(™) D
Np o (1D f(t);u,v) = ( )Lf' on p(ﬁ) (uN}, (D3 4 f(t); g™, v))
P, u
(iii)
1" (") pn
Np o (E"D I f();u,v) = ) uq on p,(l) (UN}, (DY (1) g™, v) .
P9 \u
Proof. The proof is similar to Theorem 4.6. O

Example 4.8. Consider the first order (p, q)-differential equation with variable coefficients of the form

t
b1tDyp,qy (pq) = byt? (4.13)

with the initial conditions y(0) = 0, where b; and b, are constants. Applying N%,,q on both sides of (4.13),
we obtain

b1N%,,q (tDp,qy <ptq> ;u, v> sz (tz;u,v).

Using Theorems 3.4, 4.6, 4.7, and (2.15), we have

9 _Dpgq 1 ( ( t ) ) 1
by —7 53 UNp ¢ (Dpqy | — );quv || =b2N (t%u,v),
uDp,q () P9¥ \ pq | p.q
by —EL’unN%’q <Dp,qy(t); u,V) = sz%, q(t U, V),
uDy,q (1) p
~big Dpgq [ y(0) Vo1 ] 1 (42
ui— Np q (Yt w,v) | =baNg, o (t51,v). (4.14)
U Dpq (%) upl  up 1 P ] P.q
By substituting the initial conditions in (4.14), we have
bipq Dpq 1 ‘ ba(p + q)u?
U Dy (%) [N, o (y(t);u,v)] = o (4.15)

Letting u = 1 in (4.15), which leads to (p, q)—Laplace transform of the first kind (see [40]), we get
ba(p+4q)

—blpq D [va qv)l = Vipd (4.16)
Now, using (2.8) in (4.16), we obtain
bz(P‘i‘Q)J 3 2P’V = ¢ q¥ baq
_ _ f = :
vLpalv) biptq ) dp.av biptq ]Z pt k“ bipv2
We obtain the solution )
bopt
t) = ———. 4.17
Y b vl 17

In addition, if b =1, by =1, and q — 1, then (4.17) reduces to y(t) = %2, which is an exact solution of
ty’(t) = t2.
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5. Discussion

We investigated the properties of the (p, q)-analogues of the natural transform that are necessary to
solve the (p, q)-differential equations in Section 4, which was divided as follows.

(i) The solutions of (p, q)-IVP with constant coefficient in Subsection 4.1 consist of two cases: for n =1
and n > 1. For n =1, (4.4) was used in both Examples 4.1 and 4.2. In Example 4.1, if p = 1 and
q — 1, then the solution reduces to [40, Example 1]. For n > 1, (4.8) was used in Examples 4.3,
4.4, and 4.5 as follows: Example 4.3, if p = 1 and q — 1, then the solution reduces to [35, Example
4], Example 4.5, the solution in the form of N~ allows us to see that not every (p, q)-differential
equation can be used to find the solution with direct properties, but if p = 1 and q — 1, then the
solution reduces to [29, Example 2].

(ii) The solution of (p, q)-IVP with variable coefficients in Subsection 4.2 consists of Example 4.8, which
is used in Theorems 4.6 and 4.7. We obtained (4.15), and if u =1 (if v = 1 in (4.15), then the equation
format will become highly complexe and difficult to use), then the best choice is to apply the (p, q)-
analogues of the Laplace transform. We get (4.17), but if p =1 and q — 1, then the solution reduces
to classical solution.

(iii) The (p, q)-analogues of the natural transform is a generalization of the (p, q)-analogues of the
Laplace and the Sumudu transforms.

6. Conclusion

In this work, we introduced the concept of natural transform by using (p, q)-calculus and established
the definitions, the convolution theorem, and some properties of the (p, q)-analogues of the natural trans-
form of the first and second kind. Then, the applications of the properties of (p, q)-analogues of the
natural transform of the first kind to solve higher order (p, q)-IVP with constants and coefficients are
conducted to show its performance and effectiveness of the proposed transform.
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