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Abstract - N

This study introduces novel generalized fractional derivatives known as (v, ¢)-fractional derivatives of the Riemann-
Liouville and Caputo types, each incorporating exponential function kernels. These new operators offer distinct
advantages, including a semi-group property and a seamless extension of the Riemann-Liouville (RL-FD) and
Caputo fractional derivatives (C-FD), as well as integrals (RL-FI). We explore the Laplace transform of these
(v, ¢)-fractional derivatives and integrals, leveraging them to address linear (¢, ¢)-fractional differential equations.
Moreover, these fractional operators are general to classical fractional operators, cotangent fractional operators,
and generalized proportional operators.
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1. INTRODUCTION

Fractional calculus (FC) [26, 28-32] stands as a comprehensive extension of conventional differentiation and in-
tegration, encompassing non-integer orders. Over the past few decades, it has emerged as a highly potent tool for
characterizing long-memory processes. Its applications span across various domains including chemistry, physics, elec-
tricity, and mechanics, as extensively covered in references such as [9, 11, 22, 25]. The literature on FC is vast, with
numerous works discussing its applications and theories. For further exploration, you may refer to publications like
[4, 10, 12, 15-17]. Local fractional derivatives (FDs), allowing differentiation with arbitrary orders beyond traditional
FDs, play a pivotal role in advancing classical FC. In [20], the conformable derivative (CD) was introduced; however,
its limitation lies in the failure to converge to the original function at s = 1. Addressing this, [1] explored alternative
CD concepts and posed an open challenge to harness CD for generating more generalized FDs.

To address these concerns, generalized FDs and fractional integrals (FI) were proposed and analyzed in [18, 19],
offering partial solutions to this problem. Additionally, Anderson in [5, 6] introduced a novel local FD that converges
to the original function at s = 1, thus enhancing the CD. Subsequently, various authors developed new FD types
accommodating exponential functions [2, 3, 8, 14, 24, 27] or the Mittag-Leffler function [7] in their operator kernels.
However, these novel nonsingular kernel-type FDs suffer a drawback: their corresponding integral operators lack a
semi-group property, posing challenges in solving complex fractional systems within their frameworks. Nevertheless,
considerable efforts have been invested in defining general FDs and integrals involving the general Mittag-Leffler
functions in their representations, as evident in papers see [13, 21, 23]. Motivated by these advancements, we introduce
a novel generalized FC based on a specific case of proportional derivatives (PD) as discussed in [5].

Our novel (¢, ¢)-fractional operators exhibit three distinct features that set them apart:
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(1) The fractional operator’s kernel incorporates the exponential function.

(2) The resulting fractional integral demonstrate a semi-group property.

(3) At order » = 1, these operators revert to the Riemann-Liouville fractional derivative (RL-FD), Caputo
fractional derivative (C-FD), and Riemann-Liouville fractional integral (RL-FI).

This paper encompasses various sections detailing distinct aspects of the subject: Section 2 presents essential defini-
tions for FD and FI, crucial for subsequent comparisons. In section 3, a discussion on PD and their corresponding
integrals, accompanied by their Laplace transforms, forms the basis of the primary results. This section defines
the (¢, ¢)-fractional derivatives and integrals while exploring their inherent properties. Section 4 delves into the
Laplace transforms about Riemann-Liouville (¢, ¢)-fractional derivatives. The final section focuses on the exploration
of Caputo (¢, ¢)-fractional derivatives, examining their linear (v, ¢)-fractional equations. Additionally, this section
elucidates the relationship linking RL-FD and C-FD.

2. REVIEwW OF FC

In this section, we present several foundational definitions related to FD and FI, which are instrumental for the
analysis and comparisons carried out in this work. Let ¢ € C be such that Re(d) > 0, and denote ny = [J] + 1. We
begin by defining the left-sided RL-FI of a function = of order 1 as follows:

e
(aJﬂac) (©) = ﬁ/@ (0 — 5)"1a(s)ds. (2.1)
The right-sided RL-FT of a function x, of order ¢, is given by the expression:
1 b
) = — —0)" " x(s)ds. 2.2
(1) (©) = 557 [ (5= @) talo)is (22)

The left-sided RL-FD of a function x, of order #, is given by the expression:

(D) () = (;é) " (T 2) (©). (2.3)

The right-sided RL-FD of a function z, of order 9, is given by the expression:

i) © = (~75) " (5= @) (2.4

The left-sided C-FD of a function z, of order 1, is given by the expression:

(¢D%z) (©) = (aJ”ﬂ*ﬂx(”ﬂ)) ). (2.5)
The right-sided C-FD of a function z, of order ¥, is given by the expression:

(“DJw) (©) = (F=" (1) a0 (8). (2.6)
The left and right generalized proportional integral (GPI) [14] are defined respectively as

1 ©

9 19,3 — = (0-s) _ )91 2

(23772) (6) = s / c (© — )" 2(s)ds, 2.7)
and

(377 (©) = B / | 6-0) (5 @)1 p(s)ds (2.8)

b »OT(9) Jo ' ’

Consider » € (0,1]. The left- and right-sided generalized proportional derivatives of Riemann-Liouville (GPD-RL)
type, as introduced in [14], are defined respectively by:

D¢
%”19*191“(7119 - 19)

(.D""z) (©) = / T 006 — gy Ia(s)ds, (29)

(&)
ENE
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and

9, _ ng% /b z1l(s—0)/. ng—v9—1
(Db x) (0) = Ty =) Jo e (s—0) x(s)ds, (2.10)

where
Dg”x(0) = (1 = 2)x(0) + »2(©), and Dg"* = D"*Dg 7.
The left and right generalized proportional derivatives of Caputo type (GPD-C) [14] are defined respectively as

(§D”2) () = m / ° e (0=9) (9 — gy ==L Dro g (5)ds, (2.11)
and
(CD;?’%(E> (0) = 1 /b e (5=9) (s — @)™~ V=1pno g (s)ds. (2.12)
#0~T(ng — V) Jo °
The left and right cotangent fractional integral (CFI) [27] are defined respectively as
(2377z) (©) = 1 /9 e” 0=5)©0-5) (9 — )" z(s)ds (2.13)
- (3T ) J, ’
and
(Jﬂ’”x> (©) = 1 /b e et 5)(5=0) (5 — ©)" ! 1(s)ds. (2.14)
b sin(2%)T'(9) Jo

Let s €]0,1]. The left and right cotangent fractional derivatives of RL type (CFD-RL) [27] are defined respectively
as

. Dng,% © _ e B o
(D"0) €)= et —ay ), © PO - s (215)
2 a
and
0 Dg"” ’ T)(s—0 9—1
(Dy7) (©) = (2 E) 0Ty ) /@ e RO (s — @)L (s)ds, (2.16)
2

where Dg’%(@) = cos(x%)x(0) + sin(xF )z’ (©). The left and right cotangent fractional derivatives of Caputo type
(CFD-C) [27] are defined respectively as

e —cot(%%)(@—s)(@ _ S)nﬁ—ﬂ—l
CpYg) (@ :/ € D" (s)ds, 2.17
(D7) 0) = | gy P (217)
and
b —cot(xZ)(s—O) (o _ ng—9—1
CyY,> _ e 2 (S 6) Ny,
( D’ x) @) = /@ )T, o) " x(s)ds. (2.18)

It’s notable to mention that when s = 1:

e the GPI (2.7) and (2.8) reduce to RL-FI (2.1) and (2.2)

e the GPD-RL (2.9) and (2.10) become the RL-FD (2.3) and (2.4)

e the GPD-C (2.11) and (2.12) have the forms of the C-FD (2.5) and (2.6).
e the CFI (2.13) and (2.14) reduce to RL-FI (2.1) and (2.2)

e the CFD-RL (2.15) and (2.16) become the RL-FD (2.3) and (2.4)

e the CFD-C (2.17) and (2.18) have the forms of the C-FD(2.5) and (2.6).
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3. THE RIEMANN-LIOUVILLE (¢, ¢)-FRACTIONAL DERIVATIVE

In this section, we give the first part of the main results by defining the (v, ¢)-fractional derivatives and (v, ¢)-
fractional integrals and studying their properties. From [5, 6] we have the following definition.

Definition 3.1. Let s € [0,1] and v, ¢ : [0, 1] — [0, +00[ be continuous where
lim ¢(s) =1, lim (%) =0, im ¢(s) =0, lLm () =1,
x—0t x—1- x—1-

x—0t
and
¢(3) #0, ¥(3) #0, 2 €0,1].
The FD of = of order s is defined by

D*z(0) = ¢(5)x(0) + ¥ (5)2'(O). (3.1)
We aim to find the integral related to the FD in (3.1). Consider the following equation:
D*y(©) = ¢(3)y(0) + ¥(x)y'(©) = z(©), © >a. (3.2)

the solution of (3.2) is:

1 [ _eeae
y(©) = 7/ e~ ¥ (O=5)2(s)ds.

()
The fractional integral ((1, ¢)-fractional integral) of FD Eq. (3.1) is defined by:
Jb72(0) = L /9 6_%(6_8).%(8)618 (3.3)
‘ V() Ja 7 '

where we accept that ,J%*z(0) = z(0).

6 ()
Remark 3.2. Let s €]0,1]. Then the 2(0) = ¢~ 79 is a nonconstant function. However, (D*z) (©) = 0.

(D*2) (8) = p(s0)e 5C1© 1 h(3¢) (e~ 57O’

Proposition 3.3. Let x differentiable on |a,+o0o[ and » €]0,1]. We get
e

I DF2(0) = 2(0) — e 700 O~V g(q).
Proof. We have

1,5¢ s 1 © *d)(x)(@*s) ”
o D2 (0) = —— e v D*x(s)ds

(S]
:%/ EeICED) <¢(%)m(s)+1/1(%)x’(s))ds
e ©
:ﬁ/ e—$(13(9—8>¢(%)x(s)ds+/ e~ $E5 (0911 (5)ds
) s=06 C]
= 2 [ O st 4 [ O () 28 [ O
s=0
= em(es)x(S)}
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=xz(0) — 6_%(9_{1)93(&).

|
New let (oJ™*x) (0) = (o JV7 (o J"1>2) (©)).
Theorem 3.4. Let n € N*, we have
n.s 1 © _¢(’Y)(@_S) n—1
(oT"2) (8) = s / B O (0 — 51y (s)ds. (3.4)
Proof. By changing the order of integrals we have
1 ® 400 1 U e(e)
oI 1) (O :—/ e 96 (97 g —/ e e Ty
( )( ) '([}(%) Y 11/1(%) Y 2
1 H1C5) _
: w<%)/ e IS T (), (3.5)
a
1 /@ SO0 — 5 a(s)d
=—— e V= —s x(s)ds.
P()"T(n) Ja
|

From equation (3.4), we can express the subsequent generalized form of FI.

Definition 3.5. Let s €]0,1] and ¢ € C, Re(¥) > 0, the left and right Riemann-Liouville (1, ¢)-fractional integrals
of = are respectively defined as

© e
I 0)O) = gy [, ¢ O = st (36)
and
b
(770)0) = iy | FH O - @) asyas 1)

Remark 3.6. We have

o If r =1, then we get the left and right RL-FI (2.1) and (2.2), respectively.
o If 1(5c) = 3 and ¢(5¢) = 1 — 3, then we get the left and right GPI (2.7) and (2.8), respectively.
o If 9(5) = sin(§ ) and ¢(s) = cos(5x), then we get the left and right CFI (2.13) and (2.14), respectively.

Let n € N, we use the notation
(Dg”z)(©) = (D Dg--- D& x)(©).
Definition 3.7. Let » €]0,1] and ¢ € C, Re(¢#) > 0. The left and right RL (v, ¢)-fractional derivatives of x are
respectively presented as follows:
(uD"#2)(©) = D 1"~ 02(®)

$(32)

— pne /e ¢ (@78)(@ - S)nﬁiﬁil
° Ja Y(3) T (ng — 0)

x(s)ds, (3.8)

and
(Dy)”2)(©) = Dg» ™ 1" =" *x(0)

b ——fb( )(3—6) Ny —9—1
e v (S _ @) 9
=D 0% s)d 3.9

© /@ 1/}(%)”19*1” (ng — 19) x( ) % ( )

with ny = [Re(9)] + 1.

(=)=
E)NE
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Remark 3.8. We have

o If 5c =1, then we get the left and right RL-FD (2.3) and (2.4), respectively.
o If p(5c) = 3 and @(5) = 1 — 3, then we get the left and right GPD (2.9) and (2.10), respectively.
o If () = sin(§») and ¢(s) = cos(§ ), then we get the left and right CFD (2.15) and (2.16), respectively.

Lemma 3.9. Let function y(©), we have
D*(se)H5°) v/ @) 5.
Proposition 3.10. Let s €]0,1] and 91,92 € C be such that Re(¥1) > 0 and Re(¥2) > 0. We have

_ 90 o g
(1) aJﬂl’% (e—m(Q—a)(@ _ a)ﬂ2_1> _ T'(92)e P (32) (] )(e—a)191+19271 '

P(50)"1T(91+02)

()
01,0 [~ 2D (p—0) 9a—1)\ _ T(92)e ¥G "~ (p_g)?1+92-1
(2) Iy (e v (b—©)” ) - - () 71T (91 +92) ’

¢ ()
o —2C e _ )1 (90)e” #00 (C T (@ _g)P2—1-91
3) D% (e s e (g _ g 1) — $"ITEe O 0o .

b(22)
o —22p_e _ )10 (@z)e v P (p-@)?2-1-01
(4) D" ( B0 - 0) ) = gy

Proof. (1) We have

= ST /;) THIOO " o s
_ ()
- iy [ 0=
making the change of variable y = 8:2, we get
W <e—f$(<l‘39(® — a)%l) = 1#((;):25?291) /a@(@ — )" (s —a)?27ds

1
Utilizing the Beta function defined as B(¥q,72) = / w1711 — w)">71du, and considering the identity
0

B(1917192) = L(0,)1(92) thus:

F(191+192) ?
b0 -4 T(91)T(9:)
a0 (ewi‘a@ ©—a 192*) = (@ gyttt ) W02)
(©-a) oG Ty @ Y T(dy + )
_2 g
b(s¢)
__T(@s)e (O — q)Pr+i2-1.

P(3)" L (01 + U2)
(2) Similar of 1.
(3) Let z(©) = 67%@(@ —a)”27!, using Lemma 3.9 and we have

b (<)

oDV (x(@)) = D" I T (e 90— a)%l)
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_ ()
( T'(9g)e 700 © ©— a)wl_ﬂl-wz—l)
P(5)" 1 =T (ng, — V1 + Do)
_ ’(/J(%)nﬂl 1"(192)(71191 — 91+ — 1)(’)%91 — 91+ — 1) cee (792 — 191) «
w(%)nﬂl ‘ﬂlF(nﬁl — 9+ 192)
. 1/1(%)191F(?92) —2560/0 _ \P2—1-t1
_71“(192—191)6 v (©—a) .

(4) The proof follows a similar pattern to that of relation 3.

Ny 5

:D@

(]
Lemma 3.11. Let A € R. Then
DI OBy, 5, (MO - )) = Mi() e T OV By, 0, (O — 0)™),
where Ey, 9, is the Mittag-Lefler function [22].
Proof. Let h(©) = 6_%(9_‘1)&91,192 (A(© — a)?1). We have
DT R(0) = (D71 <ef«3§13<@a>E191,192 (A(© — a)ﬁ1)>
+oo k
A ¢ (>¢)
— aD’(91,% W(@*G) @ _ k’l91
<kz_or(q91k+1)e (©-a)
+oo k .
= Z N oD 6_%(9_@(9 —a)"
TL(91k+1)
k=0
+
_ i \F ()T (V1k + 1) e_%(e—a)(g _ q)Pik—t
P F(k+1) T(hhk+1—-19)
400 k
—202) (9—a) A 91 (k—1)
= ()"te v O Y7 (©—a)”
= T(h(k-1)+1)
+oo _
= M()"1eHE O 3 AN THTES
= T(h(k-1)+1)
= Mp() e S OV By (MO — a)™).
(|

It’s evident that the (1, ¢)-integral operators don’t exhibit the semigroup property in s. Nevertheless, the semigroup
property of (1, ¢)-integrals in 9 remains valid.

Theorem 3.12 presents the semigroup property (¢, ¢)-integral Riemann-Liouville type.
Theorem 3.12. . Let x be continuous and » €]0,1], Re(¥1) > 0, and Re(d2) > 0. We have
JO (G J7272) (©) = J727 (.7 72) (8) = (o J"T7272) (0), © > a. (3.10)
Proof. We have

© ru
T () (0) = P(5)?1 17 ;(19 T (0s) / / eSO T (0 — ) (= )" () dsdu
)4 1 2 1 2 a a
©

1 669 o © _ ,
= ,(/J(%)191+192F(191)F(192)/ € 5 (© )x(S)/ (@*U)ﬁl 1(“75)192 1dud8,

S
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making the change of variable y = g=%, we get
Jﬂ],% J792,% Q) = 1 © —%(@—s) ) 91+92—1 d ! 1 91—1 192—1d
(a LIT)( >_ w(%)ﬁlJﬂ?zF(ﬁl)F(ﬂZ) X " € ( _8) 33(8) S 0 ( _y) Y Yy
1 $(s2)

]
= e (©—s) _ \Yi1t+Ya—1 d
Y(5) BT (9, + ) / c (©—s) z(s)ds

= ("2 %2) (O).

O
Theorem 3.13. Let © be integrable in each interval [a,0],0 > a and 0 <1 < [Re(?)] + 1. Then
DV (,J%7z) (©) = (o J° ") (©). (3.11)
Proof. Using the definition and by noting that Dg”ef%(@ﬂ) =0, we have
DY (4 J%%x) (©) = D'~H7 (D7, 077 x) ()
= D T /f e T OO — 5)" 2a(s)ds.
If we continue [-times in this way we reach (3.11). O
Corollary 3.14. Let 0 < Re(¥2) < Re(?1) and | —1 < Re(¥2) < 1. Then, we have
oDV T2 (0) = o T T a(O).
Proof. Leveraging Theorems 3.12 and 3.13, we obtain:
oD% 0070 (0) = DL 027 )07 5(0) = DY J R g(0) = (I T n(0).
(]
Theorem 3.15. Let x be integrable on © > a and Re[d] > 0, 3 €]0,1],ny = [Re(V)] + 1. We get
oDV, TV 2(0) = 2(O).
Proof. By combining the definition and Theorem 3.12, we derive:
oDV 7 TV F2(0) = DM J0 T T (0) = DM I n(0) = x(0).
O
Lemma 3.16. For ¢ > 0, €]0,1] and [ is positive integer we have
-1 _ \O—ltk,— 2 (©-a)
(a7 #Db*2) (0) = (D', J77x) (©) — kZ:O r((% ;2_ - ;;’E%’)g_m (D**2) (a). (3.12)
If l =1, we have
(JD"2) (0) = (D% J"z) (©) — O= ”)ﬁ_le_%(e_a)x(a). (3.13)

(50)" 71T ()
Proof. Observing that (D*zy) () = z(0) (D*y) (©) + y(©) (D*x) (©) — ¢(32)x(0)y(O) (see also Lemma 1.7 in [5]),
we get

_ () b(>)

D* [(@ )l <@—a>x(a)] = Y(50)(ng — 0 — 1)(O — )72 569 O~V (). (3.14)

(&)
ENE
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We establish the proof for (3.13) first. The relationship (3.12) follows from applying (3.13) inductively, utilizing (3.14).
The demonstration of (3.13) relies on the observation of (3.14) and the Laplace transform. Specifically, employing
(4.1) from Theorem 4.1 in the subsequent section and incorporating the identity:

Lo {D*2(0)} (p) = (6(5) + Y (5)p) Xa(p) — P(3)2(a),

where
£.{2(0)}(p) = / ¢ P 5(s5)ds,
we obtain
P~ L {D*2(0)}(5) _ (609 + b()p) Xa(p) — ¥(s2)a(a)
La{ad™D0O} ) = T T tan) — @(2) + 0GID)? ’
Lo (D70 %2(O)} () = (904) 4 6(Ip) o,
and

(30)7=10(9) %) + Y ()p)’
Alternatively, relation (3.13) can be proved by integration by parts and by noting that

o
D*,J%*x(0) = W/ e ¢((’;)>(®—s)<@ — 5)" 72z (s)ds.

(0 — a)'~le #6500 _ a(a)(x)
‘Ca { 7,[} ‘T(a) (p) - (¢(

$(39)°T(9)
|
Remark 3.17. We have
o (.D"*2) (©) = (2] "*2) ().
e Using Lemma 3.16 we get
(D*oD"7x) (©) = D™ *D*,J" "> x(0)
B()
N © — q)m—-1le"utn (979
— Dno* N ) ﬂ’%D}t*(
l ’ Ty — DG\
)
(©-a)
_ —9,3¢ s _ (6 B a) v le 06
=,J D*z(0) P e z(a).
e Lemma 3.16 is valid for any real 9.
Theorem 3.18. Let Re(d) > 0,ng = —[—Re(¥)], z € Li]a,b] and (,J?*z) (©) € AC"[a,b]. Then
9,2 9, _ o dj((z)) (©—a) < m—1, + (9 — a)ﬁim
(o777, D" 2) () = 2(0) — e > (o z) (a*) LR - (3.15)

Proof. From applying (3.12) in Lemma 3.16 and using the semi-group property for Riemann-Liouville (¢, ¢)-integrals,
we have

(Z,uaDﬁ,%x(@) :Z,ujnlg,um]nﬁfﬁ,%x(@)
ny—1 (9 . a)ﬁ_nﬂ_‘_ke—%(@—a)

:Dnﬂ’%ﬂ7%a Ny —13,3¢ _
a J 1’(6) kz:o F(’l? =+ k— ng + 1)w(%)ﬂ—n,19+k

(Dk,uangfﬁ,%x) (a)

ny—1 19 n19+ke ¢(,{)( a)

ZO 19 + k g + 1)) 0otk

(aJnﬁ—ﬁ—ker) (a+)

Bl a — m—19, O—a vmm
=r(0) = HEHO S () () e s T

m=1
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4. THE LAPLACE TRANSFORM FOR (¢, ¢)-RL-FI AND RL-FD

In this section, we present the Laplace transform for (v, ¢)-fractional integral and the Riemann-Liouville (¢, ¢)-
fractional derivative. We give exacte solution of linear (1, ¢)-fractional differential equations of Riemann-Liouville

type.
Theorem 4.1. Let z to be exponential order, s €]0,1] and ¥ € C where Re(9) > 0. Then

Ea {(a‘]ﬂ’%‘r) (9)} (p) = (¢(%) +11/}(%)p)19£0«{w(@)}(p) (41)
Proof. We have

La {(a‘]ﬂ7%$) ©)} (p) = mﬁa {6_%8619_1 * 95(6)} (p)

1 ING)

HGT) (, ot

5 La{z(0)}(p)

1
= 060 + dGapy? O

Theorem 4.2. Let © € C™~'([a,+00]) be such that ¥ are of exponential order on each subinterval [a,b], k =
1,2,...,n9 — 1. Then,
ny—1

Lo {(D"*x) (©)} (p) = ($(30) + 9 (3)p)"* La{2(O)}(p) — ¥(32) Y ((30) + 9 (5e)p)™* ' ~* (D**x) (a), (4.2)

k=0
where ¥ sash that ny = [Re(¥)] + 1.
Proof. Since L, {z'(©)} (p) = pLa{z(0)}(p) — x(a), we get for ny =1
Lo {(D"2) (©)} (0) = La{6(50)2(O) + 1 (3)2"(©)} (p)
= (6(>9) + ¥ (>)p)La{z(0)}(p) — Y (>)x(a)-
Applying (4.3) leads us to derive the relation (4.2). O
Theorem 4.3. Let » €]0,1], ¥ € C where Re(¥) > 0 and ny = [Re(¥)] + 1, we have

nyg—1

Lo { (D7) (©)} (p) = ($(3) + Y (3)p)" Xa(p) = ¥ (3) Y (d(50) + (oe)p)™* 7 (S 7"~ z) (a¥)

k=0
with Xq(p) = L{x(©)}(p). If x is continuous at a then
Lo { (D" x) (©)} (p) = ($(50) + 1 (5)s)" Xa(p).
Proof. Through the application of Theorems 4.1 and 4.2, we obtain
Lo {(aD"*2) (©)} (p) = La {aDy*J™~"*2) (©)} ()
= (6(3) + Y(5)p)" Lo {a T "7 2) (©) } (D)

ngyg—1

—p(30) > ($() + Y()p)™ T F (DT ) (o)

k=0
= (¢(52) + 1 (5)p)™ (6(5¢) + Y (5)p)" ™" Xa(p)

nyg—1

—1p(3) D ($(30) + Y ()p)™ T (W R (at)

k=0
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O
Theorem 4.4. The solution of
DV 2(0) = \x(0) +y(0), 0<9,x<1,
{ (ajlfﬁ,%x) (aJr) = z,. (44)
z(0) = 6_%(9_‘1)&9’1 (¥(5)7"A(O — a)”) z,
ST (4.5)
Fua) ™ [ IO O - ) B (069 OAO — 5)7) yls)ds,
Proof. Applying the operator £, to Equation (4.4) and utilizing Theorem 4.3 with ny = 1, we obtain:
(¢(30) + Y (5)p)’ La{z(0)}(p) — ¥(59) (o' "7 x) (a) = ALa{x(©)}(p) + La{y(©)}(p).
Which is equivalent to
[(6(5) + 9 ()p)” = A] La{2(©)}(p) = ¥ (5)a + La{y(©)} (p)-
Thus,
La{2(0)}(p) = [(6(0) + 1 ()p)” = N ()20 + [(6(0) + 1 (2)p)” — A La{(©)}(p)- (4.6)

Equation (4.6) can be written as:

La{2(O)}p) = (p+ %) - W)ﬂx] 0 a4 0 (p+ %) - ww%} Ly©)p), (A7)
using
Lo{e™®"2(0)Hp) = Lo{z(0)}p + ),
as follows:
Lo {(@ —a)" "By (w(%)ﬂ’x(@ - a)ﬂ)} (p n %) — L. {e*%@*‘”(@ —a)" By (w(%)*ﬁx(@ - a)ﬁ)} (p), (4.8)
and
Lo {Eg1 (¥(5)7"AN© —a)”)} <p + i((’;g) =L, {e-%w-am,l (1 (3) " N© — a)ﬂ)} (p). (4.9)
In our case, using the facts that (see 1.9.13 in [22])
£a{(® =) B (MO~ )")} (1) = . (110)
and
9—1
Lo {Es (N© —a)”)} (p) = p{j — (4.11)
as follows:
-1
L0 — )" Ey y () MO — 0)")} (p " f;ijj) _ [@ + 2y w(%)ﬂk} . (4.12)
And,
6 — oy (s XY _ (4 2N T (2 ] 113
CofBoa (W60 3@ =)} (5+ 55) = (14 55) (14 55) vt A] BNCRE)

(=)=
E)NE
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Hence, by using Equations (4.9) and (4.13), we have:

()

-1

(v 22)"- wwﬂ — o {Boa (669 *x@ =)} v+ 25 )

¥(x) ¥(x) (4.14)
= £, {eTFHOE (00N - a)) } (9).
Further, by using Eqs. (4.8) and (4.12), we get
_
(o4 ZE’;;)& - ww%] = £, {(© =0 By (0 *AO - )} (14 55 ) .
= £, {eFH O (0 — 0)" 1By (600 NO — 0)”) } ()
We may get the following result by combining Eqgs. (4.14) and (4.15) in Eq. (4.7), we get
Lafa(©)](p) = L {e OB, 4 (40 AO — 0)") } ()2 »
+ ()" La {e—%«a_a) (© —a)’ "By ($(5)"AO — a)ﬂ)} (P)Laly(©)](p)- e
Hence, by using convolution formula in Eq. (4.16), we have
La[(©))(p) = Lo {55 OB, 1 (96 NO — @)?) } (p)aa y
90 Lo eI OO )" LBy (09I — 0)”) +(O) } (9). o
Applying the Laplace inverse of Eq. (4.17), we get:
2(0) = e FH OBy 1 (¥() PA© — a)?) 4
() {e T OO — ) 1By (66 IA© — 0)”) y(©)}.
Therefore,
2(0) = ¢ 5 OBy 1 (¥() PA© — )?) 4
© s (4.18)
060" [T IO =) By (069 N© = 9)) (s
|

5. THE CAPUTO (¢, ¢)-FRACTIONAL DERIVATIVE

In this section, we present the Caputo (1, ¢)-fractional derivatives, Caputo (1, ¢)-fractional derivatives of some
special functions, the Laplace transform for Caputo (v, ¢)-fractional derivatives and relation that links the Caputo
and Riemann-Liouville (¢, ¢)-fractional derivatives. Finly we give exacte solution of linear (1, ¢)-fractional differential
equations of Caputo type.

Definition 5.1. Let s €]0, 1] and ¢ € C, Re(d¥) > 0, define the left Caputo (¢, ¢)-fractional derivative starting at a
by:

(€ D"72)(8) =4 T~ (D5 *2(60)
) e w(;‘) (@ s)(@ _ 8)1’749—19—1
B /a P(50)"0 =T (ng — )
and the right Caputo (¢, ¢)-fractional derivative ending at b is defined by:
(CDy*x)(0) = Jy* " (D" *x(0))

D7 x(s)ds, (5.1)
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b e‘i x)( @)( @)"19—19—1 )
_ oY, € 2
| D et (52)

where ny = [Re(V)] + 1.

Remark 5.2.

e If 3r =1, then we get the left and right RL-FD (2.5) and (2.6), respectively.
o If Y(5c) = 3 and @(5) = 1 — 5, then we get the left and right GPD (2.11) and (2.12), respectively.
o If ¢(5) = sin(s7) and ¢(») = cos(»7 ), then we get the left and right CFD-C (2.17) and (2.18), respectively.

Proposition 5.3. Let 3 €]0, 1], 91,92 € C be such that Re(¥1) > 0 and Re(Y2) > 0. We get

a — s v ¢( ) a —1—
1) grDm,%<e $30-0) (g _ ) 1) = BN =3 O-0) (@ _ g)0s1-

(2) CDi> (e 500, _ @)1921) BOIITs) =S (-0)  _ @) 2101,
Let ny, = [Re(1)] + 1, for k=0,1,...,n9, — 1, we have
CDﬂl’”ef%@(@ —a)*=0, and CD,?“QJ%(Z’*@)(Z) — o) =
In particular, § D%v%e” Hae =0 and CDﬂl’ e — 5 0-0) _ =0.
Proof. Let ny, = [Re(Y¥1)] + 1, from Proposition 3.10, we get
DM e FEO(O — )t =y rn I Do [ HEHO (0 — a) ]
80 g

= JTo YL [zp(%)”ﬂl (92— 1)(02 — 2) ... (02 — 1 — 19, )(© — a)?2 "1~ 1e™ 55

R

Y(30)"1 D (0;) _seag Ya—1—10
e e ————— P (32) _ 2 1,
T2 — 0y) e v (©—a)

The proof of the second relationship follows a similar approach. O

Lemma 5.4. Let A € R. We have
() 309 (g _q
CpPe 3OV g, o (N —a)™) = Ap(3) " e SH OV, (A(O — a)™).

Proof. Let h(©) = 6_%(9_@.5191’192 (A(© — a)?1), we have

(D" n(®) = CD“(@ e “’Em,ﬂzu(@w))

_Cpox f Ak e (@ﬂz)(@ _g)*?
@ part Wk +1)

= N 9, ) (0—a) ko
= — U pvx w(u) @ —
T(0k+1)° (e (©—a) >
k=0
_ “+o00 )\k w(%)ﬂr(ﬁk + 1) e 4’(”) (@ a)(® _ a)ﬁk_ﬂ
£ Tk +1) T(0k+1—19)
R Z N T
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= A ()™ 505 (0-0) Z —_1 (© —a)?*V
B —1)+1)
- Aw(%)%—%(@—%ﬁ,l(x(@ — a)?).
(Il
Theorem 5.5. Let » €]0,1] and ny = [Re(¥)] + 1, then
b4 ¥4 . (Dkvzx) (Cl) — =) —a
ol (D" x) (0) = 2(0) - ,;0 oGaoR O~ a)feve (07, (5.3)
Proof. From the Theorem 3.18 where ¥ = ny, we get
aJﬂ,u (aCDﬂ,%m) (@) — aJﬁ,% (aJn,g—ﬂ,anp,x ) (@) — ( Jnﬂ,%DTLl?,%x) (@)
- 2= (0_q) 20 J] no,% ) (at)(© —a)o—J
_x(@) e v0G9 Z n9 ']]_"(197‘7‘+1)
ny—1
9 (Dk’%.’II) (a) —M .
AP W@—@’“e oo,
O
Theorem 5.6. Let s €]0,1] and ¥ € C with Re(¥) > 0 ny = [Re(9)] + 1. If Xo(p) = L{x(©)}(p), then
ny—1
LA (SD"72) (©)} () = (8(3) + ¥ (5)p) " Xa(p) = ¥(3) D (d() + ¢ (3)p)”" " 7* (D" ") (a). (5.4)
k=0

Proof. From the Theorems 4.1 and 4.2, we get

£ {(§0772) @)} ) = Lo { (a7 D 0 "2) (©)} ()
= (609 + 9" Lo { (D7) (©)} )

= (609 + (4)p)" " x [(W) + (D) Xalp) =) Y (909 + 6 ()"~ (DMa) (a)]
k=0

= (6059 + B(Ip) " Xalp) = ¥() x Y (6() + w(p)’ 7 (D*72) ().
k=0

O

Utilizing Theorems 4.3 and 5.6, we establish the following relationship between the Caputo and Riemann-Liouville
(¢, ¢)-fractional derivatives.

Proposition 5.7. Let » €]0,1], ¥ € C where Re(ﬁ) > 0 and ny = [Re(9)] + 1, then

W (57RO — @)k 9 55 (©-a)
(& D""x) (©) = (uD"x) Z (k+ 5 (D**z) (a), (5.5)
and
nyg—1 %ﬂ—k _ k ﬂe w(z)(b @)
(“py=r) (©) = (D=e) ©) - 32 Y %ki)lﬁ) e (D"2) (). (5.6)
k=0

Remark 5.8. We have
e ({D?*¢c)(©)#0, Vxe€l0,1].
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AL -0 AN
o Let ny = [Re(9)] + 1 then £, {($D?1) (0)} (p) = L2 S L v €]0, 1],
() ()
o D¥e 539 = implies that gDﬁ’”e_%(G_a) =0.

Theorem 5.9. Consider the linear Caputo (¢, ¢)-fractional differential equation:

CDY#3(0) = A\x(0) +y(©), 0<V,»<1,
{ z(at) = z,. (5.7)
Then the solution of (5.7) is:
#(0) = e S OB, | (¥() NO ~ 0)”) 2
e 5.8
+ ()" / e 56 (O — 5771, 5 (V(3) "I N(O — 5)?) y(s)ds. )

Proof. Applying the operator £, to equation (5.7) and employing Theorem 5.6 with ny = 1, we obtain:
(6(5) + 9 (5)p)” La{(©)}(p) — ¥ (5) (6(30) + Y (5)p)” e = ALa{z(©)} () + La{y(©)}(p).
Which is equivalent to
[(6(5) + ¥ (9)p)” = A] La{2(©)}(p) = ¥(5) (Y (5)p + ¢(5))" 0 + La{y(©) }(p).
Thus,

Lo Az(0)}(p) = [(6(2) + ()" = A 00 (W (e)p + 0(3) aa + [(6(39) — b (Ip)?A] " La{y(©)}(p).  (5.9)

Equation (5.9) can be written as:

ST (A T I /A L
Lafo(@)}) = | (04 25 )~ 0 A] (r+22) -
0 -1 '
#0060 (4 95— 0l A L@ ),
using
Lo 2(0)}(p) = La{2(©)}(p + o),
as follows:
0 —a)’! 20— —a)? () _ o w5 (0—a)
£al(® Boo (V) TAO ))}<p+¢(%)) E“{ . (5.11)
(©—=0a)" "By (V()7"NO —a)’) } ().
And
—9 9 o(x)\ _ 2 (0-a) —9 9

Lo {Esx (¥()7"NO —a)’) } <p+ 1/1(%)) —£a{e e TV By (9(%)TNO — a) )}(p)- (5.12)

Using Egs. (4.10) and (4.10) as follows:
-1

£a(© = " By (6 *N© = ")} (n+ 55 ) = [0+ D7~ v A (5.13)

and
O R (W 1 Sl RT3 A RPN

Lo {Eg1 ()" MO ))}(p+¢(%)) = (p—i—w(%)) <p+¢(%)) P(>) )\] . (5.14)

[c [m]
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Hence, by using Equations (5.12) and (5.14), we have:

(v +f;((’3)“ (o4 W‘))ﬁ - WW] L (B (50900 0))) (r+29)

P(x) () (5.15)
— Lo {e FHOVEL (069 INO ~ 0)”) } ().
Further, by using Eqgs. (5.11) and (5.13), we get
(o4 f;ij?))ﬁ - W)‘?A] = £ {(6 )" Ea (69 *NO - )} (4 25 ) -
= £, {e OO — ) 1By (66 IAO - 0)”) } ().
We may get the following result by combining Eqs. (5.15) and (5.16) in Eq. (5.10), we get
Lal#(@)](p) = Lo {e™ FHO By 1 () NO — 0)”) } (p)a -
+ 909 La {eTH OO — )" By (8()INO — 0)°) | (0)Laly(©)](p). |
From Eq.(5.17), we get
Laa(O)](p) = La {TH OBy 1 (4697 'A© — 0)") } (D)7 s
+ 909 La {eTE OO — )" By (¥() UAO — 0)”) +y(O) } (). |
We use the Laplace inverse of Eq.(5.18), we get
2(0) = ¢ 5 OBy 1 (¥() 'A© — )?) 4
+ 900" {eTIH O (@ — )" gy (1) NO —0)) +y(O) }.
Therefore,
2(0) = ¢ SO E, 1 (97O — 0)”) 74
© 400 (5.19)
)" [ IO 0 = )T By (069 7MO = )7) yls)ds
(Il

6. CONCLUSIONS

We've introduced (v, ¢)-fractional derivatives of Riemann-Liouville and Caputo types that rely on parameters ¢,
», and functions ¢, ¢ derived from proportional derivatives. When > = 1, these yield Riemann-Liouville and Caputo
fractional derivatives. We’ve explored the interplay between the integrals and derivatives proposed. The (¢, ¢)-
integrals exhibit semigroup properties and, in conjunction with their respective derivatives, encompass exponential

functions within their kernels. Notably, the function z(©) = 67%@ stands as a non-constant function, having a
proportional derivative that renders its left Caputo fractional derivative as zero. Utilizing the Laplace transform of
(v, ¢)-fractional derivatives and integrals, we’ve formulated linear (¢, ¢)-fractional differential equations. Moreover,
these fractional operators are general to classical fractional operators, cotangent fractional operators, and generalized
proportional operators.
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