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1. Introduction

(p, q)-Calculus is more general from g-calculus. There have been many studies
on (p, g)-calculus. Recently, Tung and Gov [27, 28, 29] studied the concept of (p, q)-
derivatives and (p, q)-integrals over the intervals of [a, b] C R and settled a number of
(p, q) analogues of some well-known results like Holder inequality, Minkowski inequal-
ity, Hermite-Hadamard inequality and Ostrowski inequality, Cauchy-Bunyakovsky-
Schwarz, Gruss, Gruss- Cebysev and other integral inequalities using classical con-
vexity. The most recently, Alp et al. in [3], proved g-Hermite-Hadamard inequality,
some new g-Hermite-Hadamard inequalities, and generalized ¢-Hermite-Hadamard in-
equality, also they studied some integral inequalities which provide quantum estimates
for the left part of the quantum analogue of Hermite-Hadamard inequality through
g-differentiable convex and quasi-convex functions. See [10], [12], [13], [14], [15] for ¢
and (p, ¢)-analysis.

Inequalities which involve integrals of functions and their derivatives, whose
study has a history of about one century, are of great importance in mathematics, with
far-reaching applications in the theory of differential equations, approximations and
probability, among others. This class of inequalities includes the Wirtinger, Lyapunov,
Landau-Kolmogorov, and Hardy types to which an abundance of literature, including
several monographs, have been devoted. Of these inequalities, the earliest one which
appeared in print is believed to be a Wirtinger type inequality by L. Sheeffer in
1885 (actually before the result by Wirtinger), which found its motivation in the
calculus of variations. Improvements, generalizations, extensions, discretizations, and
new applications of these inequalities are constantly being found, making their study
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an extremely prolific field. These inequalities and their manifold manifestations occupy
a central position in mathematical analysis and its applications [1].

In the year 1960, Opial [17], [18] established the following interesting integral
inequalities:

Theorem 1.1. Let z(t) € CV[0, h] be such that x(t) > 0 in (0,h). Then, the following
inequalities holds:
i) If £(0) = x(h) = 0, then

h h
/|x(t)x’(t)|dt§ g/lx’(tﬂ?dt. (1.1)
0 0
it) If x(0) = 0, then
h L h
/|a:(t)a:/(t)|dt§ 5/|;z;'(t)|2dt. (1.2)
0 0

In (1.1), the constant h/4 is the best possible.

Opial’s inequality and its generalizations, extensions and discretizations, play a
fundamental role in establishing the existence and uniqueness of initial and boundary
value problems for ordinary and partial differential equations as well as difference
equations. Over the last twenty years a large number of papers have been appeared in
the literature which deals with the simple proofs, various generalizations and discrete
analogues of Opial inequality and its generalizations, see [5], [7], [8], [11], [20], [22],
23], [24], [30], [4], [9], [16]:

In this paper we obtain (p, ¢)-Opial type inequalities on (p, ¢)-quantum integral.
If p,g — 17 are taken, all the results we have obtained provide valid results for
classical analysis.

2. Preliminaries and definitions of (p, ¢)-calculus

Throughout this paper, let [a,b] C R is an interval, 0 < ¢ < p < 1 are constants.
The following definitions and theorems for (p,q)- derivative and (p,q)- integral are
given in [27, 28].

Definition 2.1. [27, 28]For a continuous function f : [a,b] — R then (p, q)- derivative
of f at t € [a,b] is characterized by the expression

ft+ (A —p)a)—flet+(1—-qg)a)
WDy f (1) = t+a. 2.1
Since f : [a,b] — R is a continuous function, thus we have
aDpof (a) = th—I>I(11 aDpgf (t) .

The function f is said to be (p, q)- differentiable on [a,b] if oD, of (t) exists for all
tefa,b.Ifa=0in (2.1), then ¢Dpqf (t) = Dpqf (t) , where D, ,f (t) is familiar
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(p, q)- derivative of f at t € [a,b] defined by the expression (see [6, 13, 21])
_ [ (pt) - f(qt)
(p—a)t

Note also that if p = 1in (2.2), then D, f (z) is familiar g- derivative of f at = € [a, b]
defined by the expression (see [14])

D, .f(t) , t#0. (2.2)

_ S = Flg)
(1—-q)t

Corollary 2.2. [21]For f,g are two functions the rule of multiplicative derivative

D, f (t) is

Dyf (t) 0. (2.3)

Dyof (t)g ()= f(pt) Dy,q9 (t) + g (qt) Dy.of (t).

We will use the following proposition throughout our work:

Proposition 2.3.

n—1

Dy g™ (t) = Z xnilii(pt)xi(qt)anx (t) (2.4)
i=0

Proof. By using rule of multiplicative derivative D, ,f (t) we have

Dpqa™ (t) = Dp q [ e (t)]

2"t (pt) Dp,g (£) + @ (qt) Dp,gz" " (t)

= 2"t (pt) Dy qx (t) + x (qt) [xn_Q (pt) Dy qx (t) +x (qt) Dp,qmn_2 (t)]
(2" Lpt) + 2™ (pt)} D, 4 (t) + 2° (qt) Dy 43" 2 (t)

[x” Y(pt) + 2" 2 (pt) + 2" 7% (pt)] Dp gz (t) + 2° (qt) Dy g™ 2 (1)

= Zzn " (pt)a’ (qt) Dp g (t)

=0

O

Definition 2.4. [27, 28]. Let f : [a,b] — R be a continuous function. The definite (p, )
integral on [a, b] is delineated as

/ £ @) alygr = (o q)(t—aﬁpﬁlf(pnﬂw(l L)a) @

n=0

for t € [a,pb + (1 — p)a]. If ¢ € (a,t), then the (p,q)- definite integral on [c,t] is

expressed as
/f alp,q® —/f adp,q® _/f alp,q . (2.6)
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If p = 1in (2.5), then one can get the classical ¢- definite integral on [a, b] defined
by (see [25, Definition 2.2])

n=0

/f(@ gz =(1—q)(t—a) S ¢"F(g"t+ (1 —q")a). 2.7)

If a = 0 in (2.5), then one can get the classical (p, q)- definite integral defined
by (see [21, Definition 4.])

[1@ e = [£0) dpar =tp-ae) Lor(Hr). es)
0 0

n=0

Note also that if p = 1 in (2.8), then one can get the classical ¢- definite integral
defined by (see [25, Definition 2.2])

/ f(@) odgr = / F ) dr = (1—-aq)tS ¢ F (). (2.9)
0 0 n=0

3. Main results
First we will prove the (p, ¢)-Opial inequalities below and some results
Theorem 3.1 ((p, ¢)-Opial Inequality). Let z(t) € C(V[0, h] be such that
z(0) = xz(h) =0,
and z(t) > 0 in (0,h). Then, the following inequality holds:

h

h
h
[ 100) + a0l 1Dy () dpat < i [ D @ dpst. )
0 0

Proof. Let choosing y(t) and z(t) functions as

W0 = [ 1D () s (32)
/
h
A0 = [ 1Dpa (6)l s

such that
‘Dp,qx )= Dy gy (t) = =Dy g2 (t) (3.3)
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and for t € [0, h], it follows that

645

(3.4)

(3.6)

(3.7)

t t
lz (@) = /Dp,qm () dp,gs| < / |Dp,q (8)] dp,q8 = y()
0 0
h h
lz @) = /Dp,qx (8) dp,g8| < /le’qx ()| dp,qs = 2(t).
t t
qt qt
2@ = | [ Do () dnas| < [ 1Dy (5)| s = wlat)
0 0
h h
lz (qgt)] = /Dp,qx (8)dp,gs| < /|Dp,qx ()| dp,qs = 2(qt).
qt qt
and
pt pt
w00l = | [ D () dyas| < [ 1Dyt ()] s = )
0 0
h h
w00l = | [ Do () dpas| < [ 1D (5)] dpgs = (0.
pt pt
Now let calculating the following (p,q)-integral by using partial (p, ¢)-integration
method
P‘};”q h piq
J w000, @ dyat =3 () = [ Dy Ot
p+q
0 0
and then
Piq h
t) +y(qt)} D dyt =9y — ).
0/ (W0t) 4 9(a0) Dy (1) byt = * (1)
By using (3.3), (3.4), (3.5), (3.6) and (3.7) we have the following inequality
== =

/Ifﬂ(pt)ﬂ(qt)lIDp,qx(t)ldp,qté /{Iir(pt)HIw(qt)\}IDpyqx(t)ldp,qt

0 0

(3.8)
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Similarly we can write that

h

[ 12(6t) + 201Dy Ol dpat < [ {Jalot)] + la(at) } 1Dy ()] dpgt

h
p+q pt+q
h

< - / {2(pt) + 2(qt)} Dp,qz (t) dp,qt

Adding (3.8) and (3.9), we find that

h
h h
z(pt) + x(qt)| | Dp g (t)| dp gt < 2<)+22<)'
!|<> (@) Dy (B dyt < 3 (5 P

Finally using the Cauchy-Schwarz inequality, we get

I

h /
22— = D, .z (t)|d,
Yy <p+q> / | P,q ()| Dyq

B h 1/2 h 1/2 2
pta pta
2
= /12dp,qt /|Dp,q$(t)| dp,qt
0 0
_h
h rt+aq
= |Dp.gz ()" dp.q
P,
pT4q )

Similarly we have

2

2 D, .z (t)|d — /D c ) d, t.

(p+q> /| p,q |pq p_|_q |p,q | P,q
p+q

p+q

Therefore, from (3.10) and (3.11) we obtain that

h
h
/|x(pt) +x(qt)] |Dp,q5” (t)] dp,qt < P+q / ‘Dpyqx (t)|2 dp,qt
0 0

and the proof is completed.

(3.9)

(3.10)

(3.11)
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Remark 3.2. In Theorem 3.1 if we take p — 17, we recapture the following ¢-Opial

inequality in [2]:

h
/|x(t)+:z:(qt)||qu( |dt§ﬁ/|Dx )|? dyt.
0

Remark 3.3. In Theorem 3.1 if we take p — 1~ and ¢ — 17, we recapture the (1.1)
inequality.

Theorem 3.4. Let 2(t) € C1V[0, h] be such that (0) = 0 and x(t) > 0 in (0,h). Then,
the following inequality holds:

h
[ 1000) + @] Dy Oyt < b [ D O dpst. (312)
0

Proof. Let choosing y(t) functions as (3.2) such that

0] < wo) (3.13)
Dyqr (B = Dpgy(®)
and then
h h
[ 0Dy st = )~ [ olat) Dy ()t
0 0
1. ,
[ 4000+ 4(a0)} Doy (0t = o7 (). (3.14)

0

Now by using Cauchy-Schwarz inequality for y? (h), we have

2 h

h
/|Dp,q$ (8)dpgs| < h/ |Dyp,qx (5)|2 dp,gS.
0

0

Finally by using (3.13), then we have

h h
/ lz(pt) + 2(qt)| [Dp,qx ()] dp,qt < /{y(pt) +y(qt)} Dpqy () dp gt
0 0

h
< h/ |Dp7qx (t)|2 dp,qt
0

and the proof is completed. O
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Remark 3.5. In Theorem 3.4 if we take p — 17, we recapture the following ¢-Opial
inequality in [2]:

h

h
/ j2(t) + (qt)| | Dyt (1) dgt < h / Dy (1) dyt.
0 0

Remark 3.6. In Theorem 3.4 if we take ¢ — 17, we recapture the (1.2) inequality.

Theorem 3.7. Let k (t) be a nonnegative and continuous function on [0, h] and z(t) €
CW[0,h] be such that £(0) = x(h) = 0, and x(t) > 0 in (0,h). Then, the following
inequality holds:

1
2

h h h
/k (t) |=(pt) + z(qt)] |Dp,qx ()] dpgt < [ h / k? (t) dp,qt / |Dp,q$ (t)|2 dp,qt
0 0 0

Proof. In proof of Theorem 3.1, we obtained that
[z ()] <y(t) and |z ()] < 2(t)
Thus we get

) < y (pt) + z (pt)

|z (pt (3.15)

pt h
Opo,qI (8) dp,qs + f Dy g (5) dpgs
pt

2

h

1

§/|Dp,q37 (8)] dp,qs-
0

y (gt) + 2 (qt)
2

qt h
f Dy g (8) dp g8 + f Dy g (8) dpgs
0 qt

(3.16)

2

h
1
— 5 [ IPra (9 s
0
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By using the (3.15) and from Cauchy-Schwarz inequality for (p, ¢)-integral,

h
/ (1) |2 (p0)]? gt
1 h
1 / k(¢
0

2

h
/|Dp,qz (5)|dp,q5] dp,qt

IN

IN

Similarly from (3.16) we have

0 0

From Cauchy-Schwarz inequality and (3.17), we have

k (t) |z (pt) Dp,qz (t)| dp,qt

O\v

) A h h
! ( / k(1) d,., ) ( / d) ( / Dy (s)] d)

< B / k() dp,qt) ( / Dy <t>2dp,qt) -
h h h
/ (t) |z (qt)[? S% (/k pq) </|Dp7q$(t)|2dp7qt) :
0

649

(3.17)

(3.18)

(3.19)

h 3 h H
< (/ K2 (t) |2 (pt)|2 dznqt) (/ |Dp,qx (t)|2 dpvqt)
0 0
, N A 3/ h 3
< - kz qt | Dp,qx (t)|2 dp,qt) ) ( |Dyp,q (t)|2 dp,qt)
(1 (/o) /
1 : /
< Q(h/k pq) </| g (T |dp7q)~
0

Similarly, by using (3.18) we can write

h
/k )|z (qt) Dy qx (t)|dp7qt
0

h 3
1
< 5 h| K dp,qt |Dp,qx |dp,q
0

(3.20)
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Finally by adding (3.19) and (3.20) we have

k (t) [x(pt) + z(qt)| [ Dp,qz (t)] dp gt

IN

O\m O\m

k(@) {|z(pt)] + |2(gt)[} [Dp,g (8)] dp,qt

h h
< h/k2 (t) dp gt /|Dp,qx (t)‘QdPaqt
0 0

which is complete the proof. O

Remark 3.8. In Theorem 3.7 if we take p — 17, we obtain the following inequality in
[2]:
1
h h 2 h
[ 1O+ 2@ D @ldt < (h [ Odt] [1Da0F
0 0 0

Remark 3.9. In Theorem 3.7 if we take p — 17 and ¢ — 17, we recapture the
following inequality

h h % h
/k(t) lz(t)x’ (t)] dt < %/k"’ (t) dt /|x’ ) dt
0 0

0

which is proved by Trable in [26].

Theorem 3.10. Let x(t) € CM[0,h] be such that x(0) = z(h) = 0, and x(t) > 0 in
(0,h). Then, the following inequality holds:

h h _ o m(R+T)
(R+7) R+r—1 i
m(R+r) [K(m)] / m(R+r) (J}(QS) )
z(s d, ,s<——=—— [ |D, ,x(s dyoS
0/ O g e [ 1Dnae) > (S
(3.21)
where
; 1
K(m) = / T =] gt
0
Proof. Firstly we can write (p, q)-derivative of 2™ (¢) from (2.4)
n—1
Dp g™ (t) = Z Inilii(Pt)l'z(qt)anx (t) (3.22)

=0
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using (3.22) we have
¢
[ D™ () = 2 (1)

on the other hand we can write

R+r—1

t
/Dp,quJrr qs—/ Z 2t (ps) (qs)qux( ) dp,gs-
0

From (3.23)-(3.24) we get

tRyr—1
D) = [ 3D T ) (45) Dyt 5) s
0 =0
Similarly, we can write
hRir—1
S = = [ T p8)a ) Dy (5) dgs
t i=0

Using the Hélder’s inequality for (p, ¢)-integral with indices m, —™< in

(3.26), we have

‘l‘(t) |m(R+7‘)

L R4r—1 "
< / Z $R+T_1_i<p3)xi(q5)Dp,qx (s)| dp,gs
o | =0
L R4r—1 m ¢
< ([ #9150 1D 6 s | | [ s
o | i=o 0
L Ryr—1 m
< JI2 e s as)]| 1D ()" dpas
0

Similarly, we get

o]

m

R+r—

Z R+r—1— z )xz(qs)

=0
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(3.23)

(3.24)

(3.25)

(3.26)

(3.25) and

(3.27)

m—1

(3.28)

|Dp.q ()™ dp,q8
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Multiplying the (3.27) and (3.28) respectively by =™ and (h — t)lfm and summing
these inequalities, we have

[ = ) ) (3.29)
h R+r—1 m
< / Z xRJ'_r_l_l(pS)xl(qS) |Dp,qx (5)|m dp,qs
=0

0

and for ¢ € [0, h] we get
-1

()™ < [tl’m + (hft)lf’"} (3.30)
AL m .
X ‘0[ _ZO =17 (ps)at (gs) |Dp,qx (s)]"" dp,qs

-1
= [ (=)
% (}’l' ( m(R+T—1)
J |z ps)|

= [ (- B

—1

Rir x(qs) " m
_ZO (x(ps)) [Dp,q (s)|™ dp.gs

N (ggg;g)i‘mdp,qs> .

1=0

h mR/r m m(R+r—1)—mR/r
x 0f|96(198)| | Dp,g ()™ [ (ps)]

Integrating (3.30) on [0, k] and using the Holder’s inequality for (p, ¢)-integral with

indices r, -5 we have
h h )
/|33(t)|m(R+r) dp,qt < / [tl_m + (h— t)l_m} dp,qt (3.31)
0 0

R4r—1 i|™
z(gs)
1;) (z(ps)) ’ dp,qs)

)l‘ dp,qs>

h mR/r m m(R+r—1)—mR/r
x J|w(PS)| [ Dp,g ()™ [ (ps)]

T

R+4+r—1 (qs)
;0 (w(ps)

h
< K(m) <Of | (ps)|"™" | Dy, ()™

r—1
3

h m(R+r)
X bf|33 (ps)] dp,q$

r—1
™

h
which by dividing the both sides of (3.31) with (f lz(ps)|™ T d, 45 and taking
0

the rth power on both sides of resulting inequaliy. Finally by using the Holder’s
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inequality for (p, ¢)-integral with indices ££%, £ then, we get

h
[l d, (3.32)
0
h R+r—1 ( ) i|™r
mR mr xr\qs
< [ Do | 3 (S ) | s
0 =
R
R+r
< [Km) /|x ps)| m(R—H) dp,q$
RErTL (0 as) §|m ) =i
m(R+r) r\qs
/‘Dznqx ; (a:(ps) dp,q$

h R+1r
which by dividing the both sides of (3.32) with ( [ |z (ps)[™ ) dms>
0

h h e
/ )[mEE) g dp gt /|x ps)| m(RJrr)d qS (3.33)
0
R+r—1 ( ) 4 m(R+r) w
R z(gqs
/|Dp7q$ (5)|m( g Z (x(ps)) dp,qs
0 =0
Here since
/\m ps)| m(R+T) dpq8 = /|x ) dp,qS
from |z (s)|m(R+T) > 0 and ph < h we can say
h 1 ph 1 h
m(R+r m(R+r m(R+r
[ dyys =5 1o @I dygs <5 [0 dy 8
0 0 0
SO
=t —R
h Rtr ph Rtr
m T ]' m T
[l D s ) = (0 [ g, (3:34)
0
-R
h Rtr
1/ (R+1)
> | = z (s d
= |z (s)|
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From (3.34)
-R
h h R+r
/ ()] d gt / o (ps)|" ) d g8 (3.35)
0 0
h =
0
"
_ pRL-i—r /|1}( m(R-i-'r) dpq
From (3.33) and (3.35) we get
e
prite / 2 ()™ dy g (3.36)
i m(R+r) =7
< [K(m /‘Dp,qx m(R+T) Z < ) dp,q$
=0

Finally by taking the @th power on both sides of (3.36) we have

h
/ 2 (3)" P d,y g5

h
K (m)] " m(Rebr
< TR | Dp,qz(s)] (Feen)

and the proof is completed. O

Remark 3.11. In Theorem 3.10 if we take p — 17, we obtain the following inequality
in [2]
R+r—1 4 m(BR+r)
Z z(gs)
(s)

=0

/|x )mE) s < | (RH)/\D x ()| dgs

which is proved by Pachpatte in [19].

Remark 3.12. In Theorem 3.10 if we take p — 1~ and ¢ — 17, we recapture the
following result

/|x MR gy < (R4 )" i) / m(R4T) o

0
which is proved by Pachpatte in [19].
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Theorem 3.13. Let x(t) be absulately continuous on [0, h], and x(0) = 0. Further let
a > 0. Then, the following inequality holds:
h
dpqt < h® / [ Dp,q (5)|a+1 dp.q5-
0

a—1

(pt)z’ (qt) Dy g (t)

Proof. By (p, q)-derivative of z™ (t) from (2.4) we have

Dy oyt (t) Z Y (pt)y' (qt) Dy gy (t). (3.37)
and choosing y (t) as
0= [ 1D (9] dys (3.39)
0
such that
|z (t)] < y(t)

From (3.37) we get

>~ (pt)x(qt) Dy qu (t)

h
dp’qtg/ yo‘_i(pt)yi(qt)Dp,qy(t) dpqt  (3.39)
)

(
By using the Holder’s inequality and (3.39) with (3.38) for (p, ¢)-integral with indices
a+1, “Hwe get

- B a+1
y**i(h) = /‘Dp,qx (5) dp,qs
L0
- —_o =T a+1
h at1 h ol
< /dp,qs /|qu (5)|°‘+1dp7q5
. O O
h
B ha/‘Dp,q (3)|a+1 dp,q5
0
and
hi o h
/ Zxa_i(pt)xi(qt)Dpvqﬁ (t)] dp,qt < h® / | Dyp,qx (5)|a+1 dp,g5
o 1i=0 0

which is completes the proof. O
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Remark 3.14. In Theorem 3.13 if we take p — 17, we obtain the following inequality

in [2]: )
/

Remark 3.15. In Theorem 3.13 if we take p — 17 and ¢ — 17, we recapture the
following result
i

which is proved by Hua in [11].

h
dyt < ha/|qu(s)|a+1 dys.
0

S e (1)’ (gt) Dy ()
1=0

a+1
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