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Abstract: Taking into count the large number of fractional operators that have been generated over
the years, and considering that their number is unlikely to stop increasing at the time of writing this
paper due to the recent boom of fractional calculus, everything seems to indicate that an alternative
that allows to fully characterize some elements of fractional calculus is through the use of sets.
Therefore, this paper presents a recapitulation of some fractional derivatives, fractional integrals, and
local fractional operators that may be found in the literature, as well as a summary of how to define
sets of fractional operators that allow to fully characterize some elements of fractional calculus, such
as the Taylor series expansion of a scalar function in multi-index notation. In addition, it is presented
a way to define finite and infinite Abelian groups of fractional operators through a family of sets of
fractional operators and two different internal operations. Finally, using the above results, it is shown
one way to define commutative and unitary rings of fractional operators.

Keywords: fractional operators; set theory; group theory; fractional calculus of sets

1. Introduction

Fractional calculus is a branch of mathematics that uses derivatives of non-integer
order that originated around the same time as conventional calculus due to Leibniz’s
notation for derivatives of integer order

dn
dxn’

Therefore, thanks to this notation, L’'Hopital could ask in a letter to Leibniz about
the interpretation of taking n = 1/2 in a derivative. Since at that moment Leibniz could
not give a physical or geometrical interpretation of this question, he simply answered to
L’'Hopital in a letter, ... is an apparent paradox of which, one day, useful consequences
will be drawn” [1]. The name of fractional calculus comes from a historical question since,
in this branch of mathematical analysis, the derivatives and integrals of a certain order «
are studied, with « € R. Currently, fractional calculus does not have a unified definition of
what is considered a fractional derivative. As a consequence, when it is not necessary to
explicitly specify the form of a fractional derivative, it is usually denoted as follows

dﬂé
dxe’

The fractional operators have many representations, but one of their fundamental
properties is that they allow retrieving the results of conventional calculus when & — n.
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For example, let f : O C R — R be a function such that f € L}, (a,b), where L} (a,b)
denotes the space of locally integrable functions on the open interval (a,b) C . One of the
fundamental operators of fractional calculus is the operator Riemann-Liouville fractional

integral, which is defined as follows [2,3]:

210 1= s [0 <1>

where I' denotes the Gamma function. It is worth mentioning that the above operator is a
fundamental piece to construct the operator Riemann-Liouville fractional derivative, which
is defined as follows [2,4]:

LA f(x), ifa <0

(I %f(x)), ifa>0 @)

Dif(x) = { "

dx"

where n = [a] and ,I0f(x) := f(x). On the other hand, let f : O C R — R be a function
n-times differentiable such that f, f (n) ¢ Lllo C(a, b). Then, the Riemann-Liouville fractional
integral also allows constructing the operator Caputo fractional derivative, which is defined
as follows [2,4]:

J0f(x),  ifa<0

3
L (), ifa >0 ©)

CDEf(x) {

where n = [a] and ,I0f(") (x) := f(")(x). Furthermore, if the function f fulfills that
f (k) (a) =0Vk €{0,1,---,n — 1}, the Riemann-Liouville fractional derivative coincides
with the Caputo fractional derivative, that is,

«D3f(x) = ;DY f(x). 4)

Therefore, applying the operator (2) with a = 0 to the function x#, with u > —1, we
obtain the following result:

I'(p+1)

DIX W= __ 7 "7
O = T —a 1)

%, e R\Z, @)
where if 1 < [a] < p, it is fulfilled that \D%x* = {D%x". To illustrate a bit the diversity of
representations that fractional operators may have, we proceed to present a recapitulation

of some fractional derivatives, fractional integrals, and local fractional operators that may
be found in the literature [5-7]:

1. Griinwald-Letnikov fractional derivative:

. 1 & (1) T(a+1)

:1' —
of(x) = lim 75 k; T(k+ 1) (x —k+1)

GL
. D

f(x—kh), n=|(x—a)/h].

2. Marchaud fractional derivative:

MEDLF() = gy [ DT~ fea 0 <a<1

—00

3. Hadamard fractional derivative:

Hipef(x) = I’(lx—rx);x /ax(ln(x) — ln(t))zf’x&:)dt, 0<a<l
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4.  Chen fractional derivative:

Chp f(y) = ml_a);x _/ux(x O, 0<a <1,

5. Caputo-Fabrizio fractional derivative:

CFD f(x) = ]1\45“02 / exp(—l L(x- t))f(l)(t)dt, 0O<a<1, M(0)=M(1) =1

6.  Atangana-Baleanu-Caputo fractional derivative:

Y -

X
ABCDR £(x) = M(a) /a E,)C(l (x— t)"‘)f(l)(t)dt, 0<a<1, M(0)=M(1)=1.
7. Canavati fractional derivative:

C'DYf(x) = 1“(1+11xn);ic /ﬂx(x - f)"f’fo(t)dt, n=|al.

8.  Jumarie fractional derivative:

|
-

Q
—

Jupagy) — L 4"
a Dxf(x) - F(n 70() dx”

[ =0 - flaat,

9. Hadamard fractional integral:

Hf () = o [ )~ in()*

10. Weyl fractional integral:

L) = g [ (=0 (e

11.  Conformable fractional operator:

Tof(x) = }llig(l)f(x—khxl;—la) _f(x)‘

12. Katugampola fractional operator:

D“f(x) — lim f(xexp(hx*“)) _f(x) .

h—0 h

13. Deformable fractional operator:

D”‘f(x) = lim (1 + hﬁ)f(x —i—hﬂé) _f(x)

, =1.
h—0 h DC+'B

Before continuing, it is worth mentioning that the applications of fractional operators
have spread to different fields of science, such as finance [8,9], economics [10,11], number
theory through the Riemann zeta function [12,13], in engineering with the study for the
manufacture of hybrid solar receivers [14,15], and in physics and mathematics to solve
nonlinear algebraic equation systems [16-25], which is a classical problem in mathematics,
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physics and engineering that consists of finding the set of zeros of a function f : O C R" —
R", that is,

e f@l =0},

where || - || : R” — R denotes any vector norm, or equivalently,

g [fle)=0vk>1},
where [f]; : R” — R denotes the k-th component of the function f.

2. Sets of Fractional Operators

Before continuing, it is worth mentioning that due to the large number of fractional
operators that exist [5-7,26-41], it seems that the most natural way to fully characterize the
elements of the fractional calculus is by using sets, which is the main idea behind of the
methodology known as fractional calculus of sets [42,43]. Therefore, considering a scalar
function /1 : R™ — R and the canonical basis of R denoted by {é},~, it is feasible to
define the following fractional operator of order a using Einstein’s notation

o%h(x) := éorh(x). (6)
Therefore, denoting by 9} the partial derivative of order n applied with respect to

the k-th component of the vector x, using the previous operator, it is feasible to define the
following set of fractional operators

O, (h) := {og : Jofh(x) and  lim ofh(x) = djth(x) ¥k > 1}, @)

which corresponds to a nonempty set since it contains the following sets of fractional operators

Of () = {08 = Fofh(x) = (3 + p(@)2)h(x) and lim p(a)fh(x) =0 vk >1}. ®)

As a consequence, it is feasible to obtain the following result:

i 1
If o 0f, € Oy () with i #j = 3of, = 5 (ot +0f,) € Ol (h). )

On the other hand, the complement of the set (7) may be defined as follows

Ofa(h) == {oﬁ : Jogh(x) Vk > 1 and 01(1_r)r}11 oph(x) # ofh(x) in at least one value k > 1}, (10)

with which it is feasible to obtain the following result:
If of, = &0j) € Oy (h) = 3Joj, = ékoﬁaj(k) € O (h), (11)

where 0; : {1,2,---,m} — {1,2,---,m} denotes any permutation different from the
identity. Before continuing, it is necessary to mention that set (7) allows generalizing
elements of conventional calculus. For example, let Ny be the set NU {0}. If v € Njj’ and
x € R™, then it is feasible to define the following multi-index notation:

=TIl vl =Y vl x7:= H[x]’[:/]k
% e ! 12)
37 ah]l 8[7]2 a['}‘]m (

oxT a[x]g')’]l a[x]?]z a[xﬁz]m
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Therefore, considering a function  : (3 C R" — R and the fractional operator

xy

s alvl alvla Oﬂém[ﬂm/ (13)

(0%) := 07 M0,
it is feasible to define the following set of fractional operators

oky

Sya (h) == {s?y =5y (0%) : 3sy h(x) with of € O, (h) Vs < n? and l’l(igll{sﬁ'yh(x) = o

h(x) Va,|y| < n}, (14)

from which it is feasible to obtain the following results:

lim sy h(x) = 0903 - - - 0 h(x) = h(x)
a—0
,}‘lgis S (x) = 0%7]10[27]2 . -Og]mh(x) _ mh(x) V]| < n
3! € Sd(h) = xy ol g7 a7 Cald 1
}}g}]s h(x) = o o3 ol M h(x) = S h(x) Valy| < qn
lim s h(x) = o Mhgnlrlz "M’”h( ) = i h(x) Vnly| < n?
a—n ¥ - 2 ax™r T=

On the other hand, using little-o notation, it is feasible to obtain the following result:

, o o((x—a)7)
If x € B(a;6) = Jlgr}l NCETIE —0V]y >1, (16)

with which it is feasible to define the following set of functions

Ry, (a) := { Ry x)’ = x)H <o(|lx—al") Vx e B(a;(S)}, (17)
where 7, : B(a,' d) C Q2 — R. Therefore, considering the previous set and some B(a;6) C
(), it is feasible to define the following sets of fractional operators
4,y a,p ap ay ay M,y ap o1 ay 5 P Va < n
Teap(ah) =ty =7 (sy7) + 37 € SYi"(h) and tyPh(x):= ) ?sx h(a)(x —a)" + ri, (x) vp<a (' (18)
ly[=0 " -
Toa (a,h) == {tﬁ"” =ty (sy") : sy’ € S5y (h) and ty®h(x) = ) ?vah( )(xa)”*}, (19)
|7[=0
which allow generalizing the Taylor series expansion of a scalar function in multi-index
notation [22], where M = max{n,q}. As a consequence, it is feasible to obtain the
following results:
Iy € Tyl (a,h) anda — 1 = tPh(x) = h - L e — a7 + )
Y eTp(ah)and e — 1 = £ h(x) = h(a) + W‘Zﬂaﬁ (a)(x —a)" + 75 (x), (20)
57 e Tih(ah)and p — 1 = #lh(x )+ 20 x = a)] + ra, (%) (21)

Finally, it is worth mentioning that the set (7) may be considered as a generating set of
sets of fractional tensor operators. For example, considering a, n € R? with a = ¢;[a]; and
n = é[n]y, it is feasible to define the following set of fractional tensor operators

O, (h) := {og : JoSh(x) and of € O} () x OJ'R, () x - x Ot (h)}. (22)
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3. Groups of Fractional Operators

Considering a function i : (3 C R™ — R™, it is feasible to define sets of fractional
operators for a vector function in the following way:

m O% o (h) := {0} : 0§ € OF ,([h]x) Vk < m}, (23)
m O (h) := {0f : of € Oy ([hk) Vk < m}, (24)
m Oy (h) := i O% 4 () U Oy (h), (25)

where [h]; : QO C R™ — R denotes the k-th component of the function h. Therefore, using
the above sets, it is feasible to construct the following family of fractional operators

nMOZR! (h) := (1) m Ol (h). (26)
keZ

Before continuing, it should be noted that the above family of fractional operators
fulfills the following property with respect to the classical Hadamar product:

0% o h(x) := h(x) Yo% € » MO (h). (27)

Furthermore, for each operator 0§ € ,, MOZ;' (h), it is feasible to define the following
fractional matrix operator [44]:

Aa(0%) = ([Aa(0)]j) = (0f). 28)

On the other hand, defining the following modified Hadamard product [42]:

ix jx’

(e f j (Hadamard product of type vertical) '

pa o qx .
Oi,x o oj,x =

(29)

Oi,x 4

{ o’ 00!, ifi#j (Hadamard product of type horizontal)

for each operator 0§ € ,, MOZT,"(h), it is feasible to define an Abelian group of fractional
operators isomorphic to the group of integers under the addition, as shown by the following
theorem [43,44]:

Theorem 1. Let of be a fractional operator such that o € , MO (h) and let (Z,+) be the
group of integers under the addition. Therefore, considering the modified Hadamard product given
by (29), it is feasible to define the following set of fractional matrix operators

nG(Au(0f)) = { AT = Au(of®) s r € Z and AT = ([AT]i) == (0}, (30)

which corresponds to the Abelian group generated by the operator A, (0%) isomorphic to the group
(Z,+), that is,

m G(Ax(0%)) = (Z,+). (31)
Proof. It should be noted that due to the way the set (30) is defined, just the Hadamard
product of type vertical is applied among its elements. So, VA", A7 € 1 G(Ax(0%)) it is
fulfilled that

AY 0 AT = ([4) o (1425) = (o 7") = (142" 7)) = 4277 32)

So, from the previous result, it is feasible to prove that the set ,, G(A4(0%)) is a semi-
group since it fulfills the following property:

VA, AY AT € 1 G(Ag(0%)) it is fulfilled that (Azf’ o A;’ﬂ) 0 AT =AY o (Af;" o A;;f). (33)
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Furthermore, it follows from the definition of the set (30) that it contains a neutral
element, with which it is feasible to prove from the previous result that the set ,, G(A4(0%))
is also a monoid since it fulfills the following property:

JALY €, G(Ax(0%)) such that VA" € ,, G(Aq(0%)) itis fulfilled that Ao AP = AP, (34)

It should be noted that due to the way in which the set (30) is defined, for each element

contained in the set its symmetric element is also defined, with which from the previous
result the set ,, G(Aq(0%)) is also a group since it fulfills the following property:

VAL € 1 G(Ax(0%)) 3A; P € 1 G(A(0%)) such that Af o Ay P = A2 (35)

Finally, observing that the order in which the elements of the sets are operated does
not influence the final result, it is obtained that the set ,, G(Ax(0%)) is also an Abelian group
since it fulfills the following property:

VAL, Ad1 € 1 G(Ag(0})) itis fulfilled that A," o AT = AT o AY. (36)

Once proven that the set (30) defines an Abelian group, to finish the proof of the
theorem it is enough to define a bijective homomorphism between the sets ,, G(Ax(0%))
and (Z, +). So, defining the following functions

PinGAlo)) = Z,4) 9 () = wGlAu(od)

p(AY) =1 pi(r) = AY

it is feasible to prove that the function i defines a homeomorphism between the sets
m G(Ax(0%)) and (Z, +) through the following result:

, (37)

VAY AL € 1 G(Aq(0%)) itis fulfilled that w(AZP o A;‘?) - lp(Az(erq)) —p+qg= ¢(A;P) + w(Az‘?), (38)

and analogously it is proved that the function ¢ ~! defines a homeomorphism between
the sets (Z, +) and ,, G(Ax(0%)) through the following result:

¥p,q € (Z,+) itis fulfilled that ' (p+q) = A3PT = AP 0 AT =y~ (p) oy~ 1(g). (39)

Therefore, from the previous results, it follows that the function ¢ defines an isomor-
phism between the sets ,, G(Ax(0%)) and (Z,+). O

Therefore, from the previous theorem, it is feasible to obtain the following corollary:

Corollary 1. Let 0§ be a fractional operator such that o € , MO, (h) and let (Z, +) be the
group of integers under the addition. Therefore, considering the modified Hadamard product given
by (29) and some subgroup H of the group (Z,+), it is feasible to define the following set of fractional
matrix operators

n G(Au(0f), H) i= { AT = Au(o) : r € H and A7 = ([A7]i) == (o)}, (40)
which corresponds to a subgroup of the group generated by the operator A, (0%), that is,
m G(Ax(0%), H) < 1 G(An(0%))- (41)

Example 1. Let Zj, be the set of residual classes less than a positive integer n. Therefore, considering
a fractional operator o € ,, MOY ' (h) and the set Z4, it is feasible to define, under the modified
Hadamard product given by (29), the following Abelian group of fractional matrix operators

wG(A(08), Zus) = {40, AT, A2, A2, A8, A, AE, AT, A8, A2, A0, A1, A2, 4] @)
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Furthermore, all possible combinations of the elements of the group are summarized in the
following Cayley table:

° A;O Azl A;Z Ach AZ4 A;S A§6 AZ7 AES AE9 AZlO A;ll Ang AZB
Azo Azo A;l AZZ A23 AZ4 AZS A;6 A27 AZS A;Q Azlo Azll A;12 A213

Azl Azl A;Z A;L’v A24 A;S Azé A§7 AES Az9 Ale A;ll Azl2 A;ll’v AzO
A;2 A;2 A23 A;4 AzS A;6 AZ7 A28 A;g A;lO Azll A;12 Azlﬁi AEO Azl
A23 A23 Ag4 AZS A§6 AE7 AZS A29 Agl() A;ll Aglz Agl?a Aio Agl AZZ
AICX)4 A24 AES AZ6 A27 Ag8 A‘cX>9 Ale AEH A212 Azl?) A;O A;zl AEZ Az’.’:
AZS AICX)5 AE6 A27 AES AE9 AglO Azll A212 A;B AEO A;l Azz AES AICX)4
A;é A;G AZ7 A;S A;)C9 Ale AEH Azu AZlS Azo Agl A22 A§3 A24 A;S
A;7 A;7 A28 A;9 A;lO Agll A212 A;lS AZO Agl AEZ A;?) A§4 AZ5 Agé
A;S AgS Az9 Azlo A;ll Ang A;lS A;:CO A;l AgZ AES A;4 AES AZ6 A;7
A;‘) A;‘) A;lO Agll A;lZ A§13 A;O Ail AZZ A;S A3¢4 A;S A;6 A;7 A;S
A;lO A;lO A;ll AElZ A;lB AEO A;l A;Z A;3 A24 AZ5 A;6 A;7 AES A;9
Azll Azll A;lZ Azl3 Azo A;l AZZ A;?’ Az‘l A;S Az6 Az7 A;S Az9 Ale
Azlz Azlz AZB Azo A;l AZZ AZ3 A;4 A;S Azé AZ7 A28 A;9 A;lO A;ll

At?(l?’ A;J(l?) A;O A;l A22 A;3 AZ4 A;S Agé Az7 A;S A;9 Ale A;ll AElZ

It is worth mentioning that the Corollary 1 allows generating groups of fractional
operators under other operations. For example, considering the following operation

A7 x AP = A7, (43)
it is feasible to obtain the following corollaries:

Corollary 2. Let M, be the set of positive residual classes corresponding to the coprimes less than
a positive integer n. Therefore, for each fractional operator oy € , MO (h), it is feasible to define
the following Abelian group of fractional matrix operators under the operation (43):

n G (Aa(0%), M) 1= { AT = Au(0) : r € My and AT = ([AT]3) == (o)} (49)
Example 2. Let of be a fractional operator such that o € , MOy (h). Therefore, considering the
set M4, it is feasible to define, under the operation (43), the following Abelian group of fractional
matrix operators

n G (Aa(0%), Mus) = { 451, A2, AP, 40, A1, 4513} (45)

Furthermore, all possible combinations of the elements of the group are summarized in the
following Cayley table:
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% Agl A;S A;S A;9 A;ll A,‘;B
AZl Azl Az3 A;S A29 A;ll A213
AE?’ A;3 Az9 A;l A;l;’v AZS Aill
AZS AES Azl Azll A;B’ A;B A29
AE9 AE9 A;l?) A§3 Agll Azl AES
Agll Agll AZS Ath>13 Azl A29 AE3
A§13 AzlS Agll A§9 AE5 AZS Azl

Corollary 3. Let Z; be the set of positive residual classes less than p, with p a prime number.
Therefore, for each fractional operator 0§ € ,, MOZy' (h), it is feasible to define the following Abelian
group of fractional matrix operators under the operation (43):

G (Au(0), 2 ) = { A7 = Aa(ol) v ez and AT = ([AT]5) == (o)} 46)
Example 3. Let of be a fractional operator such that 0§ € , MO (). Therefore, considering

the set Z., it is feasible to define, under the operation (43), the following Abelian group of fractional
matrix operators

G (Aal0) i) = { AT AR AR, A3 A8, AL, AT, A8, A2, 4510, 431, 472} @47)

Furthermore, all possible combinations of the elements of the group are summarized in the
following Cayley table:

% At?cl A;Z A;S AE4 A;S A;6 A;7 AZS Az9 A;lO A;ll A;lZ
A;)tl Agl AZZ Agi’) Ag4 AZS A26 A;7 AzB A29 AEIO AZH Ale
AEZ AEZ A24 A;Z6 AE8 AElO Ale AZl AZ?’ AES A;7 A1§>69 Azll
AZ3 AZ3 Azé A;)é9 Ang A22 AzS A§8 Azll A:chl A;4 Az7 Ale
AZ4 AE4 A;S A;lZ AZS A27 A;ll AEZ AZé AglO A;l A;)CS AZ9
AZS AZ5 Azlo AEZ AZ7 A212 A§4 A;9 A;l AE6 AZH AES A;S
AE6 A3¢6 AZlZ A;S Agll A24 AglO AZB A29 AEZ A;S A;l AZ7
ASL7 Az7 A;l AES A;Z A;9 AiS Ale A§4 AEH A;S A;lZ A;6

A‘iS AES A;S A;ll AEE' A;l A;9 A;4 A;u Az7 A;Z A;lO A;5
A;Q A29 AzS Azl A;lO AZ6 A;Z A;ll AZ7 A;B A212 AoS Az‘l

o

Ale Ale AZ7 A24 Azl Azll A;B AZS AZZ A;lz A29 Ao6 AZ3

o

Azll A;ll A;9 A27 A;S AZ3 A;l A;12 A;lO A;8 Azé Ao4 A;2

o

A212 Ale AZH Azlo A;Q AZS A§7 A;J(6 A;S AE4 A;3 A22 A;l

Finally, it should be noted that when 7 is a prime number, the following result
is obtained:

m G (Au(0%), M) = m G (Aa(0%), Zyy ). (48)

4. Conclusions

Although this article presents one way to define groups of fractional operators using
sets related to the set of integer numbers, it would be feasible to extend the results using
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other sets of numbers that allow defining Abelian groups, as is the case of the set of rational
numbers and the set of real numbers, being feasible to define the following groups:

mG(Ax(0%),Q) and ,, G(Ax(0f),R). (49)

Furthermore, from the groups generated by the equation (30), it is feasible define the
following group of fractional matrix operators [42,44]:

mGrm(@) = |J  wG(Ax(0})), (50)
0% € MO (1)

in which it is assumed that through combinations of the horizontal and vertical type
of the modified Hadamard product given by the equation (29), the fractional operators
are reduced to their minimum expression, allowing to obtain VA?Z, A;Z, A;’z € mGeim(a),

with i # j, the following result:

le) o o o [¢] o o +
(470 A1) o A7, = AT o (A7 0 A ) = AL 1= Ae(of3 00T%), pqre )\ {0}, (51)

i,x jx

As a consequence, the following result is obtained:

VA,‘(’}“ € m Grim(w) such that Ay, (0,‘2‘,35) = Aku (opa o 0%) A = Azgfl) o A,‘(’}“ = Aku (or’“‘ o or.q"‘). (52)

i,x i,x jx

Therefore, if ®rjpr denotes the iteration function of some fractional iterative
method [43,44], it is feasible to obtain the following result:

Letag € R\Z = VAZ}) € mGF[M(lX) A®r i = qDFIM(At%o) VAoco H{CDFIM(A,X) S R\Z} (53)

Finally, it is worth mentioning that it is feasible to develop more complex algebraic
structures of fractional operators using the presented results. For example, without loss
of generality, considering the modified Hadamard product (29) and the operation (43),
a commutative and unitary ring of fractional operators may be defined as follows

m R(Aw(0y),R) := (m G(Ax(0%),R), 0, %), (54)

in which it is not difficult to verify the following properties:

1. The pair (,, G(Ax(0%),R), 0) is an Abelian group.

2. The pair ( G(Ax(0%),R), %) is a commutative monoid.

3. VAZL, AL, AY € 5 R(Agx(0%),R), the operation * is distributive with respect to the
operation o, that is,

AL+ (Ao A7) = (AT < AT) o (AT 5 47 ) 55)
RSSO S oo
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