Filomat 39:28 (2025), 10185-10204
https://doi.org/10.2298/FIL2528185B

<) Published by Faculty of Sciences and Mathematics,
N/ University of Nis, Serbia
Available at: http://www.pmf.ni.ac.rs/filomat

2y

‘&,
g,
T &

&
Ipapor®

A novel perspective on the Bullen and Milne inequalities through the
use of multiplicatively absolute value

Bouharket Benaissa?, Noureddine Azzouz?, Hiiseyin Budak®9, Artion Kashuri®*

®Faculty of Material Sciences, University of Tiaret, Algeria
bFaculty of Sciences , University Center Nour Bachir El Bayadh, Algeria
Department of Mathematics, Saveetha School of Engineering, SIMATS, Saveetha University, Chennai 602105, Tamil Nadu, India
Department of Mathematics, Faculty of Sciences and Art, Kocaeli University, Kocaeli 41001, Tiirkiye
¢Department of Mathematical Engineering, Polytechnic University of Tirana, 1001 Tirana, Albania

Abstract. This article formulates anew version of multiplicative Bullen and Milne inequalities derived from
constraints on multiplicative Riemann-Liouville fractional integrals. We establish these further inequalities
under the multiplicative absolute value and on the assumption that the function is multiplicatively k-
convex. Additionally, these results are presented for multiplicatively P-functions and multiplicatively
s-convex functions. The final section introduces a novel definition of a multiplicative Lipschitzian function,
accompanied by examples, properties and theorems.

1. Introduction

The Hermite-Hadamard inequality is well-known for determining the integral mean of a convex func-
tion. Let Y : I — R be a convex function on I and 01,0, € I with 07 < 05, then

Y(Gl "‘02) <! fﬁz Y(x) dx < M_ 1)

2 _02—01 o 2

In [14], Bullen improved the right side of (1) by the following inequality, which is known as Bullen’s
inequality:

1 o2 1[Y(o1) + Y(02) o1+ 02 Y(o1) + Y(02)
02—0'1f Y(t)dtsi[ 2 +Y( 2 )]< 2 '
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In 2016, the authors presented an estimate of Bullen-type inequalities for functions whose first derivatives
absolute values are convex [18, Remark 4.2]:

1[Y(o1) + Y(02) o1+ 02 1 o2
EMISHH My

(02 = 01) [N"(o0)l + T (o2)l]

<
- 16

01

In 2022, Djenaoui and Meftah presented a Milne inequality for convex functions with Riemann integral as
follows [15, Corollary 2.4.]:

Nt = w (X" (a0)l + Y (02)]) - (2)

‘% [21((0-1) - Y( ) n ZY(GZ)] - ﬁ fz Y(t) dt

In 2023, Budak et al. presented new Milne-type inequalities for fractional integrals for convex functions
using Riemann-Liouville fractional operators [13, Theorem 2]:

271 + 1) [, o1+02\ o 01+ 02
)+m02)]_ (G2 =017 [JGXET( 2 )HgiY( 2 )]

01 + 02

‘% [ZY(ol) - T(

< (02—01)(a+4

<2 m) (Y (01)] + Y (@)

The Bullen and Milne inequalities are useful for estimating the average value of a convex function from
both sides and ensuring that it may be integrated. Because of their dual quality, the inequalities developed
by Bullen and Milne are very helpful in a wide range of situations related to optimization and the calculus
of variations. By making use of these inequalities, researchers have the opportunity to gain valuable
knowledge about the behavior of convex functions across certain ranges. Readers who are interested in
searching for recent research that has been published recently about Bullen and Milne inequality may
consult the following sources: [6-11, 17, 20].

The following is a multiplicative Bullen-type inequality for *-convex functions that was established in
[12, Theorem 5]:

Theorem 1.1. Let Y : [01,02] = R* be a multiplicative differentiable function on [01,02]. If Y* is multiplicatively
convex function on [01, 03], then

(Y(m)T(az) (T(m ;— 02 ))%)i {,J ¢ of (%) oI ?nl;vz)Y(Gz)}_zal (02 — 07)*

2
0p-01 | 2423 11+ 17142 2791 [ 220, a_(1)I*&
2 (smfl)(afzﬁ'ﬁ(i) A‘z(fm(i) “ [Y*(Ol + 0> 2 |4+ " ax2 2)
2

< [Y(o1) - Y'(02)]

In the context of integral inequality within multiplicative calculus, readers may turn to sources [6, 11, 19, 20]
for examples.

A variant of conventional Newtonian calculus called multiplicative or non-Newtonian calculus was
introduced by Grosman and Katz in [16]. Instead of adding and subtracting, multiplication and division
are the main operations used. In their exhaustive study, Bashirov et al. [3] presented a rigorously orga-
nized multiplicative calculus. The operators for multiplying the derivative (+derivative) and the integral
(xintegral) were then demonstrated.

Definition 1.2. Given a function Y : I° € R — R¥, the multiplicative derivative (or *derivative) of Y, denoted by
Y*, is given by:

nr(x+h))i

Y= },ifé( ()
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Remark 1.3. For a positive differentiable function Y, a corresponding multiplicative derivative Y™ exists, and the
relationship between Y* and Y can be expressed using the following formulas:

T*(t) = exp {(InoY)'(£)},
or 3)
InoY* = (InoY)'.

We cite in the following theorem some properties of multiplicative derivatives.

Theorem 1.4. Let Y and @ be positive =differentiable functions. If c is an arbitrary constant, then functions

Y, YO, Y + Q, %, Y and Y o @ are sdifferentiable, and

D-1 (cY)*(t) = Y*(b).
D-2 (YO)'(t) = Y*(t) D*(¢).
Y(t) O(t)
D-3 (Y +®)'(t) = Y*(t)Y(t) + O(t) . O*(f) Y(t) + D(t)
Y\ . Y(t)
b-4 (6) ®) = o (t)’

D-5 (Y‘q))*(t) — 'Y**(t)q)(t) . Y(t)(p/(t)

D-6 (Y o ®)*(f) = Y (P(£)T.

Definition 1.5. For a function Y : Iy € R — R*, the multiplicative integral of Y, represented by fg TZ(Y(x))dx, is
defined as:

f Z(Y(x))dx = exp { f zln(Y(x))dx}. (4)

Example 1.6. For C € R:

f (C)dx — C(Tz—ch'
o1

’ (x—01)21 dx o a-1 (vl
(Co)" =exp{InC | (x—o1)*Tdxp=Cw . (5)

o1
The next theorem relates different properties of multiplicative integrals.

Theorem 1.7. If Y and ® are positive and Riemann integrable on the interval [c1,02] C I°, then Y and ® are
+-integrable on [01, 02], and

02 2 14
m f(wuwW=(fFﬂmW);peR

14]”mm¢m%=f7ﬂm”j”@mw

IPRTRVAN G
IGL(nﬂ A

CD(X) f : (q)(x))dx
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- f (YG) f (TG = f " <o
a1 o o1 -1
I-5 f (Y(x))™ =1 and f (T(x))dx:( f (Y(x))dx) .

Theorem 1.8. [3, Theorem 6] (Multiplicative integration by parts): Let Y be a positive, multiplicatively differentiable
function on I° and g : I° — R differentiable and [01,02] C I°, then the function (Y*)? is integrable, and we have

"y (@)™ 1 , 6
. orer) @™ [ ()" ©

01

The next process involves the definition of multiplicative h-convexity [21, Definition 2.2].

Definition 1.9. Let h : ] © (0,1) — R be a non-negative function and h # 0. We say that the function Y : I° — R},
is multiplicatively h-convex (+h-convex) if for all x,y € [01,02] C I° and t € [0, 1], we have

Y(tx+(1-8Hy) < YO [Y@)]""™. (7)
If inequality (7) is reversed, then Y is said to be multiplicatively h-concave (*h-concave).

Remark 1.10. Based on the previously mentioned definition, we get the following relations:

o IfY and ® are two multiplicatively h-convex functions, then the product Y -® is also a multiplicatively h-convex
function.

e If Y is a multiplicatively h-convex function, then + is a multiplicatively h-concave function.
o If @ is a multiplicatively h-concave function, then  is a multiplicatively h-convex function.

e If Y is a multiplicatively h-convex function and @ is a multiplicatively h-concave function, then the quotient %
is a multiplicatively h-convex function.

e If Y and @ are two multiplicatively h-convex functions, the quotient % is not necessarily a multiplicatively

h-convex function. For example, let ® =Y - 1, where  is a multiplicatively h-convex function. This results

gives & = i, which is a multiplicatively h-concave function.

We are examining various forms of multiplicative convexity in this context.

1. The multiplicatively *s-convex functions are obtained by setting h(t) = #°, s € (0, 1]in (7) [21, Definition
2.3].

Y(tx+ 1=ty < Yl X"

2. By setting h(t) = 1 in (7), we derive multiplicatively *P-functions [21, Definition 2.5].
Y(tx+1-t)y) <Y(x) Y(y).

3. By replacing h(t) = t in (7), we derive the concept of multiplicatively convex functions, see [22].
Y(tx+ 1=ty s YW [l

For additional details, consult [21-23].
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Remark 1.11. Since the function In(.) is concave, for Y(x), Y(y) > 0 and t € [0, 1], we obtain
tInY(x)+ (1 - InY(y) <IntY(x) + (1 - ) Y(y)).
Therefore
Y- YW1 < £Y() + (1= ) Y(y). (8)
This signifies that a multiplicatively convex function has convexity, although the converse is not necessarily valid.
In [4, 5], the concept of a B-function was introduced as follows:

Definition 1.12. Lef g : [0, 00) — R be a nonnegative function. The function g is called a B-function if

gt —a)+ g0 1 < 29(#), ©)

wherea <t <bwitha,b € [0,00).

In particular, taking a = 0 and b = 1 in (9), we obtain the inequality:

@)+ 969 <29 3), (10)

where a + =1, a € [0,1]. Examples of such a function g satisfying the inequality (10) can be provided
by g1(t) =1, go(t) = t and g3(t) = t* with s € (0, 1].

Multiplicative Riemann-Liouville fractional integrals of order a > 0, defined for an integrable function
Y : [a,b] = R}, were presented in [1]:

o TY(x) = exp {I‘K In OY(x)} and I Y(x) = exp {I“_ In OY(x)}, (11)
1 (71 (72 UZ

where 77, and I7_ represent the left-sided and right-sided Riemann-Liouville fractional integrals of order
a > 0, defined regarding of the Euler’s Gamma function I'(-) as follows:

ngY(x):ﬁ f X(x—t)“*lT(t) dt and  I7Y(x)= ﬁ f Gz(t—x)”*lY(t) dt. (12)

Remark 1.13. Combining (11) and (12), we have

_pa-1 (t-x) a—1

s = [oo ] e = [Cow 13)

01

The main objective of this study is to determine which of Bullen’s and Milne’s inequalities can be
established within the context of multiplicative calculus for positive multiplicatively h-convex functions.
To accomplish this, we use the multiplicative absolute value computation in conjunction with a recent
property. Additionally, a new lemma on monotonic functions in the context of multiplicative calculus and
a new version of multiplicative Bullen and Milne inequalities through monotonic functions is established.
A new definition of multiplicatively Lipschitzian functions is presented to us, along with some current
examples, and a new property is also included. At the end of this paper, we present new results on Bullen
and Milne inequalities that include multiplicatively Lipschitzian functions.
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2. Preliminaries
Definition 2.1. [2, p 44] The multiplicative absolute value is represented by |.|" and is defined as follows:

ifx>1;

X
=421
|| ; zf0<x<1.

Property 2.2. Forall k > 0 and x > 0, we have
()" = [ (14)
Proof.
o The equality (14) becomes obvious when k = 0.
e The exponential function with a positive base x yields: for every k > 0, we get

¥>lesx>1
¥<lessx<l.

Hence
o xFifxk > 1 Kk ifx>1 ]
Xl =<1 ={1 = (]x[)".
| = ifo<x <1 — ifo<x<1 ()
X X

|
Remark 2.3. Based on the preceding Definition 2.1, we can derive the following observations:

*
2| inthe

o The absolute value |A — B| for real numbers A and B is analogous to the multiplicative absolute value y

context of positive real numbers x and y.

X

y indicates that i > 1or ’—y‘ < 1, which corresponds to the conditions x > y or x < y,

o Using the notation
respectively.
x *

o For all positive real numbers x and y, we have: | >1.

- ¢ ana

EY
¥

o [n multiplicative calculus, the notation |<| does not have significance for positive real numbers x and y.

i
The following lemmas are required for the establishment of our principal results.

Lemma 2.4.

o For the real number A, we have

|exp {A}r =explA|. (15)
o If @ is a positive, multiplicatively function on I°, the following equality is valid:

|lno (p) =Ino ‘(pr. (16)

Proof. e When A > 0, the equality (15) is obvious.
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o Let A <0, weget

*

= 1 =exp {—A} = exp|A].

lexp {A} oo Al

1. If ¢ > 1, we have

*

|1no (p) =Ino¢g :lno|(p .

2. If0 <@ <1, weget

*

Inogp|=-Ino :lnolzlno .
¢ ¢ 0 ¢

O

Throughout all of the paper, I° denotes to be an open real interval.

Lemma 2.5. LetY be a positive, multiplicatively differentiable function on I° with [o1,02] C I°, u : [0,1] — [01, 02]
be a differentiable function and g : I° — R be a differentiable function, then (Y™ o u)? is integrable function, and we
have

' ) Y o u)(1)™ 1
f(ww@wmmﬁz« . . (17)
0 (row©) ! )
Yo g
| lremey®)

Proof. Using the property (Y o u)*(t) = (Y*(u(t)))”'(t), we can obtain the following result:

1 1
. W (g _ o 1Y (AP0 df_
[ (ecwanrooy = [ (erewor)

The application of integration by parts to multiplicative integrals results gives

! (gt (Y o))" 1
(O ) 7O)" = ® .
j(; ((’Y ° M)(O)) f (((Y ° u)(x))gl(x))dx

0

O

3. Basic identities
The following lemmas are required in order to correctly establish our results.

Lemma 3.1. Let Y : I° — R* be a multiplicative differentiable function on [01,02] C I°. If Y* is multiplicatively
integrable on [01, 03], then

201 r(q+1)

2\1 T ozo”
(T(m)Y(Uz) (Y(MT@)) ) {U;If‘Y(Ol ;Oz).*I%Y((H ;02)} w201

agp=01 ap—07

I TN S P B R R
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Proof. Employing the equality (17) yields

[ (59 (157)<0) ]] - [ )ere ()e)
(Y(@2)! 1

-3 1 a1
L™

_ (X@)! (regm)’

e [[ Tt men{(5 o+ ()]

(o2 v(252)}

- 2 a 2 01+ 02 a=1
1 — .
exp {2 a (62 = ) f:yz (T > ) In oY(T)dT}

(Yo Y(232))*

oo [ T o (5]
1 20-1T (@ + 1)
(rer(e52) (o) o

=

(=2

Jo=

[ CE R i R S RN Ry

(Y@)f 1

o14ap\\ 4 1 _ 1ot
S e e e
) (Yon) (222’

1 f—
exp {f 20t 1. In oT((%)al + (%)az)dt}
0

(xton T(e52))’

= g1+o
2 @ 2 + a-1
exp {% a (02 o ) fgl (012—62 - T) -In oY(T)dT}

(Yo Y(2))’

EE=rres
1 20T (a + 1)
= (v (Z52) (a3 (252)) 2o (20)
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Multiplying above equalities (19) and (20) gives us the desired result. [

10193

Lemma 3.2. Let Y : I° — R* be a multiplicative differentiable function on [01,0,] C I°. If Y* is multiplicatively

integrable on [01, 02], then

201 r(q+1)

ramedr (e 2 ) foree(32). (o)) =

2 2

Ll ) (fresestn )

Proof. Employing the equality (17) yields

fol {(Y (7)o (%)az)yﬂm ;
fol [(Y ((%)“1 + (%)GZ))T*J]M

(Y(@2))® 1
01+02 § 1 _ T atr dt
) [ (= (59=) ™ |

(o))} (r())

1
1 . 1-t 1+t
exp{jo‘ Eat“ 1. IHOY((T)ol +(T)02)dt}

1

((rt2? (rezg=) )

2\ [ o1 + 0\
1 _ 4 2 .
exp {2 o (02 o ) ﬁwz (’L’ > ) In oY(T)dT}

By =

((Y(GZ))2 (Y(%))—% )§

- 2 a 01+ 07
1 R&
exp{2 (02 — 01) Ia+1) S5 (lnoY)( > )}
1 2471 (a + 1)
ara ))_2) (ng Y(—ol ; %2 ))_ (02 —01)*
2

S NECE )

I
—_—
—~
=
—~
Q

N
~
~
N
0
~
—_—

Il
—
kA
—
—_—
-
—_
—_
—_
N[+
-~
S—
Q
=
+
—
—_
N
-~
S—
Q
N
SN—
|
i
"s
=
i
—_

).%
—~~
S
SE
i
N
SN—
o
[==} P}
=
—
»%
—_
p—
—_
N[+
-
S—
Q
—
+
—_
K
~——
Q
N
~—
[T
o)
hx
AR
[EE—
2
=

(21)

(22)
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1

(Y(o1)? (1(252))
ew{ [ 206 nor (Lo + (o)t

«n@»ﬂrﬂ%ﬂ»*f

a % a-1
S e

((rt2p? (rezg=)) )

o {2 (23] e 3 men (2]

Hence
2071 (@ + 1)

By = ((wr(az))2 (T(%))_) (@fr(%))_ (G2-0)" | (23)

Multiplying above equalities (22) and (23) gives us the desired result. [

4. Multiplicative Bullen and Milne inequalities

Theorem 4.1. Let h be a B-function. If Y is a positive differentiable function on the interval on I° with [01,0,] C I°
and |Y*|" be +h-convex where h satisfying the condition (10), then the next multiplicative Bullen inequality holds:

20-1 gy |*
A (0p-01)%
(T‘l +{72 1‘1 +(72
{ oy v

@2-oph(})Ca
RGP L

L < @) @] : 4)
(renrEa(x(*52)))
where
1\*( 2a 1-a
C“'_(E) (a+1)+(a+1)' @)
Proof. Applying the identity (18) and the equalities (3) gives
01+ 02 2 1 01+ 07 01+ 02 _2((:21*{1(10;’1)
o222 [arre(2) rov(ese)

- fol [[(y ((%)gl + (%)Gz)) (Y* ((¥)61 ) (%)02))_1}azgal.wng
= exp {fol (UZQ—GI) @t = 1) [ln o1 ((%)01 ¥ (%)02) ~ InoY" ((%)01 . (%)02)] dt}.

Using the multiplicative absolute value and the equalities (15), and (16) results gives

20-1r(ae1y |*

(op—0)®
a o1toz ) | a o1+02
(2o (242) - 7y v (242)

(T(Ol )Y (02) (Y (MTUZ))z)4
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[ 52 el (2o () e (o (e
sor [ 52t (o (5 o (o - (5
oo [Nl (5o (e (s (5] )

Considering h satisfies the inequality (10) and [Y[" is #h-convex, then we obtain

] dt}

20=1ray1y |*

(62ﬂ71)“
a o1toz ) | a 01102
{srov(=52). 1o v (252))

[N

< exp {f i [ [ PR dt}
2 0
(T(m)Y(oz) (r(252)) )

1)2791 (Yo
=[IY*(01)|*-|Y*(g2)|*]h(z) 7 [ee-uar

Since

fol 1-2£] dt:L(;)a(l—Zfa)dt"'f(;g(zta_l)dt:(%)a(zxzfl)(i_ﬁ)'

we obtain the desired inequality (24). O

Theorem 4.2. Let h be a B-function. If Y is a positive differentiable function on the interval on I° with [01,02] C I°
and |Y*[" be «h-convex where h satisfying the condition (10), then the next multiplicative Milne inequality holds:

20-1 141 |*

(op—-07)
(o) ror(e) 57 e
<Y (@)l - [Y (o)) =0 (26)

1

(oo r(e2)”)

Proof. Applying the identity (21) and the equalities (3) gives

201 p(a+1)

(252 ) (g2 ey

g G R B e e N
o [ 2 Yo (5 (5 o (5o (5

Using the multiplicative absolute value and the equality (15), and (16) results gives

dt

20-1 a1y |*

fareves o) P

(v (r (222) ")’

[ e (5 (e (£ (5o

= exp
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o { [/ 2572 0 3 llner (5o (5 o] o ot () ()
con{ [ (5o (5] (e ()| )

Considering h satisfies the inequality (10) and [Y*|" is #h-convex, then we obtain

*

20=l a4y |*

+IQT o110z ) | Ia Y 01102 (r2=0?
0% = 2 7oy 2

1 02791 a1
sexp{ f In [ (01)[" - [Y* (o)1) 20 (43) dt}
0

1
3

1
(Ot (r(252))”)
= [ o)l (@) B P b )
Hence, we get the desired inequality (26). O

By replacing a = 1 through the above Theorem 4.1 and Theorem 4.2, we obtain the other results.

] dt}

Corollary 4.3. Let h be a B-function. If Y is a positive multiplicatively h-convex function on [o1,02], then the

following multiplicative Bullen and Milne inequalities hold:

*

[fo [(Y\(t))]dt)ﬁzal . . (02*61)h(%)

| < [ (a)I" - 1Y (01)[]
(renren(r(252)))*

*

f [(Y(t))]dt} o 5(0y— 11)11( )

< [V (o) - Y (01)I']
(OrenTEP(r(252)) )

ol

4.1. Bullen and Milne inequalities via multiplicative s-convex functions

(27)

(28)

By replacing h(t) = t°, where s € (0, 1], into the inequalities (24), (26), (27) and (28), we obtain the next

results.

Corollary 4.4. Lets € (0, 1] and f be a positive multiplicatively s-convex function on I° with [o1,02] C I°, then the

following multiplicative inequalities are valid:

20-l gy |*
0 (op-01)¥
Tl+02 01+02
{ron(2)rs v «

< [IY @) - (oI **

1)Ca

1
(venren(r(=32))’)’

[f zlmt»ldf]””l
. 7| <[ @) )l
(Y(m)Y(gz)(y(%))zr

*

(29)

(30)
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2?-1 l"(a)tyl) *

09 —0"

{‘,{rfi'Y(y).*If:_Y(%)} 2 (02-07) (@+4)
2 < (I (o) - Y (oq)]") @D

[

(ronmE(r(252)) )

(f: [(T(t))]dt)az%l

(oo (r(252)) )

*

* * Sloa-o)
<[ (o) - 1Y (0] =7

|

10197

(31)

(32)

Remark 4.5. We get new multiplicative Bullen and Milne inequalities for +-convex functions when we set s = 1 in

the inequalities (29), (30), (31) and (32).

4.2. Bullen and Milne inequalities via multiplicative P-functions

Taking h(t) = 1in (24), (26), (27) and (28) gives the multiplicative Bullen inequalities for *P-functions.

Corollary 4.6. If Y is a positive multiplicatively P-functions on on I° with [01,02] C I°, then the following

multiplicative Bullen inequalities hold:

2011+ |*
o)
v 01407 v g1+0p (93-07)
{O?IiY‘( 2 )'*ITT—T( 2 ) 1) Ca
2

. <[ @) @)
(renrE)(r(=52))’)*

[ f [(Y(t))]‘“]”zlal

2°%
—| <[ @ -1 @)
(renrE(x(*52)))

*

20-1 ey |*
G —1 g
{”II?T(W)'Jfﬁ—Y(%)} o oy
: < (v (o) - X (o)) @

[

(Oron @ (r(252)) )

*

2 oo
f [mtm‘“}
5(0p—07)
01 * 1712 .

< [ (o))" - Y (00)I]
(oo (r(252)) )

|

5. Multiplicatively Bullen and Milne inequalities through monotonic functions

Lemma 5.1. Let Y be a positive and differentiable function on I° C R with [01, 02] C I°, then we have

1. Y is an increasing function on [01, 02] if and only if Y*(x) > 1 for every x € [01, 02].

2. Y is a decreasing function on [o1, 02] if and only if 0 < Y*(x) < 1 for every x € [01, 02].
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Proof. Consider Y to be a positive and differentiable function defined on I° € R such that [01,0;] C I°.

Applying Remark 1.3, for every x € [01,02], we obtain the condition Y*(x) > 1 if and only if gg)) > 0. This

implies that Y'(x) > 0, indicating that Y is an increasing function. The same holds true for the second
property. [

From the Remark 1.3 and the Definition 2.1, we deduce

. Y >1;
=49, . . (33)
y f0<Y <1

The combination of the statements from (33) and Lemma 5.1 in Theorem 4.1 and Corollary 4.3 produces the
next corollaries for the cases Y > 1 and Y < 1, respectively.

Corollary 5.2. Let h be a B-function and Y be a positive and differentiable function on I° C R with [o1, 02] C I°.
If Y is increasing function on [01, 02] and Y* is multiplicatively h-convex function (+h-convex) on [01, 03], then the
following inequalities hold:

20-1r(aq1y |*

(0p—-0)®
ay(o1to2) . ra g1+ay
{U;I*Y( =) T (2 )}

(az—ol)h( 1 ) Ca
LS A

< [Y(02) - Y (01)]

1

(T(Ol YY(02) (Y‘ (¥))2)4

( f 2 [(Y(t))]df)”

1

(T(Gl)T(oz) (Y <%))2)4

@2-oph(})
8 .

< [Y"(02) - Y (01)]

20-1 141 |*
(0p—07)%

{aror(2gm). 1o v (252)) (e
< (Y (02) Y (01) @ .

1

((T(G1)Y(az))2 <Y<612ﬂ))_1)3

([ e _—

1 % < [Y* (02) : Y* (01)] 12
((Y(cn)lr(az))2 (Y (%)) )

Corollary 5.3. Let h be a B-function and Y be a positive and differentiable function on I° C R with [o1,02] C I°. If
Y is decreasing function on [01, 02] and Y™ is multiplicatively h-concave function (+h-concave) on [01,02], then the
following inequalities hold:

20-1 (41 |*

{o{IfY(_JlJZrUZ) - I%Y(Ulzoz)} (93=01)7
<
i - |T* (02) - Y* (o1)

(03 —ol)h( 1 ) Ca
2R

(v(arrion (x(252)))
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( f 2 [or(t))r”)"”

(e (v (252)))

*

(oz—al)h(%)
——=

s[ 1
i Y+ (02) - Y* (01)

2’**11'(1121) * (1)
(0p—07) (o09—01)h( 5 ) (a+4)
a o110z ) | a 01102 2791 2
(srer(ess). rox(e) L
<
Y (02) - Y* (01)

1

(O re? (x (252)) )

(fz [(Y(if))]dt)gz_d1 1 %
o1 < [ ] '

Y+ (02) - Y* (01)

((T(Ol)T((;z))z (Y (¥))71)3

Remark 5.4. o Choosing h(t) = t° where s € (0,1] in Corollary 5.2 and Corollary 5.3 yields conclusions related
to multiplicative s-convex functions.

o Taking h(t) = 1 in Corollary 5.2 and Corollary 5.3 produces consequences through multiplicative P-functions.

6. Bullen and Milne inequalities through multiplicatively Lipschitzian functions

Definition 6.1. A function Y : I° € R* — R* defined on the interval [01,02] C I° is called a multiplicatively
k-Lipschitzian (+k-Lipschitzian) on [o1, 02] if there exists a positive real constant k such that for all x, y € [01, 02], we

have
k
X
<I5)
Yy

%
*

(o)

0 34

Example 6.2. Let 0 < p < k be two real numbers.

1. The function Y1(x) = x” is a multiplicatively k-Lipschitzian on [o1, 02] C R*.
2. The function Yo (x) = e* is a multiplicatively p-Lipschitzian on [o1, 02] C 10, p[.

3. The function Y3(x) = Inx is a multiplicatively p-Lipschitzian on [61,02] C ]exl’, +00].

Proof. Since ¢1(x) = xk%ﬂ is a non-increasing function on ]0, +-oo[, then for all x, y € [01,02] € R* with y <x,
we get

p k
D1 (x) < b1 (y) = % < %

So,

*

LI}

*

Y1(x)
Y1(y)




B. Benaissa et al. / Filomat 39:28 (2025), 10185-10204 10200

Given that ¢, (x) = f(—; is a non-increasing function on ]0, p[, then for all x, y € [01,02] C]O, p[ with y < x, we
have

=

<

RA
<%

Therefore

Y2 (x)
Ya(y)

<

( x )p |
y

1 1 .
Since ¢3(x) = 1;‘—,,* is a non-increasing function on Je?, +ool, then for al x, y € [01,02] Cle?, +oo[ with y < x, we
obtain

Inx a?

— <=

Iny =y
Hence,

*

Y3(x)
Ys(y)

<

wlk

Property 6.3. Since In(-) is a L-Lipschitzian function on the interval [01,02] C RY, the following property can be
established:
If © is a multiplicatively k-Lipschitzian function, then In o @ is a Lk-Lipschitzian function.

O

Proof. Suppose that @ : [° C R* — R* is a multiplicatively k-Lipschitzian function on [01, 02] C I°, then

Ll

*

)
O(y)

Using (15), gives
exp |(Ino @)(x) — (Ino D)()| < exp [k(Inx - Iny)|.
So,
|(in o ®)(x) - (Ino ®)(y)| < kL |x - y].
O

Theorem 6.4. Let Y be a positive differentiable function on the interval on I° with [o1,07] C I°. If Y is a
multiplicatively k-Lipschitzian function (+k-Lipschitzian) on [o1, 02], then

20-1ray1y |*

{o;ffT(¥) » fg;Y(mTwz)} o {Lk (02 — 01)? Ca}
Sexpy—— 5 (-

7 8
(T(al)Y(UZ) (Y (%))2)

(35)

where

= (3) (57 (53)
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Moreover,

20=1ray1y ¥

g1t02 ) | g1+0p 2o
(=) 1o x(52) Lo~ (0 + 4
<exp 12(a + 1) ’

((Y(ol)Y(az)) ( («nm)) 1)3

Proof. Applying the identity (18) and the equalities (3) gives
201 p(a+1)

1
2 Z - 02 —0 a
T e R
1 oy

0201 2191

A (e R e R e N |

oo [ €22 @ pfiner (o + (1))~ (£
_ Xp{]:M(Zt"‘—1)[(11101(*((%)01+(1;t)02)—lnoT (o)
= (e (5 o+ (7o) e .

Using the multiplicative absolute value and the equality (15) results gives

20-1r(a+1) |*

{U;Iiy'r(o‘ri-ﬁz Z'a T 01+02)} (92=01)%

1
2 1

(T(O 1)Y(o 2) m +02

= exp

{f (02 = 01) Qt* — 1)[(111 Y(( — )01+( ;t)@)_lnolf*(ol))
|
1-t¢ 1+t

oo (L3 (2
<exp {fl @ (2t — 1)‘ Hln oY* T)al + (T)oz) —InoY*(01)
0

‘ln oY ((1 ;r t)(n + (%)02) —In OY‘*(Gl)]dt}.

Since In oY™ is a Lk-Lipschitzian function, we derive

20-l a1y |*

{J“Y(%) IY(%)} o
(ewrion (r(22)))

< exp{@ fo e - 0[5 @2 -0

1
= exp{Mfo‘ |2t - 1)|dt}.

+ ‘(%)(02 - 01)

] dt}

oo

1-t¢

2

10201

e

(36)
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Now, using the identity (21) and the equalities (3) gives

201 (q+1)

((Y(olmaz»z (Y(%))l) (oo (P22) oD =

271 (a1 dt

L[5 g5

= exp{‘f'1 (02 ; 01) (ta n %) [ln oY ((%)01 4 (%)02) ey ((1;
0

cop [ 7D D) e (5o (15 or) o)

(1 oY ((1 * t)ol ; (ﬁ)az) “In oY*(ol))] dt}.
2 2
Applying the multiplicative absolute value and the equality (15) results gives

20~ 1F(a+1) *

{a{'IgT(¥) '*Ig‘; (01+oz)} (@a=01)"

((Y(m)T(Gz))Z( (Ul+02)) 1)2

= exp

- (oo (25 (2o
con! [ !

'1 oY” ((1 ; t)ol + (%)02) —InoY"(01)

Given In oY™ is a Lk-Lipschitzian function, we derive

]dt}.

20=1ray1y ¥

(azfal)“‘
a o1toz ) | a 0110
{azov(242) 1o v(242)

1

((T(Gl)Y(GZ)) ( (01+02)) 1)5
cor £ ' [[ e
on{H552 [ o

+ '(%)(02 - 01)

] dt}

O

By putting a = 1 in Theorem 6.4, we derive the next result.

Corollary 6.5. Let Y be a positive differentiable function on the interval on I° with [01,0,] C I°.

([ 22 oo (5o - (£ o)

222l (5§

10202

o

If Y isa

multiplicatively k-Lipschitzian function (+k-Lipschitzian) on [o1, 02], then the following multiplicative inequalities
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hold:
o1 T < e%/
(revren (x(252)))
and

( f [(v(t))r”)w s
2 <e m.

1

((T(m)Y(gz))z (T (@))_1)3

7. Conclusion

The present research established the Bullen and Milne inequalities in the context of multiplicative
calculus for positive multiplicatively h-convex functions using the multiplicative absolute value. A pair
of new lemmas on monotonic functions in the context of multiplicative calculus and a new definition of
multiplicatively Lipschitz functions have allowed for the development of new versions of the multiplicative
Bullen and Milne inequalities through monotonic functions and multiplicatively Lipschitz functions. These
results pave the way for new and fascinating directions in multiplicative calculus and its applications to
different types of convexity.
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