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Abstract

This article investigates the exact meaning of a quantum derivative result and the cor-
responding definition of a quantum definite integral in multiplicative calculus from a
geometrical viewpoint. After this critical analysis, we give an accurate definition of the
g-multiplicative definite integral and the corresponding derivative result. Additionally, an
example pertaining to q-multiplicative definite integrals is presented, and rigorous analysis
to prove several fundamental results is provided. In addition, two other concepts are de-
fined: the left g-multiplicative derivative and definite integral and the right g-multiplicative
derivative and definite integral. Finally, several g-multiplicative Hermite-Hadamard-type
inequalities are constructed, and related examples are shown to support our recent findings.

Keywords: g-multiplicative calculus; multiplicative calculus; geometric calculus; Hermite—
Hadamard inequality

MSC: 05A30; 26A51; 26D10; 26D15; 39A13

1. Introduction

Between 1967 and 1970, Michael Grossman and Robert Katz defined an alternative
form of derivatives and integrals, which altered the addition and subtraction operations
to division and multiplication. This provided the origin of the entirely new calculus
known as multiplicative calculus, which is also frequently called non-Newtonian calculus.
In multiplicative calculus, two well-known operators, the derivative and integral, are
defined below.

Definition 1 ([1]). Ifwe consider J : T = [a, B] — R to be a positive function with J (s) # 0, then

276 =) = iy (L)’

is said to be a multiplicative derivative or *derivative of J at s € R. Also,
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!/ . . .
Here, () shows a classical derivative.

Definition 2 ([1]). If we assume that J is a Riemann integral and positive function, then for

sel,
B
[" 752 = el
Ju
is said to be a *integral or multiplicative integral of J over T.

Some characteristics of a multiplicative integral for an arbitrary function are
described below.

Proposition 1 ([1]). If we assume that J and K are two multiplicative integrals and positive
functions, with e < c < Bandn € R, then
° fzxa j(S) d=1.
-1
. fﬁjsdsz(f“j(s ds) .
. fﬁ dsln(fﬁ<e](s) )
. ff(j( ds _ (fﬁ(j ) '

o LI E=[iT6) S [P
. ﬁw@um“=ﬁﬂ@“ﬁxwﬁ

. p j(s) ds_ffj(s) ds
f“(K(s)) CPK(s) &

Researchers in different mathematical fields have recently made contributions pertain-

ing to this calculus. The literature of non-Newtonian calculus includes, for example, the
fundamental theorem of multiplicative calculus [1], multiplicative stochastic integrals [2],
complex multiplicative calculus [3], multiplicative differential equations [4], and multi-
plicative Hermite-Hadamard inequalities for different kinds of convex functions [5-7].

Definition 3 ([8]). If we assume that [J is a positive function on I, if for all s,h € I and
0<a; <1,

J (sa1+10(1 = 1)) < (T ()" (T ()17
exists, then J is a multiplicative convex function.
The Hermite-Hadamard inequalities for multiplicative calculus are stated below.

Theorem 1 ([5]). If we assume that J is a multiplicative convex and positive function on I, then

‘4%ﬁ)ggﬁﬂmﬂ#%53wﬂm 1)

holds.

Theorem 2 ([5]). If we assume that J and K are two multiplicative convex and positive functions
on T, then
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J<“erﬁ

7BV (5E) < ([fwer [ o) < Jr@aerwre o

o

holds.

Theorem 3 ([5]). If we assume that J and K are two multiplicative convex and positive functions
on T, then

14

Je(*38) < () " [ () e JI@TB): /K@K (p) )

or, equivalently,

holds.

Recently, some authors have extended the research on integral inequalities using the
generalized multiplicative convex functions. For instance, in [9], the authors introduced a
new type of function called a multiplicatively (P, m)-convex function. They studied their
basic properties and developed Hermite-Hadamard-type inequalities of these functions.
Multiplicative k-Riemann-Liouville fractional integrals are also defined in this paper; the
integrability, continuity, and commutativity of these integrals are discussed; and the new
fractional Hermite-Hadamard- and Newton-type inequalities are obtained using multi-
plicative k-Riemann-Liouville integrals. Moreover, in [10], the authors constructed a series
of three-point Newton—-Cotes-type inequalities based on multiplicative convexity conditions
and used multiplicative Riemann-Liouville fractional integrals for double multiplicative
differentiable functions to generate a fractional integral identity. Our primary motivation
includes inequalities (1), (2), and (3), Definition 3, and the works published in [9,10], which
may also be developed in a g-multiplicative calculus by obtaining some new definitions of
the definite integral in this calculus. In Section 3 of this article, we investigated the defini-
tion of definite integrals and the derivative results in g-multiplicative calculus, which was
developed in 2015 [11], using the graphical point of view, and gave the correct definition
of definite integrals and the derivative’s results. In Section 4, we introduced two more
definitions for the definite integral and derivative as well. In addition, we derived some
fundamental results of the definite integral based on newly obtained results. Moreover, we
established some Hermite-Hadamard-type inequalities and constructed related examples
that support our results.

2. Materials and Methods

The fundamental definitions of g-calculus that are necessary for comprehension will
be demonstrated in this article. The g-calculus is a limitless version of classical calculus. Its
analysis can be seen in difference equations, number theory, knot theory, general relativity,
particle and chemical physics, molecular and nuclear spectroscopy, the hydrogen atom,
string theory, and hypergeometric functions [12]. For further comprehension, its general
and symmetric version can be read in these referred manuscripts [13,14]. The definitions of
derivatives and definite integrals of g-calculus are mentioned below.
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Definition 4 ([15]). If we consider a continuous function J defined on I, then for 0 < q < 1

J(as) = I (s)

0076 == fa =)

is called a quantum or q-derivative of J at s € R.

Definition 5 ([15]). If we assume a continuous function J, then for sy € Z,

S1 g
/ J(s)dgs = (1 —q) sl—aZ J(q"s1)
o n=0
is called a q- or quantum integral of J .

In 2013 [16], Tariboon and his co-author defined a new definition of definite integrals
in g-calculus using the left endpoint « of 7 as written below.

Definition 6 ([16]). If we assume a continuous function J, then for sy € Z,

| T 6hades = (51 =m)(1 =) L a"T (1= a"a+a"s1)
a n=0
is called a nq-integral of J .

The definite integral in g-calculus using the right endpoint 8 of Z can also be seen in
the literature and is written below.

Definition 7 ([17]). If we assume a continuous function J, then for sy € Z,

/ﬁj(S)ﬁqu=(ﬁ—51 )(1-q) i (1—a")p+4q"1)

51
is called a Pg-integral of 7.

In 2015 [11], Yener et al. derived a g-analogue of multiplicative calculus and defined
basic definitions and results of this calculus that are written below.

Definition 8 ([11]). If we consider a positive function J defined on T with [J (s) # 0, then the
q-multiplicative derivative of J at s € R and is written as

%J@:(?g»@m'

Definition 9 ([11]). If we assume that J is a positive and bounded function on 0 < a < 3, then
forsel

[ 76yt = o TNt _ [ IO i) @
14
is called a q*- or q-multiplicative integral of J over I.

Some properties regarding q-multiplicative derivatives and integrals of a function are
written below.
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Theorem 4 ([11]). If we assume a positive and q-differentiable function 7, then the
D:J(s) = ega™IT) 5)
equality holds.

Theorem 5 ([11]). If we assume two positive q-multiplicative integrable functions J and K with
ce€Zandn € R, then

o JPaEem e = (SR )
© LT = (LT % LT ()%
o JHIE) K@) S = [P T(s) b K (s)
p( TN _ JL ) %
Ji (’C(S)> - PK(s) b

3. Corrections

First, we critically examine (4) and (5). Both equations are incorrect because In and
eq are not inverse to each other. In fact, eq (natural g-exponential function) is the inverse
of Inq (natural g-log function), and In (natural log function) is the inverse of e (natural
exponential function). Moreover, eq and Ing are the generalization of e and In, respectively
(see [18]). Another generalization of these functions is introduced by Tsallis [19] and written

as follows: )

eq(s) = [1+ (1 -q)s]0 @

whereq # land 1+ (1 —q)s > 0. And fors > 0,

sl=a -1

Ing(s) = 1—q

Now, we demonstrate our claim graphically in Figures 1 and 2.
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Figure 1. (a) Graph of natural log and its inverse. (b) Graph of natural g-log and its inverse.
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Figure 2. Graph of natural log and g-exponential functions.

From Figure 1, it can be seen that the graph of functions and their inverses form
symmetry about the line (which passes through the origin and bisects the first and third
quadrant); however, Figure 2 shows that In and eq are not inverse to each other. Therefore,
the correct form of Definition 9 for the definite integral in g-multiplicative calculus should
be written as below.

Definition 10. If we assume that J is a positive and bounded function on 0 < a < B, then for
sc’l
/ P 7(s) 405 = eI Odes — o[0T ()dgs= [ In( 7)) ) (©6)
24

is called a q*- or q-multiplicative integral of J over I.

Remark 1. Since equality (5) of Theorem 4 is also wrong due to the following reasons,

1. The quantum natural exponential function (eq) is not the inverse of the natural logarithmic
(In) function for q # 1;
2. The Chain rule in q-calculus does not hold generally (see [20]).

The first point is handled in our manuscript, but there is still a second reason to refute this
theorem. Howeuver, this theorem can be reconstructed for a particular case; for instance, if we let
the inner function J be a monomial having any positive integer power and the outer function be a
natural logarithmic for the Chain rule, then the second reason can also be fixed. i.e., if we assume
J(s) = s", then

In(q"s") — In(s")

DqIn(TJ(s)) = DqIn(s") =

Qs —s
_ In(g"s") —In(s") g"s" —s"
qns" —gn qs —s
_ In(q"J(s)) —In(J(s)) T (as) — T (s)
Q"I (s) = T (s) gs —s
=D In(J (5))Dq T (s)-

Therefore, after some refinements, Theorem 4 can be reconsidered as the proposition
that is mentioned below.
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Proposition 2. If we assume a q-differentiable and positive function 7, if J is a monomial having
any positive integer power, then

QZJ(S) — 94 In(J(s))

holds.

4. Novel Definitions and Results in g-Multiplicative Calculus

First, we define new definitions of derivatives and definite integrals in g-multiplicative
calculus using the left endpoint « of Z.

Definition 11. If we consider a positive function J defined on T with J(s) # 0, then the
«q-multiplicative or left q-multiplicative derivative of J at s € R and is written as

I(a (1_q)+q5)>%q v

N G

Example 1. If we let J(s) = s> + 1 be a positive function on [2,5] and fix q = 0.5, then its
«g-multiplicative derivative can be calculated as

(5T (s) = (J(“(l—Q)+qs)><sw)l<ql> _ ( (1 —q) +q(s? +1))1ql>

J(s) s2+1
1
241\ G051
1+ i 2 3 %
D5 T(6) = | —2— _ (7
2705 241 252 42

Definition 12. If we assume a bounded function on 0 < a < p and a positive function [, then for
sel

/‘/5 j(s) adgs eff In(J(s))adqs — e(foﬁ 1“(\7(5))adq5—f6x ln(J(s)),quS) 7)
J
is called a left q- or wq-multiplicative integral of J over I.
Example 2. Ifwelet J(s) = esz, then using (7) and Definition 6,
//S es2 adgs _ eff ln(esz)adqs
14
= efzxﬁ szﬂ‘dqs
— o(1-a)(B~a) Eplga"(1-a")2a?+q*" >+29" (1-q")ap)
(B-2)? | 20(p—a)
= e(ﬁia) erWjL“z ) (8)

Some basic properties of left g-multiplicative integrals of function are written below.

Theorem 6. If we assume two positive yq-multiplicative integrable functions J and K withc € T
and n € R, then

1. j‘ﬁ ad s (fﬁ ad s) ,

2. fﬁ ,yd s __ f j adqs fﬂ D(d s

3. j‘ﬁ ) ad s __ fl; ad s fﬁ K ,qus/
S

() e <
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Proof. When (1) and (3) are obvious, the following is carried out.
Equation (7) is used to prove (2).
P d P d
/ T (s) 295 = el In(T())ades
o

— oJSI(T(5))adgs+ [ In(T (5) )adas

= [ | " 7(5) e

C

In a similar fashion, (4) can be proven:

J(s)
ﬁ n| ——-—— S
//3 T (s) adqs B efa 1 (/C(s) )adq
o ]C(S) o
— oJE (T (5))adgs— [£ In(K(5))adqs
— JPIM(T($)adgs . o= [F (K (s))adqs

JE T (s) ndes

JEK(s) ades”
O

Now, we construct some ,q-multiplicative Hermite-Hadamard inequalities.

Theorem 7. If we assume a positive ,q-multiplicative convex differentiable function J on I, then

g(LE) < ([ J(s)“dfﬁ)ﬁl“ < [T 7). ©

|

holds.

Proof. Due to the ,g-multiplicative differentiablity of 7 on («, B), the tangential line for J
qa+p

at point "= € (a, B) can be expressed as

_gqatp

h(S)ZJ(qa+5>j’(q“+ﬁ><s W)

q+1 q+1

By the convexity of 7,

Foralls € [, f],

Inh(s) = 1nj(q“+ﬁ> + (s— q:‘+ﬁ> lnj’(cw).

q+1
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By «g-integrating, we obtain

/flnj(s),xdqsz/jlnj< - )dqs+/<

l
a+p
=1 0)InJ’
o2+ (358)
=1
nj<q+1>
faﬁ In 7 (s)adqs > 1nj<qlx +5).
B—« q+1
Taking the exponential on both sides, we get
JEm T (5)adgs o 0T (%F)
eﬁ a P > e atl )
Hence,
1
o+ B B
()= ([loor)”

Additionally, the line segment that engages («, J (¢)) and (B, J(B)) is a function that can
be generated:

By the convexity of 7,

For all s € [, B], we have

InJ(s) <Inhy(s) = [InJ(B) —InJ (« )]( )—l—lnj( )-

'Bf

By 1g-integrating, we obtain

/f In J (5)adgs < /ﬁ(s —)dgs {lnj( —InJ(a } / In J (a)4dqgs

- (ﬁ )0 (B) ~ I T @]+ T @)

( (f g+ (E25 ) ma ) - ma)
E ) am (@) +n 7 (p)
0 Pnstoes i)

Taking the exponential, we obtain

eﬂ [P In 7 (s)adgs < eln[J(a)qJ(ﬂ)]“lﬁ

( /fj <s>“d‘*s)ﬁ1“ < [T@IT(B)]7. (1)
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From (10) and (11), the desired result has been achieved. O

Remark 2. Asq — 1in (9), it is reduced into (1), which is the Hermite—Hadamard inequality
via multiplicative calculus.

Example 3. If we put J(s) = es” in Theorem 7 and use (8), then we have following cases:

Casel Ifwefixa =1,8=2,and0 < q <1, then inequality (9) becomes

J (213 : </f d>ﬁ < [T g(@)]7

1
2 o pw? 2w o) | P® 1
e<q+%) < e(ﬁ 04)<q2+ AT et )] < [eq~e4} arT
1
< q+1

¥e)

+

/-\
‘_n

LN

\/

e[ 2+q+1 ] < |:eq+4i| at

4+5q+4q +q q+4
q <e 1+2q+22 +¢3 e<q+1)' (12)

Case2 Ifwefixq=0.51<a <1.1,and 3 < B < 5in(9), then we have

1

J<“+325> < </je§2adq5)ﬁa < [T()? .j(ﬁ)f

1252 SRS A 3
L) o | o(ES )| T {ﬁ}

) ) 2
a+26\2 (4<ﬁ—a>2 4 dal(pon) +a2) 2,062\ 3
e( 3 ) <el 7 3 < (ea 2 )

2 .
11+2ﬁ)2 <50¢ +128 +4a,3> N
L5) < < (&), (13)
The pictorial visualization of (12) and (13) can be seen in Figure 3.
—— Left side
Middle ® Right
50 —— Right side @® Middle
. Left
%175
40 4
1.50
1.25
=
30+ 1.00
0.75
o 0.50 1.00
1.02
0.25 1.04
al 3.00
3.25 350
T T T T T T . 3?5 4 00
0.0 0.2 0.4 0.6 0.8 1.0 - 4.25 1.10
. 450 475
(@ (b)

Figure 3. (a) Pictorial form of (12). (b) Pictorial form of (13).
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Theorem 8. If we assume two positive ,q-multiplicative convex differentiable functions J and KC

on T, then
T(BB) (218« ([t [P xiopss)

9. T(B) K@) K(B)] T (14)

1
B—«

A
S
2

holds.

Proof. Since J and K are ,q-multiplicative differentiable functions on («, B), their tangents’

equations at the point q(ﬁrf € (a, B) can therefore be expressed as

h(s) = j(q“+5>j/(qfx+ﬁ> (=%

qg+1 q+1
and ( +/s)
qu
(9B q0c+/3> SR
o (st)e(at) ¥
Due to convexity of J and K, we can write
h(s) = J(q“+5>J’<q“+ﬁ) (=5 _ 7() (15)
B q+1 q+1 =
and ( +ﬂ)
((aat B\
ha(s) = K(qj‘rlﬁ)/c (q:‘+ f) "< K(). (16)

By multiplying (15) and (16) and then taking In, we get

Inh(s) + Inhy(s) =lnj<q“+ﬁ) + (s W) 1nj’<q“+’3> +1n/c(q“+ﬁ)

q+1 q+1 q+1 q+1
qa + B (an+ B
+(s— RN ) B + .
(s o >lnlC < o ) InJ(s) +1Ink(s)

By .g-integrating, we obtain

/flnj(s)adqs—i—/jlnlC(s)adqs > Aﬁlnj(qjjlﬁ)adqs+1nj’<q:(:1’8> /f <s— q:‘jf)adqs
+./lxﬁlnlC<q:‘:1ﬁ)adqs+lnlC'<q:(:—1ﬁ) /f (s q:jlﬁ>adqs
= (ﬁ—a)lnj(q;“jﬂ +1nj’(q§j1ﬁ>(0)+(/3—“)1“’C(q:(:1ﬁ>
+1n/c’<q:‘:f)(o)

181“(/jlnj(s)adqs+/aﬁlnlc(5)adqs> zlnj(qa-f—ﬁ) +lnlc<q“+/3).

q+1

Taking the exponential, we obtain

g (S 107 (5)adgs+ [ In K(5)adas ) > eln(j<qéxrlﬁ)‘lc(q:crlﬁ)).
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Hence,
1

(o) (28 = ([ v o)

(17)

Furthermore, for the lines connecting points (¢, 7 («)), (B, J(B)), and (a, K()), (B, K(B))

can be expressed as functions

and

ha(9) = K(0) | £ )

respectively. Due to the convexity of 7 and K, we have

and

=)

ko <ty - o) [£0)]

By multiplying (18) and (19) and then taking In, we have

S

p—a B-

" (,Bi:x - ,3:,() (InK(B) — InK(a)].

Taking ,qg-integral, we obtain

InJ(s) +InK(s) <InJ(a) + <

./flnj(s)“dqs+/flnlC(s),xdqs</ﬁln,_7 (a) dqs+/ﬁ( s “) dgs[InJ (B) — In T (a)]

p

+/ In K (a dqs+/(

= (f-a)nJ(a) + (ﬁ+1)[ln7(ﬁ)—lnj(a)]ﬂﬁ—a)lnﬁ(a)

<18_T_1>[lnIC(‘B) K (w)]

(ﬁ— )[qlnj( ) + Inf(fi)] + (ﬁ‘)[qlnﬁ(“)““’qm

+1

— (/’3 In 7 (5)adgs + /j 11‘1’C(S)adqs) < qﬁm (T (@7 (B)] + qﬁ In ()9 (B)].

By taking the exponential, we obtain

o < (JE 0 T (5)adgs+ [ In K(5)adgs) < eatt T (@)1 (B)]+ gy In[C() K (B)]

(/f gepss- [ ’C(s)“d”s) T T KB

By combining (17) and (20), we get (14). O

x a) InJ(B) — InJ(a)] + InK(a)

) dgs[In K (B) — In K (a)]

(18)

(19)

(20)
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Remark 3. As q — 1 in (14), it is reduced into (2), which is another Hermite—Hadamard
inequality via multiplicative calculus.

Example 4. If we put J (s) = e and K (s) = €° in Theorem 8, and also use (8) and Definition 6,
then we have following cases:

Casel Ifwefixa =1, =2,and 0 < q < 1, then inequality (14) becomes

7(32) k(22 < (/ﬁ it [T adqs)ﬁl“ < [T T(2)- K- K@)

22 2 o[ (B2 | 2a(p—a) NIEEE o
e(g%> -e(%) < e(/8 a)(q2+q+1+ I ) ~e(ﬁ7“)<ﬁq§qla) < [eq et ed 'EZ] "

2q2+7q+6 1 2 2+4q
e<q2+2q+1> < e{iqzﬂ”ﬁm“*m] < { 2q+6}

(2q2+7q+6> (6+8q+7q2+2q3) (2q+6)
2 T3
e\d +2q+1 S e 1+2q+29-+q S e q+1 .

(21)
Case2 Ifwefixq=0.51<a <1.1,and 3 < < 5in (14), then we have
1
2 2 B B B« 2
J M K M < / eszuqu./ 5 adgs < [j(a)% - T (B) ~IC(0¢)% ]C(ﬁ)]3
3 3 « o
1
w25\2 (e (2 | w6 NS 2
L) () [ o (Eaiemin) po(em)|TT o)
( 2+4ﬁ2+3u+6ﬁ+4w/3> (4(ﬁ;a)2+4 2(B-w) | 2 +2/3+u> ( a2+2ﬁ2+a+zﬁ>§
e <e <le 2z
p +4ﬁ2+3a+6ﬁ+4aﬁ 502 41282 +4ap+7a+148 2o
e( ) < e( = ) < (eW) (22)

The pictorial visualization of (21) and (22) can be seen in Figure 4.

400 —— Left side
Middle
350 J —— Right side @ Right
@® Middle
Left
300 1 5 5
o«
250 A 4
>
200 A 3
150 4 5
1.00
100 1 1.02
1.04
50
T T T ; T T 3.00 325 354
0.0 0.2 0.4 0.6 0.8 1.0 ) -20375 400 110
X 425 450 475 .
(a (b)

Figure 4. (a) Graphical representation of (21). (b) Graphical representation of (22).
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/ InJ (s

Theorem 9. If we assume two positive q-multiplicative convex differentiable functions J and KC
on T, then

(23)
holds, where “: " represents division.

Proof. By dividing (15) from (16) and taking In, then

Inh(s) — Inhas) zlnj<q;x:_1'6) N (S_ q::f) j’(q"‘j‘lﬁ> _1n;c<q:é:15)

- (s— q:‘jf) lnIC'<q(;X:1‘B) <InJ(s) — InK(s).

By 1g-integrating, we obtain

dqs_/ In (s dqs>/ In J(q“+lﬁ> dqs+1nj’< qif) /j( _qjilﬁ)“dq
_/a 1nlc<q:‘if)adqs—ln’c (?:f) /j (S q§:1ﬁ>“dqs
_ ([3_a)1nj<q:‘jf> +1nj’(q::15>(0)—(ﬁ—ﬂé)ln’C<q§:f)
-1 /C’(q:‘jf )(0)
— (f-a)l J(?jf)—%ﬁ—wﬂnﬁ<f:f>

(/ InJ (s dqs—/ In k(s dq>>lnj(q“_:—1ﬁ> 1n/c<q:‘:_rf).

Taking the exponential, we obtain

(JEn T (©)adas—[f MK (s)ades) o In(7 (S ): K (%))

eﬂ'“

Hence,
1

() n(228) = ([vr [

Similarly, by dividing (18) from (19) and taking In, we have

(24)

p—a p-u
_ <ﬁja - ﬁfa) [In C(B) — In K(a)].

InJ(s) —InK(s) <InJ(a) + < > InJ(B)—InJ(x)] —Ink(x)

Taking ,qg-integral, we obtain



Mathematics 2025, 13, 3381 15 of 20

/j In J (s)adqs — /j InKC(s)adgs < /j In J (a)adgs + g (S —a )adqs[ln J(B) —InJ(a)]

« ﬁ—rx
f/flnlc(a),xdqsf/a (;:i)adqs[an(ﬁ)an(o{)]
— (- )T (a) + (/j;i‘ I 7(B) — In ()] — (B — &) In K (a)

_ (ﬁ - ”‘) InKC(B) — In K(w)]

q+1

= <§+T) [aln T (a) +InT(B)] — (“) [aIn K (a) +InKC(B)]

1

([ 107 6ues— [ 1nK()tes) £ T @ ()] - KWK

By taking the exponential, we obtain

o (0T (edgs— [FInK(s)adas) _ L7107 (2)07 (B)]— gy In[K (2)9K ()

1

([ e /f/qs)“dqs)ﬁl“ <T@ T K@K @)

Combining (24) and (25), we get (23). O

Remark 4. As q — 1in (23), it is reduced to (3), which is another Hermite—Hadamard-type
inequality via multiplicative calculus.

Example 5. If we put J (s) = e and K(s) = €° in Theorem 9, and also use (8) and Definition 6,
then we have the following cases:

Casel Ifwefixa =1, =2,and 0 < q < 1, then inequality (23) becomes

5(213 "C (31?) < </ﬁ et /f ¢ d) e T(1)9-T(2): KA)*-K@)]77

1
22 2 ([ (w? | 2e(p-w) 2> B
(80 (3) < [e‘ﬁ (i) e (GE)

1
< |:eq . e4 . efq . e72:| a+1

1

q+2 ) { 1 2 ,Zﬂ}
e<q2+2q+1 <e Prar1 Tari 1T an < {eZ} a+l

( q+2 ) <%> 2
e\@r2qr1) < o\ 120120243 §e<m). (26)

Case2 Ifwefixq=0.51<a <1.1,and3 < B < 5in (23), then we have
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a+2p a+2p B2y P oo 4 o 1 1 3
g(5E) k() < / equz/ o) < [T T(B): K@) k()]
[ 14
1

(u+2ﬁ)2 (a2 (/57“)( (B—0)? +2ﬂ(ﬁ*ﬂ) +a2> —(p- )(ﬁ+th Pe 2 > " %
e\l 3 .e (T) S e a?+q+1 q+1 .e p—u qT) < |:e2 . E‘B e 2. E‘B:|

a2+4ﬁz—3a76ﬁ+4aﬁ> (4(,5—&)2+40¢(}‘370¢)+ 272,Bj> W24282 a2 %
e( -9 <e 7 T3 % 3 < (eJrﬂzﬂ>

o2+4p?—30—6p+4ap > < 502 11282 +4aB—7a—14p ) 22
e( 9 <e pa) < <e+2/532ﬁ>. 27)

The pictorial visualization of (26) and (27) can be seen in Figure 5.

— Left side
74 Middle
—— Right side @ Right
@ Middle
[ Left
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250000
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150000
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0.0 0.2 0.4 0.6 0.8 1.0
X

(@)

Figure 5. (a) Graphical visualization of (26). (b) Graphical visualization of (27).

Now, we define new definitions of derivatives and definite integrals in the g-
multiplicative calculus using the right endpoint  of Z.

Definition 13. If we consider a positive function J defined on T with J(s) # 0, then the
Bq-multiplicative or right q-multiplicative derivative of J at s € R and is written as

ﬁ@ZJ(s) — (j(ﬁ(lj—(j)) +qs) > m'

Example 6. If we let J(s) = s> + 1 be a positive function on [2,5] and fix q = 0.5, then its
Bq-multiplicative derivative can be calculated as

b T(B(—a)+a5)\ T _ (p(1—q) +a(2+1)) TP
DaT(s) = 76) = 211
5 241\ F5057

+ 2 55
5% _ 2 2 _ s°+6
D057 (5) = 2 +1 - (252 + 2) '
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Definition 14. If we assume a bounded function on 0 < a < P and a positive function J, then for
scl
I P 7(s) Mo — PP _ (I 10(T () s [ In(7 (5) Pl (28)
49

is called a right q- or Pq-multiplicative integral of J over Z.
Some basic properties of the right fq-multiplicative integral of a function are written below.

Theorem 10. If we assume two positive Pq-multiplicative integrable functions J and K with
c€Zandn € R, then

fﬁ ﬂdqs _ (fﬁ ﬁdqs> .

2 fﬁ ﬁdq f J(s ﬁdqs fﬁ ﬁdq

3. ff ) ﬁdqs _ f/% ﬁdqs fﬁlC Pdgs.
fﬁ<J<s>>“qs L7 ﬁdqs

“\ K(s) ff IC ) Pdas”

Proof. The proof is equivalent to Theorem 6. [

~

s

Now, we construct some P g-multiplicative Hermite-Hadamard inequalities.

Theorem 11. If we assume a positive Pq-multiplicative convex differentiable function J on I, then

1

j(“q_:_qlﬁ) < (/j j(s)ﬂdqs) e < [T (a)- j(ﬁ)q}# (29)

holds.

Proof. Using the same argument in Theorem 7 for the point “q_:_ql‘B

wo-o()o ()

q+1 q+1

€ (a,B), we have

By the convexity of 7, we obtain

h4(s):j(aq—:qf>j,(a+<1/3><s_ ot 6

Forall s € [, B], we have
Inhy(s) = 1nj(”‘+qﬁ) + (s “q*qﬁ> 1nj’(”‘+qﬁ).

By Pg-integrating, we have

@ In T (5)"ds 2 /j lnj<aqtrq1ﬁ) " /f( - aqtqlﬁydqs ‘In ‘7,<aqtrq1ﬁ>
— -0y (L ) +(0)nJ’ ("‘qi“f )
= (B—u) 1nj(“q++qf>
L4
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By taking the exponential on both sides, we get

1 ff InJ (s)Pdgs

a+qp
oFa e1“\7( a1

)

>

Hence,

(558 = (fiomre)™

q+1

Again, using the same argument in Theorem 7, we have

J(ﬁ)] (=)

By the convexity of J, we have

J@<m@=Jw[

For all s € [, ], we have

S 14

B—a B—ua

In7(5) < Inh(5) = In 7 )+ ( )07 ()~ (@)

By Pg-integrating, we have

/jlnj(s)ﬁdqs < /flnj(a)ﬁdqur/f(ﬁia - 'Bia>5dqs[lnj(ﬁ) CInJ(a)]

= (- @ + L= g () - 7 @)

:m+1(ﬁ‘“)mjm»+“ﬁ‘”umjww4njwn

q+1 q+1

_ (g:) In7 () +qln T (B)]

3 i . /j lnj(s)ﬁdqs < q%ln[j(“) T (B)9].

By taking the exponential, we obtain

s [T (6 ol ()7 ()T

1
B B 1
(["76re)™ <@g, @
From (30) and (31), the desired result has been achieved. [

Theorem 12. If we assume two positive Pq-multiplicative convex differentiable functions J and KC

on T, then
x+qp a+qﬁ)
K
j<q+1> <q+1

IN

(/j j(s)ﬁdqs : /aﬁ K(s)ﬁdqs> &

[T (@) - T(B)*- K(w) - K(B)] 5T (32)

IN

holds.
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Proof. It can be proven in the same manner as Theorem 8. [

Theorem 13. If we assume two positive Pq-multiplicative convex differentiable functions J and KC

on I, then
() k() = ([ o)

< [T()- T(B)%: K(a) - K(B)%]71 (33)

A

holds, where “: "represents division.
Proof. It can be proven in the same manner as Theorem 9. [

5. Concluding Remarks

In this manuscript, we investigated the g-multiplicative definite integral and the re-
sults of the g-multiplicative derivative. After this, we introduced the correct definition of
g-multiplicative definite integrals and the relevant results. Moreover, we derived some
basic results and an example regarding this definition. Furthermore, we defined novel
definitions in g-multiplicative calculus regarding derivatives and integration at the left
endpoint &« € 7 and derived some ,q-multiplicative Hermite-Hadamard-type inequalities.
All of these inequalities are reduced into multiplicative Hermite-Hadamard inequalities
when g — 71, and corresponding examples also justified our newly obtained inequali-
ties. Finally, we defined new definitions in q-multiplicative calculus regarding derivatives
and integration at the right endpoint 8 € Z and derived some q-multiplicative Hermite—
Hadamard-type inequalities. This article might be the cornerstone for upcoming research
in g-multiplicative calculus. For instance, this paper might be the origin for further works
on integral inequalities in g-multiplicative calculus and its generalization, like Hahn multi-
plicative calculus.
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