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1 Introduction and preliminaries
The quantum calculus, which is often regarded as calculus without limits, has emerged
as a bridge between mathematics and physics. Although very old, it has experienced a
rapid development during the previous century with the research work of Jackson [16].
In recent years many researchers have shown great interest in studying and investigat-
ing quantum calculus since it emerged as an interdisciplinary subject. This is, of course,
because of the fact that quantum analysis is very helpful in several fields and has huge
applications in various areas of natural and applied sciences, such as computer science
and particle physics, and additionally acts as a critical tool for researchers working in an-
alytic number theory or in theoretical physics. Many scientists who use quantum calcu-
lus are physicists, as quantum calculus has many applications in quantum group theory.
For some recent trends in quantum calculus, the interested readers are referred to [12—
14, 16, 17, 35]. Recently, Tariboon and Ntouyas [36] introduced the notions of quantum
derivative and quantum integral on finite intervals and developed various g-analogues of
classical integral inequalities, such as Holder inequality [49], Hermite—Hadamard inequal-
ity [3, 7, 9, 15, 20, 21, 33], Petrovi¢ inequality [1], Pélya—Szego and Cebysev inequalities
[32], Jensen inequality [2, 5, 18].

We now recall some useful concepts and results relating to quantum calculus on finite
intervals.
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Definition 1.1 ([36]) LetO0<g<1,] =[a, 8] C Rbeaninterval, f :J] — R be a continuous
function and 7 € /. Then the g-derivative D f(7) on ] of f at 7 is defined by

1) - f(qr + (1 - q)a)
1-9)(t-a)

Dyf (1) =L (c #a)

and
«Dyf (@) = im ,Df (z).

Definition 1.2 ([36]) Let f : ] — R be a continuous function. Then the g-integral
(Riemann-type g-integral) [ f(t) od,T on ] is defined by

[e¢]

/ f(@ad;r=(1-g)(x—a) Zq"f(q”x + (1 —q”)(x)

n=0

if x € J. Moreover, if ¢ € (@, x), then the definite g-integral fcxf(r) «d,4T on J is defined by

In recent years several researchers successfully obtained numerous new quantum ana-
logues of different classical inequalities. For instance, Noor et al. [25] and Sudsutad et al.
[34] obtained g-analogues of Hermite—Hadamard’s inequality using the class of convex
functions. Noor et al. [24] obtained g-Hermite—Hadamard’s inequality using the class of
preinvex functions. Alp et al. [6] gave a corrected g-analogue of Hermite—Hadamard’s in-
equality. Noor et al. [23] obtained quantum analogues of Ostrowski’s inequality using the
convexity property of functions. Tung et al. [37] obtained quantum analogues of Simp-
son’s inequality using convex functions and discussed some applications to means. Liu
and Zhuang [22] obtained new g-analogues of Hermite—Hadamard’s inequality using two
times g-differentiable convex functions. Zhang et al. [48] obtained a more generalized
and interesting new g-integral identity and obtained several new g-analogues of trape-
zoid inequalities. Recently, Erden et al. [11] obtained some more new quantum analogues
of integral inequalities using convex functions. For more details on recent works regarding
g-analogues of integral inequalities, see [4, 38—42].

The aim of this paper is to derive a new generalized quantum integral identity and, ap-
plying it as an auxiliary result, we will establish some new estimates of g-bounds using the
class of preinvex functions. We will discuss also some new special cases of the obtained
results. Finally, we will present some new applications of the main results to special means
for different positive real numbers. We hope that the ideas and techniques of this paper
will inspire the interested readers working in this fascinating field.

2 Results and discussions
Before we discuss our main results, let us recall the definitions of an invex set and preinvex
function.

In what follows, we denote by X C R a nonempty set, f : X — R is a continuous func-
tion, and & : X x X — R is a continuous bifunction.
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Definition 2.1 ([10]) A set X C R is said to be invex with respect to the bifunction &(, -)
ifa+1E(B,a) e Xforalla,B € X and T € [0,1].

Definition 2.2 ([46]) A real-valued functionf : X — R is said to be preinvex with respect
to the bifunction &(-, -) if the inequality

fla+tEB,) <1 -1)f (@) + T/ (B)
holds for all @, 8 € X and t € [0, 1].

2.1 Akeylemma
The following Lemma 2.3 plays a crucial role in deriving our main results.

Lemma 2.3 Letg € (0,1),£(8,«) >0andf:B=[a,a+&(B,a)] - R be a g-differentiable
Sfunction on B° (the interior of B) such that ,D,f is q-integrable on B. Then we have the

identity
R e R e e L]
1 a+§(B,e)
- od
£(p,a) / S ey
&(B, a)/ qu a+T1E(B, oz)) 0dyT, (2.1)
where
gt -3 T€[0,3),
P(t)=1qr-31 t€li ),
qr - %, t€[31]
Proof Let

Si= [ (40§ )oPuf e+ retp)dyr

: <qt - %)aqu(a + ré(ﬁ,a)) 0dyT,

g
I
w.._\;

and
! 7
S3 = /2 qt — 3 aqu(Ol + IS(,B,ot)) odyT.
3
Then elaborated computations lead to
1

S = /: qtaqu(a + tS(ﬂ,a)) 0dyT — % fo ’ O,D,Zf(a + té(ﬂ,a)) odyT

fa+fé(/3, ) —fla+qt&(B, )
(1-q)§(B, )

Odqf
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f(Ol +7é6(B,a)) —fla + qTé(B,a))
(1-9)E(B @)
1 mlf(a +3q"6(B, ) — fla + 1q" (B, @)
E ;q £(8,0)

li fla+3q"6(B,a)) - fla + 34" E(B, )
8 £(B,a)
a5 0 e+ 39768 0) - X0 a'f (@ + 54"E(B, @)
36(B,a)
1Y Nof @+ 3076 (B,@) — 0 fler + 3475 @)
8 §(B,a)

L[ re=gEe) )i fl+3q'sBm) | 1 fC5E) —fla)
£(B,a) £(B,a) 8 £(B,a)

odqf

C 5 fReERY) 1 = Sfla+ 39" (B,0)
“u e TEEe @ 30Ol gy

n=0

5 f( 30t+¥3(/3:0t) )

1 1 a+3E(Ba) q
"% i) sy (a)_éz(ﬂ,a)/a S e g

<6It——) Dyf (o + T&(B,)) 0dy r—/o (qr——) Dyf (o + 7&(B, ) odgT

) 1 f 3a+€(ﬂw 1 (?xx +2$(,3,oe)) ~ 1 /0”35(/3,0!)
B sw o) | 6(B,a) 3 E2(B,@) Jurlep

f(x) Otdqu

o)} |

and

33_/1<qr_3> Dyf (o + 7(rt)) od, r_/oz(qf_z) Dyf (o + 76(Bra)) odyT

a+&(Ba)

5 [ e
alg

1
"% i teEgay @HEE)- wa)/ "

Therefore, we get

1
/ @(‘L’)aqu(Ol + ré(ﬂ,a)) odgT

0
[f(a) . 3f(—3"‘ it ’“)) : 3f(—3°‘ + 2P ’“)) o sos,a))}

_ 1
- 8:(B,@) 3

1 a+£(B.a)
£2(8,) / Fx)adgx.

Multiplying both sides of the the above last equality by £(8, @) leads to the desired result
(2.1). O
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Corollary 2.4 Let g — 1~. Then Lemma 2.3 leads to the conclusion that

é[f(m ; 3f<—3a i ""’) , 3f(—3"‘ + 2 (P ""’) Fla +s<ﬂ,a>)}

3
1 perEBe)
" E(B,a) f Sl dx

1
= g(ﬁ,a)/o () (a + TE(B,)) dT,

where
T- %1 TE [07 %)y
U()=17-3 t€l}3)
7 2
T~— g’ TE [g,l]

2.2 Estimations of quantum bounds
Theorem 2.5 Letq €(0,1),£(8,«) >0andf : B = [a,a +&(B,a)] — R bea g-differentiable
Sfunction on B° (the interior of B) such that |,Df| is a g-integrable preinvex function. Then

one has

‘%[f(a) +3f<73 @12 "")) . 3f(73“ i "”) e +§(ﬂ,a))}

1 a+é(Ba)
- = (%) odgx
£(B,a) /a 4 !
768q° + 4324 + 432q + 168
6912(1 + q)(1 + g + g?)

768q> + 768q + 432q + 264
6912(1 +q)(1 + g + g?)

< sw,a)[ 1 Dyf (@)

|aqu(ﬁ)|]- 22)

Proof It follows from Lemma 2.3 and the preinvexity of the function |,D,f|, together with
the properties of the modulus, that

{%[f(ansf(i?’“ +i(ﬂ’“)> +3f(73“ +2§(ﬂ’a)> +fla +§(/3,a))}

3
1 a+E(B )
" E(B,a) f S adg

—:(g.a) /0 : (qr - %)aqu(a +7E(B,0)) odgT

+ /j (qr - %),,,qu((x + (B, @)) 0dyT

! 7
+ /% (qr - §>0,qu(a + tg(ﬂ,a)) odyT
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‘aqu(a + ré(ﬁ,a)) | 0dyT

1
L1
w=3

< s(ﬂ,a)[/f

2

3 1
+L qT—E

3

+é1
fs(ﬂ,a)[/f
. /

1
.
~ 480g° + 2484% + 248q - 3
- 5(,3,0:)( 6912(1 + q)(1 + g + g% |aqu(a)’

1604% + 160q — 69
T2l + )1+ g+ ) faqu(ﬂ){)

64> + 3
* E(ﬁ’“)(wsu T )1+q+P) [« Daf (@)

¥ 108(?32;(61q+_q3+ e Iaqu(ﬁ)|>
' gwm(_966961132;11??)?1:12%;2)21 |« Dyf (@)
' 69212;(6112: ;%fi;iz;) |aqu(ﬂ)!>
=50 ’“)[76231;(??;2;)2(1 :LS;Z ;;68 Do/ (@)]
2
e B

|leDyf (o + TE(B, )| 0dyT

|leDyf (o + TE(B, )| odqr:|

7
T__
v=3

v - %‘(u = OleDyf @) + Dy (B)]) oy

. §|(<1 = 0)|uDaf @) + t}uDef (B)]) odyT

(1= D] Dyf @)] + £} Do (B)]) d]

7
T__
™=y

which completes the proof of Theorem 2.5.

Corollary 2.6 Let g — 1~. Then
R e e R e e R )]

8
1 a+é(B,a)
T EBa) / f (")dx‘

255(B, ) r ,
< 22w+ e

|

Theorem 2.7 Let g € (0,1), p,r>1 withpt +r1=1,6B,0)>0and f: B = [0, +
£(B,a)] = R be a q-differentiable function on B° (the interior of B) such that |,D,f|" is
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a q-integrable preinvex function. Then one has

R e R R )

3
1 a+&(Bya)
T E(Ba) / fx)adgx

371 + (8g - 3)P*1](1- )\ 7
Sg(ﬂ'a)[( 24+14(1 - g#*1) )

X

(3q + 2)|oDyf ()" + Iaqu(ﬂ)I’>
I +¢q)

+

[(3-2g)" + (6q - 5" ](1 - )\ ?
6p+1 (1 qp+1) )

3(1+q)

(

s
. (q D@ + IaDJ(ﬂ)I’>
g

[(21 - 16q)P+1+(24q 21711 - ¢q)
4p+1 qp+1) )

y ((3q—2)|aqu(a)|r+5|aqu(ﬂ)I’)1} (2.3)
91 +gq)

Proof Tt follows from Lemma 2.3, Holder inequality, the preinvexity of the function
l«Dgf1”, and the properties of the modulus that

‘%[f(a) + Bf(w> + 3f<w> +f(a + S(ﬂ,a))}

3
1 a+é(Ba)
) / fx)adgx

/01 (‘” B ‘) Dyf (o + 75(8,@)) 0dyT

= S(ﬁ:a)

2

+/1§ <qr—l> Dyf (o + T&(B,@)) 0dyT

3

/l<q" Z) Dyf (o + 5(B,@)) 0dyT

3

sé‘(ﬂ,a)[(/f

o /j

R (/1
sé(ﬁ,a)K

0

1

1P v , g
s odqr> (/0 ‘aqu(a+r$(,3,a))’ odqr>

qrv -

1?7 1% % - r
odql'> (/1 |aqu(a+r§(ﬁ,a))| odqt)

-
73

P e ;
7 odqr> (/2 |aqu(a+rg(,3,a))\’odqr> ]

qr — 3
17 . \»
qt — 3 odqr>
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X (| qu(oz)| f (1-1)0d 7,'+| qu(ﬁ)| / T od, T)

([

x(| qu(a‘ / 1-1)0d t+| qu(ﬁ| /1 '(0qu>
+( od ‘L'>

TN
X (‘aqu(a)‘r/Z (1-1)odyT + ‘O(qu(ﬁ)‘r/Z todqt> ]

Making use of the binomial expansion, we get

/%

0
% 1) 3 1)

=[(—1)”—1]q"/0 (r—s—q) Odqr+./o (r—gl) odyT

B l1-¢ 1\
e

+qp 1_q l_i p+1+(_1)p i p+l
1-gr1[\3 8g 8q

_[37 +(8g-3y"1(1-¢q)
- 24p+1q(1 _ qp+1)

T—_

=

qr——

1 p
qt — 3 odyT

Similarly,
I [(3-2q)"" + (64 - 571~ )
qr — =| odyT = - -
3 67 1q(1—gP*)
and
fl 7F [(21 - 16g)"*! + (24q - 21)"*](1 - 9
qr — =| odyT =
2 8 24r+1g(1 — g+1)

3

Therefore,
R e R e R
1 a+é(Ba)
T E(B,a) / o) udg

371+ (8g - 3)P*1](1 - )\ 7
st’a)[( 24r+1g(1 - gr*1) )

. (<3q+2)|aqu<a)|’ ; |aqu<ﬂ>|f>%
91 +q)
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+

(3 -2q)P*' + (6q - 5)7*11(1 - q)
6p+1q(1 qp+1) )

3(1+¢q)

[(21 — 16g)7*! + (24q — 21)P*1](1 - q))
24p+1q(1 qp+1)

(
y (61 oDf (@) + Iaqu(ﬁ)l’> ’
!

§ (<3q—2)|aqu(a>|f+5|aqu<ﬂ>|f)1}
9I1+q) ’

and the proof of Theorem 2.7 is completed. d

Corollary 2.8 Let g — 1. Then

s () ey (B RO ) a0

3
1 a+&(B,a)
“&(pa) f S dx
[37+1 + 571 5If"(e)l” + [f'(B)
cconl(e ) (rergrory

(g )’L(lf’(a)lulf’(ﬁ)l’y

61(p + 1) 6

(2 +s)p+1> (Lerssrory }
247 1(p + 1) 18

Theorem 2.9 Let q € (0,1), r > 1, §&(B,a) >0 and f : B = [a,a + £E(B,2)] = R be a g-
differentiable function on B° (the interior of B) such that |,D,f|" is a q-integrable preinvex
function. Then

sl ar (BB )y (PR s s |

1 a+&(B,a)
T B / S adyx

<£(.0) 20q -3 \'77 (48043 + 2484> + 248q — 3| D)
,
= 288(1 +q) 6912(1 +q)(1 + g + q*) S

1

160> + 160q — 69 .
T 612011 )1+ q+ ) | Dof (B)] )

q 1= 6> +3 | Df( )|r
+(18(1+q)> (108(1+q)<1+q+q2)“ @

6g° +6q-3 N
10801 +q)(1+q+q2)|aqu(ﬂ)| )

Page 9 of 15
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[ Dgf ()]

21-4q " (964 + 184¢> + 184g - 21
288(1 + q) 6912(1 + q)(1 + q + 4*)

2244q% + 224q + 525
+
6912(1 + q)(1 + g + ¢?)

|aqu(ﬁ)|’> ] (2.4)

Proof It follows from Lemma 2.3, the power mean integral inequality, the preinvexity of
the function |,D,f|", and the properties of modulus that

R e R e R

1 a+&(B,a)
" E(B,a) / S adg

=£(B,a) [)g (qf - é)aqu(a + TE(:B’O‘)) Odq":

2

+ /j (qr - %)O,qu(a +7&(B,@)) 0dgT

3

1
+ /2 (qr - g)aqu(a +76(B,@)) 0dyT

3

< E(ﬂ,a)[/f

2

s
N
55(5,01)[(/0;
" /j

(]

20g-3 \'7 . (3
sé(ﬁ,a)[(288(1+q)) (|aqu<a)| /O (1-1)

‘aqu(a + ré(ﬁ,a)) | o0dgT

1
o1
w-g

qr - % |loDyf ( + TE(B, @))| 0dyT

|leDyf (o + TE(B, )| Odq{|

1 s
—|od,T /
Soq) <0

1 2
1 rors
) ()

73 !
3

1
7 ot
odqr) (/2
3

7
T__
™=y

r

qt —

1 ,
qt — 3 |aqu(O[ + r&(ﬁ,a))| odqt)

r

qr - % |leDgf (o + rE(,B,a))!rodqr>

|leDyf (o + TE(B, 1)) ’r()dqf) r:|

7
.7
m=3

qt—g

odq‘L'

1
.
v~

+ DB /0 e = Odqf)1
(i) (psor [ uofee 3
+ Iaqu(ﬁ)l’ﬁ tlgr - Odq’>%
! <z§§& qu))l_1 (!aDqﬂa)l’ /%1(1 ~0)lgr ¢ odT
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1
)]

_ 20g -3 - 4804° + 2484% + 248q - 3 ’
_é(ﬁ'a)[<288(1+q)> ( 6912(1+ )L+ g + q2) [« Dgf (@)

1

7
.7
w3

1
+ DB / .

160> + 160q — 69 .
T 69120+ q)(1+q+) |l Dof (B)] )

q 1=y 6q3+3 | D,f( )|r
+(18(1+q)> (108(1+q)<1+q+q2)“ @

6g°> +6q-3
+
108(1 +q)(1 +q + g?)

21 -4q - 964> + 1844> + 184q — 21
288(1 + q) 6912(1 + q)(1 + q + 4*)

|aqu(ﬂ>|’)'

o Df (@)

224¢” + 224q + 525 N7
T 621+ )1+ g+ ) |l Df (B)] > ]

which completes the proof of Theorem 2.9.

Corollary 2.10 Let g — 1~. Then

‘%[ﬂa) . ﬂ@) . gf(w) flas g(ﬂ,a»}

3
1 perEBe)
T E(Ba) / f(x)dx’

17\ (973[f (@) + 251|f(B)|"\ 7
Sg(ﬂ,a)[(%) < 41472 >

. ( 1 )1'1<lf/(a)|’+ Wﬂ)k)i
36 2

17\ (251 @) + 973 (B
+<576> ( 41472 )}

Remark 2.11 If we assume that |[D,f| < K in Theorems 2.5, 2.7, 2.9 and their corollaries,

then we can obtain some interesting results. We omit the details here and leave them to

the interested readers.

2.3 Applications

In this subsection, we give some applications of our obtained results to special bivariate

means.

A bivariate real-valued function 7" : (0,00) x (0,00) — (0,00) is said to be a bivariate
mean if min{e, ¢} < T (e,¢) < max{e, ¢} for all ¢,¢ € (0,00). It is well known that the bi-
variate means are closely related to many special functions [8, 19, 26, 30, 31, 44, 45]. Re-

cently, the inequalities between different bivariate means have attracted the attention of

many researchers [27-29, 43, 47, 50].

Page 11 of 15
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Let o, B > 0 with o # B and p € R\ {-1,0}. Then the arithmetic mean A(x, 8) and pth
generalized logarithmic mean £,(«, B) are defined by

A= “2F
and
~ ﬁp+1 _ ap+1 %
G| )
respectively.

Proposition 2.12 Let g € (0,1) and B > o > 0. Then the inequality

(n + 1)(1 Q)

; =

n-1
- [A(a”,ﬂ”) + (%) [A"(2a, B) + A”(a,Z,B)]]

2 Lo ﬁ)‘

<(b-a) 768q> + 4324 + 432q + 168 (na™)
- no
- 6912(1 + q)(1 + q + g?)

768q> + 768q + 432q + 264 (/3" —(gB+(1- q)a)”)]
6912(1 + q)(1+q + ¢%) (B-a)1-gq)

holds for n > 1.

Proof Let f(x) = «" and &(B, ) = B — «. Then Proposition 2.12 follows from Theorem 2.5

immediately. 0

Proposition2.13 Let>a>0,q€(0,1),andp,r > 1 withp’1 +r V= 1. Then the inequal-

ity
B[A(a”,ﬂ”) + (g)"l[/l”@oz,ﬁ) + An(a,Zﬁ)]] _ %U( 5
v (Q(”“” v ;((1‘15;%2»

1
-

n-1\r B"—(gB+(1-g)a)"
A R A e
91 +¢q)

)

holds for n > 1, where

(371 + (8g - 3)"*1](1 - q)
247+1g(1 — gr+1)

[(3—2g)"*! + (6q - 5)"*'](1 - q)
6p+1q(1 _ qp+1)

Y =

Y =
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and

211697 + (249 - 217"1)(1 - g
Ve 20 g(1- ')

Proof Let f(x) =x" and £(B,a) = B — . Then Proposition 2.13 follows easily from Theo-
rem 2.7. O

Proposition 2.14 Let >« >0, n> 1 and g € (0,1). Then the inequality

(n+1)(1-q)
1 _qn+l

n-1
—[A(o/’,ﬂ”) + (—) [A"(a, B) + A”(a,2ﬁ)]] - cg(a,ﬁ)‘

(o[ (2003 17 /4804% + 2484 + 2484 — 3( 1y
= 288(1 + q) 6912(1 + g)(1 + q + q°)

. 160g° + 160g — 69 <ﬁ” —(gB+(1 - q)a)”>’>%
6912(1 +q)(1 + q + 4?) B-a)1-9q)

a \~ 6q° +3 pe1\F
* (18(1 +q)> (108(1 vt )
. 64°+64-3 (ﬁ"—(qm(l—q)a)")')i
108(1+¢q)(1 +q +4%) (B-a)1-q)

21—dg \ [~964 + 184q? + 184q — 21( 1y
288(1 + q) 6912(1 + q)(1 + ¢ +q?)

~I=

. 2244 + 2244 + 525 (ﬂ” —(gB+ (1~ q)a)”)’) 1]
6912(1 + 9)(1 + g + ¢2) B-a)1-q)

holds for all r > 1.

Proof Let f(x) = " and £(B8,a) = B — «. Then Proposition 2.14 follows from Theo-
rem 2.9. (|

3 Conclusions

In this paper, we have derived a new g-integral identity involving a g-differentiable func-
tion. Using this new identity as an auxiliary result, we have derived new associated quan-
tum bounds essentially using the class of preinvex functions. We also discussed some spe-
cial cases of the obtained results which show that the main results obtained in the paper are
quite unifying. In order to show the significance of the obtained results, we have also pre-
sented applications to special means. Since quantum calculus has extensive applications
in many mathematical areas, we hope that our results can be applied in convex analysis,
to special functions, in quantum mechanics, related optimization theory, to mathemati-
cal inequalities, and may stimulate further research in different areas of pure and applied

sciences.
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