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Abstract. In this paper, we set the main concepts for geometric (multiplicative) fractional calculus. We define
Caputo, Riemann and Letnikov multiplicative fractional derivatives and multiplicative fractional integrals and
study some of their properties. Finally, the multiplicative analogue of the local conformable fractional derivative

and integral is studied.
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1. Introduction

Multiplicative calculus has a relatively restrictive area of applications than the calculus of
Newton and Leibnitz. Indeed, it covers only positive functions. However, the necessity of de-
veloping and applying multiplicative calculus resembles the importance of the polar coordinates
while rectangular systems already exist. Also, it is of our thought that multiplicative calculus
is a useful mathematical tool for economics and finance and other branches of science because
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several interpretations are given by means of multiplicative derivatives where the logarithmic
scale appears. Actually, many of the scientific tables are given in logarithmic scales. For ex-
ample, the level of sound signals, the acidities of chemicals, and the magnitude earthquakes
are all given in logarithmic scales. In fact, an important work of Benford [1] that was pub-
lished in 1938 described many physical quantities in the nature that are exponentially varying
type.Indeed, Benford made a statistical work on twenty different tables containing about twenty
thousand quantities,which had been taken from the real world. He observed that such quantities
representing the surface area of rivers, the population figures of countries, the electricity bills,
the stock prices in markets, etc. are all of exponential type varying [2].

The geometric calculus was created in 1967 by Grossman and Katz [3]. For subsequent
works about the geometric calculus we refer to [4, 5, 6, 7]. An interesting application, in which
the geometric calculus is more suitable than the Newtonian Calculus, can be found in [6]. The
authors there use the geometric calculus to formulate a simpler proof that Cauchys function is
infinitely many times differentiable on R but not analytic.

Fractional calculus, the calculus of differentiation and integration of arbitrary order, started
to attract scientists, in the last few decades, in different fields of engineering and science ex-
tensively with variety of applications [8, 9]. Moreover, the discrete counterpart of fractional
calculus was the field of attention for many researchers in the last two decades (see [10, 11, 12]
and the references therein).

In this work, we bring together multiplicative calculus and fractional calculus. The basic
types of fractional integrals and derivatives will be defined and described to understand how

exponential varying quantities look-like with arbitrary order reflected by delay effects.
2. Preliminaries

Definition 2.1. Let f(x) be a positive real valued function. Then, the (forward) multiplicative

derivative of f(x) is defined by

)= 00 = im(CEE U e v

M dx* 0" f(x)
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Now, for our purposes in fractionalizing the multiplicative derivative we define the (back-
ward)multiplicative derivative.
Definition 2.2. Let f(x) be a positive real valued function. Then, the (backward) multiplicative

derivative of f(x) is defined by

1/h +
dx, i) S ERT

2

Inductively, it can be shown that
n

fr@) = f M) = exp(—In(f(x))).

Both the backward and forward multiplicative derivatives are related to the usual derivative
by

d* d, d
e flx)= dx*f(x) = exp(alnf(x)) = exp(

f'(x)
f(x)

This can be shown easily either starting from the definition or by applying the natural logarithm

(3) )

to both sides in the definition and taking the limit to both sides and making use of that f(x) is d-
ifferentiable by the help of L’'Hopital rule. For the sake of being convenient in the multiplicative
fractional cases we shall write (Qdd—;*)” fx)=(af)W(x) = e(—)" (Inof)(x),

The forward or backward multiplicative integrals are given by

4 /abf(x)dx = /abf(x)dx = exp(/ab Inf(x)dx).

Of course the backward and forward multiplicative integrals may differ when the time scale is
different from R.
Let [a,b] be a finite interval in R. The left Riemann-Liouville fractional integral ( ,/%f)(x)

of order a € C, Re(a) > 0 starting from a is defined by

) <aﬂfxwzzféaé?x—w“*fowax>a.

and the right Riemann-Liouville fractional integral by

©) DW= s [ 0= <

INa
For o = n € N, equations (5) and (6) coincide (by means of Cauchy formula) with the nth

integrals of the form
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(J'f)(x) = /xdtl /t' diy... /t”" Flt2)dt
(7) = ﬁ/ﬂx(x—t)<"l>f(t)dr,x>a

and

b b b
If)(x) = / dty / O
1 b

(8) = (n—l)!/x (t—x)""Lf(r)dt, x < b.

The left and right Riemann-Liouville fractional derivatives of order o, Re(o) > 0 are defined

by

d" 1 dr [
) («D%f)(x) = I (" %f)(x) = mﬁ/a (x—t)"’“’lf(t)dt, x> a.
and
di’l (_l)i’l dl’l

10) (DN = (1) (N = 5

(n— o) dx"

- / (=) ()t x < b

Here, n = [Re(ot)] 4 1, where [x] means the greatest integer less than or equal to x. The left and

right Caputo fractional derivatives are defined by

n—1 r(k) a
(1) (0110 = (070) - L - a
and
Cno o nilf(k)<b) k
(12) 0§10 = g0 - X Py,

k=0

In the space of n-th order absolutely continuous functions the definitions (11) and (12) can be

represented by the modified versions of the following Caputo fractional derivatives:

(13) §Df)(x) = (oI %f ™) (x)

called (modified left Caputo fractional derivative ) and

(14) (CDEf) () = (I~ (=1)"f ") (x)
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called (modified right Caputo fractional derivative ).
For the conformable fractional calculus concepts and notations we refer to [13] and [14]. The

integrating by parts plays an important role in proving these modified representations.
3. Multiplicative Riemann-Liouville fractional integrals and derivatives

Let us define the multiplicative left type iterated integrals ( I"f)(x) = [ (o2 f)(t)ar =
ela (= Nty — 123 where (! f)(x) = [* f(£)a = eJaUneHWdt — glal'(In2/)x) gpd
(o2f)(x) = f(x). Similarly, define the right ones as ( .[7 f)(x) = fxb(*l,’}_lf) (t)ar = el l”((lg_lf)(’))dt, n=
1,2,3,..., where (I} f)(x) = 1P f0)a = ely nef)(1)dt ang (:I0f)(x) = f(x). If we proceed in-

ductively for n, we can easily see that

(15) (olf)(x) = el " neD))
and
(16) GILf) (x) = el U D)

Hence, we can define left and right multiplicative Riemann-Liouville fractional integrals as

follows.

Definition 3.1. The multiplicative left Riemann-Liouville fractional integral ( ,/% f(x)) of order

o € C, Re(or) > 0 starting from a is defined by

a7 (d%f)(x) = el a®(Inef))(x)
and the multiplicative right one is defined by

(18) (JEf) (x) = o5 (Inof)) (x)

Now, we can define the left and right multiplicative Riemann-Liouville fractional derivatives

(D% f)(x) and (+Dy f)(x) as follows.
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Definition 3.2. The left multiplicative Riemann-Liouville fractional derivative for f(x) of order

o € C, Re(o) > 0 starting from a is defined by

d* n n— dnp, n—a £)(y
(WDIf)() = ()" (ol f)(x) = el Lt D)
19) — &) Ca"  Inof)(x) — ,( uD*(Inof)(x)
and the right one is defined by
d* n n— _d nin n—o X
(:DFf)x) = (6 -)"(d % f)(x) = el )" Iy ) )
(20) o Inof) (x) — (DE(Inof)(x)

In the next example we find the mutliplicative Riemann-Liouville fractional integrals and

derivatives Riemann-Liouville for certain positive functions.

Example 3.1. I[f Re(o) > 0 and B € C (Re(B) > 0), then

21) (%) = Tam O o) >0,
(22) (D% ) = e o) >0,
(23) e ) = eram @0 pogy S0,
(24) (DE P ) = e Ry > 0.

One can note that the multiplicative derivative for the constant function is 1. However, it is not

the case for Riemann-Liouville multiplicative fractional derivative case. Indeed, for example
1 o

(25) (D%)(x) = =0 Re(ar) > 0.

It is easy to verify that the multiplicative Riemann-Liouville fractional derivative behaves well

in case of multiplication of functions. Indeed,

(26) (DY f8)(x) = (DI f)(x)- (D) (x)-

4. Multiplicative Letnikov fractional integrals and derivatives
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Let us consider a continuous positive function f(x). From the definition of the (backward)

multiplicative derivative we have

27) fult) = m(%)” ",

Applying this definition twice gives the second order multiplicative derivative:

@)y o JOS(E=2R) 2
8) 720 = fim ()

If we proceed inductively, we reach at

29 W) = lim ™
( ) f ( ) hl_l;% fh )
where
1
h
n
(=1
n r
(30) S = T] A —rh) ,
r=0
n
and = w is the usual for the binomial coefficient. Let us now consider the
r

following generalizing expression:

31) S = T ,

where p is an arbitrary integer. Notice that

(32) *fiEp) — e,gzl’)7

where g(1) = In(f(t)) and gglp) = hlpi:Og(t —rh)(—1)" b is the fraction used to obtain
r

the usual Letnikov fractional integrals and derivatives (see [8], sec. 2.2.). Obviously, for p < n,

we have
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m L7 () = 1P ).

33 I
3 i

To define the Letnikov fractional integrals, let us consider the negative values of p. For this

purpose denote

p pp+1)..(p+r—1)

(34) [ ) |= " .
Then, clearly we have
-P o P
(35) ( )=(=D"T" ]
r r
Thus, we can express
hP
p
) _ | T . r
(36) oSy D)= | [T S —rh)
r=0

If n is fixed, then . f}g_p ) tends to the uninteresting limit 1 as # — 0. To arrive to a nonzero limit,

we have to suppose that n — o as h — 0. Thus we can take h = t_T” and then denote

(37) im LA 70 = (uD271)).

h—0,nh=t—a

Now making use of (32) and proceeding as in [8] (Chapter 2), we come to the representation:

(38) (aDP 1)) = (Wd21)(1)

Finally, we give the definition of multiplicative Letnikov fractional derivatives.
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Definition 4.1. For o > 0, we define the left and right multiplicative Letnikov fractional

derivatives, respectively by:

=
-

o
t—a (_1)r
o _ [54] .
(39) (oD f)(1) = lim, E)f(t_rh)
and
1
ho
o
(6] i
o) . r
(40) (D)) = fim | T] 7o) :
where, « = C(at1)

T Ia—r+1).I(r+1)"
r

5. Multiplicative Caputo fractional derivatives

Its well-known that the multiplicative derivative of the constant function is 1. In Section 2, we
noticed that the multiplicative fractional Riemann-Liouville derivative for the constant function
was not 1. In this section we shall define the Caputo multiplicative fractional derivative with

the property that it assigns the constant function to 1.

Definition 5.1. Let o € C such that Re() > 0. Let n = [Re(a)] + 1. Then the left (modi-
fied)Caputo multiplicative fractional derivative of the positive real valued function f is defined

by

@l) EDF) (1) = (Il %F) (1),

The definition of multiplicative fractional integrals and the definition of multiplicative deriv-

ative, we can easily see that
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(SD.%P)() = (L OF) )

o al"Clnof, (n))(t) _ aln—aln(eddTy,lllnof)<t>

(42) — ol al”’“%lmf)(t) — o GD%Inof) (1)

Similarly, in the right case we define the right (modified) multiplicative Caputo fractional de-
rivative by ($Dy, *f)(t) = ( *IZ’“(@f*)("))(t) and we can show that

(43) (Dp *f)(0) = e PEIeN,

Thus, the (modified) Caputo multiplicative fractional derivative also behaves like the multiplica-
tive Riemann one and usual multiplicative one by being lifted to the exponential and logarithm
functions.

Finally, we give analogous multiplicative representations to (11) and (12). From (43) and

(11) applied to g(¢) = In(f(¢)) we have

(D)) = elePmn

= DY(f)e W),

where S, (1) = ZZ;(l) %(t —a)*. Also, notice that

n—1
(44) e S =T]e
k=0

() (4
8 k!( )(l‘fa)k'

Next theorem describes the action of the multiplicative fractional integral to multiplicative

(modified ) Caputo fractional derivative.

Theorem 5.1. Let f be a positive real-valued function, g(t) = In(g(t)) and let n = [Re(a)] + 1.

Then
o a)( o GDYS)(t) = % t>a.
HZ;(])Q 3
a Cpa _ f(t)
[ b)(*lb *Dbf)(t)_ 1>kg(k>(b)§b7t)k’t<b.
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Proof. The proof of (a) follows by definition and that ( ,/* SD%g)(t) = g(t) — Zn ; M.
The proof of (b) follows by definition and that (I¥ D%g)(t) = g(t) — X}— Uc;f, Jb-0f

This completes the proof.
6. The multiplicative local conformable fractional derivative

Finally, we remark the multiplicative local (conformable) fractional derivatives and integrals.
For local (confromable) fractional derivative we refer to [13] and [14].

For a positive real-valued function f defined on [a,b], we define the multiplicative left and
right conformable fractional derivatives of order 0 < o < 1 starting from a and ending at b,

respectively, by

_ )@ 1/e
@) O
and

_oad—ay /e
(46) )0 =t (HEESE)

Applying the logarithm to both sides in (45) and (46), using the fact that (75f)(r) = (t —
a)'=%f'(t) and (4T f)(t) = —(b—1)' =% f'(¢t) [14], with an application of L' Hopital rule, we
conclude that (*T§ f)(¢) = eTalnof)(t) — e(Tfi) and ( T*f)(t) = (5Tinof)(1) — e(l&f{(#

For 0 < ¢ <1 and a positive real-valued function f the left and right multiplicative con-

formable fractional integrals are defined are defined by

47) (*IGf)(¢ /f X)ds (x.a) /f (x—a) :ej;(x—a)aflzn(f(x))dx
and
b ’ Do (0% ()@ ()
(48) (b1 f)(t) = /t F a0 = /t FEEIT ol i),
respectively.

To define the higher order multiplicative conformable fractional derivative and integrals we

proceed as in [14]. Indeed, for o € (n,n+ 1] and B = & —n, we define
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(49) (“T%f)(t) = (*Tgﬁg"))(t) _ eT,?ln(f*(") (1) _ eTg;’,’iLz (f(0))

‘ Y

o BT Sn(7(6))

=<
]

For higher order integrals we define

1) CISF) () = oI ()P,

(52) (A F)0) = L (F() e,

Notice that when n = 0 or 0 < o < 1, the definitions coincide with the previous ones.

To confirm our definitions, we state the following proposition describing the action of the
multiplicative conformable fractional derivative and integral operators on each other. This re-
sult will be useful in solving multiplicative conformable fractional dynamical systems by trans-

forming them to multiplicative integral ones.

Proposition 6.1. Let f be a positive real-valued function defined on |a,b] and 0 < ot < 1. Then

o a) ("TE*ISf)(t) = f(¢t), for f is continuous.

o b)(4T* oI* f)(t) = f(1), for f is continuous.
)L *TS* ) (1) = f(r)

o« d)( b1t bTH ) (1) = Hik.

Proof
We prove (a) and (c). Parts (b) and (d) are similar.

e The proof of (a): By definition and the help of the fact that (T 15g)(z) = g(z) (see

Lemma 2.1 in [14]) we have
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CTEf) (1) = lalnCIaf) = oTd Jalx=a)® N in(f (x))dx

(53) —  GTala(n(f(r)) — In(f(1)) — £(1).

e The proof of (c): By definition and the help of Lemma 2.8 in [14], we have

(1T (1) = elalma® O TER)Wdx _ fi(x-a)® Tgin(f(0)dx

54) el G o)) _ L)

fla)

Proposition 6.1 above can be generalized for the higher order case. For example parts (a)

)(6) = (“I3£)(t) and

and (b) are still true for arbitrary o if we noticed that ,I!(f(x) (x—a)P™!

L0 = (P @),

Next theorem will generalize the parts (b) and (d) of Proposition 6.1.

Theorem 6.1. Assume a € (n,n+ 1], B = o« —n, and f a positive real-valued function then

which is n+ 1 times differentiable. Then

o a)( "Iy "Tof)(1) = %
szoe k!
o DG TYN)(0) = —— LY
Hn 6(71) kT
k=0

where g(t) = In(f(t)).
Proof.

We prove (a) only. The other part is similar.

CITLN@) = LT ) = (TR A )]0 )
S

e( aI"H(x—a)ﬁ*lln( *Tﬁfin) () (1) _ e( aln+1(x_a)ﬁ71Tl§1M)(t)

(55) — i
n+1 . (x
— Ll A" (x=a)P 1 (x—a) =P LU o)
) (@) (1—a)k
R YA f(t)
®) @)1-a)k
HZ:Oe k!
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