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Abstract: In this paper, we use the fractional Laplace transform to solve a class of second-order ordinary differential
equations (ODEs), as well as some conformable fractional differential equations (CFDEs), including the Laguerre
conformable fractional differential equation. Specifically, we apply the transform to convert the differential equations
into first-order, linear differential equations. This is done by using the fractional Laplace transform of order oo + 8 or

a+ B+ . Also, we investigate some more results on the fractional Laplace transform, obtained by Abdeljawad.
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1. Introduction

Fractional calculus has been of interest to many researchers of the last and present centuries. Many researchers
have dealt with the discrete version of fractional calculus, which benefits from the theory of time scales. However,
in recent decades, fractional calculus and fractional differential equations have gained great development in both
theory and applications, because of their powerful, potential applications. Fractional differential equations are
sometimes referred to as extraordinary differential equations, because of their nature and the fact that they can
be easily found in various fields of applied sciences [2, 10]. For example, fractional-order differential equations
have been applied to the modeling of real-world phenomena in such diverse fields as physics, engineering,
mechanics, control theory, economics, medical sciences, finance, etc. See [1-8, 15, 17].

In recent years, scientists have proposed many efficient and powerful methods to obtain exact or numerical
solutions of fractional differential equations [15, 18]. In addition, many researchers have tried to propose new
definitions of fractional derivatives. Such a definition usually uses an integral form for the fractional derivative.
There are many types of differential derivatives in fractional calculus, including the derivatives of Grunwald—
Letnikov, Riemann—Liouville, Caputo [7], Caputo—Fabrizio [11] and Atangana—Baleanu [2]. Recently, some
authors introduced the concept of nonlocal derivative.

In [15], Khalil et al. proposed a new notion of derivative, prominently compatible with the classical
one. This operator is called a ”conformable derivative”. The chain rule, which is an applicable and useful

rule in calculus, holds authentically only for conformable fractional derivatives. This derivative satisfies some
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conventional properties and can be used to solve conformable differential equations. In [18], the author used
the conformable derivative to find the exact solutions of time heat differential equations. The conformable
fractional derivative has many advantages in its properties. The impact of this fractional derivative in both
pure and applied branches of sciences and engineering has increased substantially during the last decade. As a
result, it is now widely used in many research fields.

This paper is organized as follows. In Section 2, we prove some important theorems based on the
conformable fractional derivative. In Section 3, we present some conformable fractional Laplace theorems
and provide some examples which are solved by taking the fractional Laplace transformation of order «. In
Section 4, we develop some new methods for solving a class of conformable fractional differential equations using
fractional Laplace transformations of order a+ . In Section 5, we present some new methods for solving a class
of second-order ODEs using fractional Laplace transformations. Finally, in Section 6, we solve the Laguerre
conformable fractional differential equation and some other conformable fractional differential equations by

taking the fractional Laplace transformation of order o+ (3.

2. Basic definitions and tools related to the conformable fractional derivative

Despite becoming a popular topic in recent years, the concept of the fractional derivative emerged in the late
17th century. There are several definitions for fractional derivatives. Recently, the conformable fractional
derivative was introduced by Khalil et al.[15], using a limit operator. After that, Abdeljawad [17] has also
presented fractional versions of the chain rule, exponential functions, Gronwall’s inequality, Taylor power series
expansions, and fractional Laplace transform for the conformable derivative.

In [15], Khalil et al. introduced a new kind of fractional derivatives as follows.

Definition 2.1 The left conformable fractional derivative of order 0 < o <1 of a function u : [a,+00) — R,
starting from a € R, is defined by

(J&Mw:g%“@+{u_?kﬂ_“@. (2.1)
When a = 0,

(J&mw:tnwﬂ:thQ+dkﬂ—u@.

e—0 €

If (4T2u)(t) exists on (a,+00), then (;Tou)(a) = limy o+ ((T2u)(t). If ((T3u)(20) exists and is finite, then we
say that u is left a— differentiable at zy. See [17].

Theorem 2.2 Suppose that 0 < a < 1, and that u; and ug are left a— differentiable functions. Then, the

following statements are true.
1) Ywi,wa € R, (T2 (wiug + wauz)) (t) = wy (:T%u1) (t) + we (:T%us) (¢).
2) vp e R, T3 ((t —a)?) = p(t —a)P™.
3) If C is a constant, then ;T2 (C) = 0.

4) (Product rule for the left CF derivatives) (:T%(uiuz)) (t) = u1(t) ((Touz) (t) + ua(t) ((Touq) (¢).
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5) (Quotient rule for the left CF derivatives) (tTg(Z—;D (t) = s Tgu) )t (O Taua)() us(t) # 0.

(u2(t))?
6) (Tu) (1) = (t — ) =u/(t), where u/(t) = lim,_q (“C£2=10).

Proof See [17]. O

The chain rule is valid for conformable fractional derivatives.

3. The fractional Laplace transform

In this section, we recall the basic definitions and some useful facts related to the fractional Laplace transform.
The transform, introduced in [17], helps us to solve some conformable fractional differential equations and

second-order ODEs. The conformable fractional Laplace transform is defined as follows.

Definition 3.1 (Abdeljawad [17]) The conformable fractional Laplace transform (CFLT) of order 0 < ax <1
of a function u : [0,00) = R, starting from a, is defined by

Lo fu(t)} = /OO e~ () da (b a) = /OO e~ L)t — a)tdt = U(s). (3.1)
a a
If a=0, then
Lo {u(t)} = / Ot tdt = U2(s) = Uy(s). (3.2)
In particular, if « =1, then equation (3.2) is reduced to the definition of the Laplace transform:

L{u(®)} = /0 T estu(t)dt = U (s). (3.3)

Theorem 3.2 [14]. If u(t) is piecewise continuous for t > to if |u(t)] < v(t) when t >ty for some positive
constant ty and if ft t)dot converges then ft t)dat also converges. On the other hand if u(t) > v(t) >0

for t >ty and if ff t)dot diverges then j; t)dot also diverges.

Theorem 3.3 [1}]. Let an exponential order function u(t) be piecewise continuous on the interval 0 <t < A

«@
_at™
o

for any positive A and e lu(t)] < M when t > to. In this equality M, a, to are positive real constants and

0 < a < 1. Then the conformable Laplace transform defined by 3.1 exists for any s > a.

Theorem 3.4 Let u: [a,00) = R be a differentiable real-valued function, and 0 < a < 1. Then,

Le {dT5 (u)(8)} = sUL(s) — u(a). (3-4)

Proof See [17]. O

Theorem 3.5 If u is piecewise continuous on [0,00) and L&{u(t)} = US(s), then

d’n

LY {t™u(t)} = (—1)"a™ o [Ud(s)], nmeN. (3.5)
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Proof See [12]. O
Example 3.6 We calculate the fractional Laplace transform of f(t) =1, for 0 <a <1 and * =~ ¢N.

By Definition 3.1,
1 > e 1
L {} = / e Sa —t*1at.
t 0 t

Hence, using the change of variable z = % we obtain

1 o0 1 a~ = 1
L0 =% = T _dr = r{i—-=).
a{f} /o ¢ aERY T3 ( 04)

Example 3.7 If 0 < a < 1, then the following equalities hold.

1)/ e 2Visin2V/tdt = -
0

9) L0 {In(t)} = —é(ln(z) + 7), = 5772157...

Using Theorem 3.5 we can write

/ e f(t) 2ot = / e (tf"f(t))t’l—ldt = —aF.(s).
0 0
So, letting f(t) = sin(1 :) we find that

& £ 2as
—5+t— 2c0—1
/0 e % sm( )t dt = i

Finally, we let s=1 and a = % to obtain

/ e_QﬁsinQ\/idt = -
0

By Definition 3.1 and the change of variable z = t* we can write

Lo {In(t)} = / & ln o tdt = /000 e w? (l ln(z)) lclz = fi(ln(g) + ’y).

(0% « as

4. Basic properties of converting CFDEs to first order ODEs

In this section, we use the fractional Laplace transform for solving a class of conformable fractional differential
equations. This is done by taking the fractional Laplace transform of such equations and converting them into
first-order ODEs.

Theorem 4.1 [13]. Let w: [a,00) = R be twice differentiable on (a,0), o, >0 and a+ 3 < 1. Then,

1-(atp)

Tsli Tau(t)] = (1 — a)t ol (t) + 27 @FB (1), (4.1)
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Theorem 4.2 [13]. If u : [a,00) = R is twice differentiable on (a,00), a, B > 0 and o+ 8 < 1, then the
following equalities hold.

e a8

o0 +8 * ¢
1) / e 5 (" (1) )dt = u(0) +5 / £ ()™ S dt = U a1.5)(5)-
0 0

LotB

2) /Ooo (1—a+sta+5)u’(t)e”mdt = (a=1)u(0) = (a+B)sU(a1) () + (1 —)sU(arp)(5) = (a+5)s*Uly 1 5 (5)-
3) LY. 5) {tTﬁ ( tTau(t)) } = au(0) — (2a+ B)sUwsp)(5) — (a+ B)5*Ulq 4 (5)-

4) L2 s {tTﬁ ( tTau(t)> + T ( tTﬁu(t)) } = (a+ B)ul0) = (3a + 38)sUur s () — (2 + 28)s*U/y 4y ().
Theorem 4.3 [13]. If s, a, >0 and a+ B < 1, then the following are true.
1) L0 {77 ((Taul®)) } = —u(0) + Uy 5)(5)

2) L0 {8 (Tau®) } = L85 {tu' (0} = 285 {2 (T su(®)) } = ~(048)Utaspy (5) ~(@+B) Ul ) (5).

Proposition 4.4 If s >0 and 0 < a <1 then

/OO e (M)tmdt — —aF,(s) — asF,(s).
0

Proof By Theorem 3.4 and Theorem 3.5,

/000 e_s%( tTatf(t))tzadt = /000 e (t“ tTaf(t))ta_ldt = —ozdii (sFa(s) - f(O)) = —aF,(s) — asF.(s).

O

Proposition 4.5 Let an exponential order function u(t) be twice differentiable on (0,00) and o, > 0 such
that o+ B < 1, then, the solution of the CFDE

tTﬁ( tTau(t)) + (t“ + fﬁ) ( tTau(t)) = q(t) (4.2)

s given by

u(t) = (L) { (LT[ (‘ali“;‘;zs‘ﬁ;g(s) 45+ C) } |

Proof Applying Lg+ﬁ to the both sides of (4.2), and using Theorem 4.2 and Theorem 4.3, we obtain
au(0) — (2a + B)sU(a+p)(s) — (o + ,B)SZU(’(X+B)($) —(a+B)Ua+p)(s) — (a+ B)sU45)(8) —w(0) + sUa+p)(s)
= Qa+p)(5)-
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Therefore, we can write

(@ = 1)u(0) = Qa+p) ()
s(s+D(a+p)

Vo) (G gy * 3) V(9=

By solving this first-order differential equation we obtain

a—1 1 —1 0) — o a—1 1yds
Ulats)(s) = (eif(mﬁ)ds) </ & s(?sUJ(r i)(aQJ: E)ﬂ)(s) e (@rmtrn +3)d g +C).

Hence,
11—«
1)aFs — Du(0) — Qa
) = (CHLT) ([l DO Qe )
s (a+ B)(s + 1) 55
Now, the solution w(t) can be found by applying the CF inverse transform. a

In particular, when o = 8 = % and u(0)=0, the solution of the CFDE

1y (Tyut) + (Vi %) (¢Tyu) =5t + 26

s given by

—t

ult) = Ly p) Wiy (03 = L7 {523 Lo 1>} =1+ 0( 5 el (VD).

Since u(0) =0, u(t) = t2.

Theorem 4.6 Let s >0, 0 < a <1 and an exponential order function g(t) be twice differentiable on (0,00)
such that L2{g(t)} = G4(s), then

LY {tTag(t) +t2g" (t)} = —asGq(s) — aszG;(s). (4.3)

Proof By (3.5),

’
’

s+ Lr o f =220y + 220 {0 (2 0)} = o) + ) (sFale) - F0) = —F (o)

(%

Now, letting f(t) = :Tng(t) and using Theorem 3.4 we can write

’ ’

22 {iTag0) + (L)) } = =5(56005) = (0)) = ~sGu(s) - 26,0

/
"

Since (Tag(t) + L (Taglt)) = 261729'(1) + 1272 (1),

1"

Lo {tTag(t) t 2oy (t)} =10 {tl—ag’ (t) +t2og" (t)} = —asGal(s) — asG.(s).
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Therefore, if a, >0 and o+ 8 <1, then
Lo { (Tiaroyu(®) + D0 (1)} = 18 5 {17000 (1) 4 200" (1)}

= —(a + B)sU(arp)(5) — (o + B)s*Uln 5 (5).

Proposition 4.7 Suppose that u(t) is twice differentiable on (0,00), «,8 > 0 and o+ < 1. Then, the
solution of the CFDE

T Tau®)) + ((Tarsu(®)) + 204" (1) = (1) (4.4)

s given by

-1 1 au(0) — Qut5(s)
ut) = (ngJrﬁ) ( M)(/ Liﬁzﬁ d5+C) -
§2a+25 2(0[ + 5)8 Sat28
Proof Applying LgH, to the both sides of (4.4), and using Theorem 4.2 and Theorem 4.6, we find that

au(0) — (2a + B)sUa1p)(s) — s?(a+ ,B)U(’a+ﬂ)(s) —(a+ B)sUa1p)(s) — (@ + 6)32U£a+6)(s) = Q(at8)(5).
This differential equation can be written as
2(a+ B)s’ Uy py(s) + (Ba + 28)sU(a45)(s) = au(0) = Q(ap)(5)-
Therefore, we can write

, o 1  aul0) = Quass (5)
Utats)(5) + (m +5) Vi) = (20 + 26)s?

By solving this first-order ODE we obtain

Uasila) = (ot D) ( / a“égl; é?;)fsg“) ol (et i g . C)

- ([ Qerslo)y

a+28

2(a + B)s2at28

a+2
§2a+28
Now, the solution u(t) can be found by applying the CF inverse transform. O

In particular, when o = 8 = % and u(0)=1, the solution of the CFDE
To( (Tau(t)) + ¢Toyau(t) + 2G4 (1) = (§ + 2t)et
e AN ¢4 = (5

s given by

R ! st (1 N O T 220 (3)t3
R P R | B e B P T !
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Theorem 4.8 If s,a >0 and a < 1, then

LO{tt 1 ()} = 202U, (s) + o?sU.,, (s). (4.5)

Proof By Theorem 4.3,
LO{tu ()} = —alUq(s) — asU, (s).

Now, Theorem 3.5 allows us to write

Lot 1 ()} = Lo (t (1))} = —adii (= ala(s) — asUy(s)) = 20°U,(s) + a*sUs (s).

Proposition 4.9 Consider the CFDE

tTB( tTau(t)) - tTa( tTBu(t)) —0. (4.6)
If a, >0 and a+ 5 <1, then a = [ or u(t) is constant.
Proof Applying Lg +p and using Theorem 4.2 we obtain

au(0) — (20 + B)sUa+5)(5) — (0 + B)5*U o1 5)(5) — Bu(0) + (28 + ) sUa 5 (5) + (o + B)5*U o 5)(5) = 0.
Therefore,
(a - 5) (u(O) - sU(a+5)(8)> —0.
Therefore,

(a = 5) or Upaypy(s) = —.

Finally, we apply (L9, 5)" to obtain

u(t)

I
/N
h
oo

+
=
N—
|
—
S
Q
+
=
—~
»
—
——
I
/N
h
oo
+
=
N—
|
—
‘Q
(==}
N
—
I
<
—~
(=)
Nl

O

Proposition 4.10 Assume that u(t) is twice differentiable on (0,00), k,m € R, «,8 >0 and a+ 8 < 1.
Then, the solution of the CFDE

(Tl Tau(®)] + o TalTu(t)] + ktu (1) +mu(t) = q(t) (4.7)

is given by

- (i2.)" { g TETL ([ D0 -G, k)stw)}.

2s + k) Ferm t3 (a4 B)sFatm
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Proof Applying the CF Laplace transform to the both sides of (4.7), and using Theorem 4.2 and Theorem
4.3, we obtain

(at+B)u(0)— (3a+38) sUn (s)— (20+28) 52U, 5(s)— k(a+5) (U(a+ﬁ)(s)—|—sU(/a+ﬁ)(s))+mU(a+5)(s) = Qarm (5).
Equivalently,

/ 3(a+B8)s+k(a+8)—m _ (a+ B)u(0) — Qratp)(s)
U(a+5)(s) + ( (Oé+ﬁ)$(23+ k) )U(Oz-i-ﬁ)(s) - (Oé +B)S(23+;§ :

By solving this first-order ODE we can write

_ [(BatB)sth(atB)—m (a+ B)u(0) = Qa+p)(8) f(3tatpisthatn—m\,
Ula = ( Y CE He ) )ds) (/ S G T saarn s g C)

m -1 )
_ ( sk<a+ff>m 1 ) (/ (o + B)u(0) — Qnsa+6)(5) (25 + k) motesn) C).
(25 + k) Ferm T2 (o 4 B)sF@+m
Now, the solution w«(¢) can be found by applying the CF inverse transform. O

Therefore the solution may not be unique. For example, if o = %, B =% and k = m = 1, then the

2
3
conformable-type problem

tT%( tT%u(t)) + tT%( tT%u(t)) Ftu (b) + u(t) = 46° + 1562, u(0) =0

has the solution given by

1112 1 2 2 30 2)-1(3+%)
2 = £)(0) — —_ 2 373
u(t) _ (L(iJrg)_l ( — ) (/ (3 + 3)( ) sf $3 (2s—|— 1) 21)(3+2) ds—i—C)
3 3 b

5. Solving a class of second-order ODEs via the fractional Laplace transform

In this section, we use the fractional Laplace transform to solve some second-order ODEs.

3033



MOLAEI et al./Turk J Math

Proposition 5.1 The solution of the second-order ODE

2tu (t) + (t+ 1)u () + u(t) = q(t)

is given by

u(t) = L™ {(25 +1 59 (/ u(0) ; Q(s) (25 4+ 1)2ds + 0)} .

Proof Equation (5.1) can be rewritten as
2 " 1. /" /
U () +tu () + U () +tu () +tu (t) + u(t) = q(t),
or equivalently,
(1— %)tl_(%+%)u/(t) G (1) 1 (1— %)tl—(%+%>u'(t) + 27 Gy () + tu (¢) + ult) = q(t).
Using (4.1) we can write
tT%( tT%u(t)) + tT%( tT§u(t)) + 1t (8) + Tu(t) = q(t).

Now, (4.7) gives us

u(t) = (L)~ { (25 i 1)3 (/ «0) ;Ql(s) (25 4+ 1)2ds + 0)}

:L_l{(2si1)§ (/u(O)—SQ(S)(gerl)%dHC)}.

For example, the solution of the differential equation

2t (t) + (t+ D (¢) + u(t) = te™, w(0) =1
s given by

1 3
2

u(t):(Lg)_l{Qsin;(/1_TW(%“)%“*C)}:L_l{@sil);((22111) +0)}

e e
—e bt C(\f\/ze—it).

Proposition 5.2 If k, m € R, then the solution of the second-order ODE

2t (t) + (kt + Du (t) + mu(t) = q(t)
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s given by

m—k

un=r { ((25 j— kk) T ) (/ U(O);%Q(S) (25 + k)%ds + C) } ’

Proof Equation (5.2) can be rewritten as

gu' (t) +tu” (t) + %u (t) + tu” () + ktu (t) + mu(t) = q(¢),
or equivalently,
(1— %) =G (1) + 227G (1) + (1 - %) =G40 (1) + 27 G0 (1) + ktu (8) + ma(t) = q(b).
Using (4.1) we can write
T ( tT%u(t)) + T ( tT%u(t)) + Etu (£) + mu(t) = q(t).

Finally, (4.7) gives us

ult) = (L 3) " {U3) ()]

—1
= (24n) <(25+I~c)’“(£§)

S (e | CUECEUEREN

Ty —1
Sk(§+§)

Nl

+

Proposition 5.3 Let a, b, p € R, and a, b# 0. Then, the solution of the second-order ODE
2atu’ (t) + (bt + a)u’ (t) + pu(t) = q(t) (5.3)

s given by

Proof Equation (5.3) can be rewritten as

%ul (t) +tu” (t) + éu (t) +tu” (t) + gtu' (t) + gu(t) - %q(ty

or equivalently

1 ’ 12 2 ’ " b ’ 1
(1— g) =Gy () + 2 G () + (1 — g) L=GH3)y (8) + 2~ Gy (1) + —tu' (1) + gu(t) = —a(t).
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Using (4.1) we can write

tT%( tT%u(t)) n tT%( tT%u(t)) + gtu’ (t) + gu(t) - éq(t).

Letting k=2, m = £ and q(t) = L¢(t) in (4.7) we get

In particular, if a=b=2, p=1 and u(0) =0, then the solution of the ODE
dtu” () + (2t + 2)u (t) +u(t) = (2 — 17t + 126%) e 2
is given by

u(t) = te™ " + C(%ﬂfe*%terf(gh/i)).

Since u(0) =0, C=0. So, we conclude that
u(t) = te™ 2.

6. Solving some conformable fractional differential equations via the fractional Laplace transform

In this section, we use the fractional Laplace transform to solve the Laguerre fractional differential equation.
Also, we obtain some new results on some second-order ODESs and some other conformable fractional differential
equations.

Theorem 6.1 If s, a >0, a <1 and L%{u(t)} = U,(s), then the following equalities hold.
1) Lg{t2_"u” (t)} = (—1—0a)sUa(s) + u(0) — as?U, (s).
2) Lg{t2u“ (t)} = (a4 a®)Uu(s) + as(1 + 3a) U, (s) + a*s*U,, ().
Proof By Theorem 4.6,
Lg{ Tau(t) + 2y (t)} = —asUy(s) — asQU;(s).

Therefore, Theorem 3.4 gives us the first formula:

’

Lg{tzfo‘u” (t)} = (—1—a)sUa(s) +u(0) — as®U,(s).
Now, using Theorem 3.5 we can write
18{em (" (1) } = —a (41 = )sUa(s) + u(0) — as*Uy(s)).
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So, we obtain
Loa{tQUN(t)} = (a4 a®)Ua(s) + as(1 +3a)U (s) + 22U, (s),

which completes the proof.

Therefore, if a, 8 >0, a+ 8 <1 and m € R, then we obtain the following equalities.
1) Lo {070 (0)} = L85 {Tas pult)} = —u(0) 45U 5(s).
2) L0, , {tz—(a+6)u” (t)} =(—1—(a+pB))sUass(s) +u(0) — (a+ ﬁ)szU;JrB(s).

8) Loy { (m+ DECF (1) + 27000 (1) ) = —mu(0) = (a+ 8 = m)sUass(s) = (@ + B8) Ul 5(s).
Theorem 6.2 If s,a, 3,7 >0 and a+ B+ v <1, then the following equalities hold.

o0 LB oy o0 1(atB8+7) " o0 t(atB8+7) 1
I)/ e (a+13+'v) (t m (t))dt = —2/ e (a+B+'v) (tu (t))dt + 3/ e (a+B+'v) (ta+6+7+ (t))dt
0 0 0

t(‘*+ﬁ+’¥) "

H)/ ((1 —2a - B)t+ st“+5+7+1) Sarrtn u (t)dt
0

= —/ ((1 —2a—fB)+s(a+B+v+ 1)t°‘+ﬁ+7) (e satri u,(t)>dt
0

0 H(atB4+y) oo (a+B+v)
+s(1 — 20— B) / tathres Aty w (t)dt + 52/ (2026427~ ToFmTy (t)dt.
0 0

Proof Using integration by parts we can write

o0 gtlatBty) g
/ e SN CENE=Y) (t u (t))dt
0

tlatBty) oo o, t(a+B+7)
— ey (t)} —/ u (t)(?t—stwrﬁ*”f“) SUaTETY dt
0 0
0 _giletstn ooy, o _gelotstn) 1
:0—2/ e ° aFFtm (tu (t))dt—i—s/ RN CE ) (ta+/3+7+ u (t))dt.
0 0
Also,

f(a+ﬁ+7) "

o)
/ ((1—2a—ﬁ)t+st°‘+ﬁ+"’+1) SerE a (t)dt
0

1<ﬂ+ﬁ+’Y) , :|OO

- ((1 — 20— B)t+ sta+ﬂ+7) e ()]

o0 t(atB+y)
—/ {(1 —2a—B)+s(a+B+v+ 1)ta+'8+7}<e @y (t))dt
0
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t(a+B+7)

o (ot N, > /
—|—S<1 — 20 — ﬂ) / gotBty (e_s (a¥B+7) )u (t)dt + 52/ {2at2p+2y (6—5 (@ ¥BF7) )’u, (t)dt
0 0

e _latBt)
=0 _/ {(1 — 9% — 6) + s(a +B+~+ 1)ta+,3+’Y}(e STaTBT (t))dt
0
t(at+B+7)

oo datB+r) N o '
+s(1 —2a - B) / ethty (eis () )u (t)dt + s> / Rty (efs (CES-EEY) )u (t)dt.
0 0

Theorem 6.3 If s,a,8,v>0 and a+ B+ v <1, then

o0 (atB+v)
/ {(a2+aB)—(Bat2By)sto P12zt 20 e femo (1) bt
0

= —(a® +aB)u(0) + (3a+28+7) (a+ B +7)sUatpiy(s)
+2(a+ B+ 7)252U(;+5+7(s) + (02 + af) sUn+p4+(5)

+Ba+28+7)(a+ B8+ 7)52U;+6+7(8) + (a+ 8+ 7)233Ug+5+7(s).

Proof Using integration by parts and Theorem 3.5 we obtain

o0 (a+B+y)
| {0+ a8) - Bar2m4q)stet a4 stppesasin | o R (o) i
0
t(a+B+v) o0
= {(Oﬂ +apf) — (Ba+ 28+ ,y)sta+6+"/ + 52t2a+2ﬂ+27} (675 (a-:ﬁ-:—':) u(t))}
0

tat+B+y

T8 edEr u(t)dt

oo
- / {(—3a— 28—)s(a+ B+ttt +82(204+2ﬁ+27)t0‘+'3+7_1(ta+5+7)}e
0

o0 et B+y
+/ {st‘”ﬁﬂ*l (a2+a5,s(3a+25+v)) (ta+ﬂ+7)+53t06+5+’7*1(t(2a+25+27))}€_87a+ﬁ+w u(t)dt
0

=(—a® - afB)u(0)
ot Bty

+/ (Ba + 2B+ 7)s(a+ B + YO TP L™ armm u(t)dt
0

o8+

—s? / (204 28 + 279) (t* TP u(t)) P Lo arE dt
0

1o +B+y

oo
+s(a® + aﬂ)/ tot BTy Lo aE T o (t)dt
0

toat+B+y

—s*(3a+2847) / (TP ()T T e e Ee dt
0

toat+B+y

oo
+5° / (L2220 (1) )T T e arme dt
0
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= —(a® 4 aB)u(0)

+(Ba+28+7y)(a+ B +7)sUatsi1~(5)

’

125%(+ B+ 1)Uy () + (0% + aB)Uar 4 (5)

+(B3a+ 28+ )0+ B+7)52U g4 (5)

"

+83(Oé + ﬂ + 7)2Ua+/3+fy(5)'

Theorem 6.4 If a, 5, v>0and a+ pf+~v <1, then

tT7< +Ts( tTau(t))> = (1—-a)(1—a—B) =@y (1) 4 (3 — (2a + B)) 12~ CHFEN" (1) 4 3~ (84" 1),

Proof By Theorem 2.2 and Theorem 4.1,
tT’y ( tTB (tTau(t))) _ tTfy ((17a)t1*(oz+ﬁ)u/ (t)thQf(aJrﬁ)u/, (t))

- tl‘“’% (0= )=t (1) 4 2" (1)}

= (1—a)(1 —a— B)t By (1) + (3 — (20 + B)) 12~ HEENY" (1) 4 #3484, (1),

O

Theorem 6.5 If s, a, B, 7> 0and a+ B+~ <1, then
L T (T5( Lou)) }
- (a2 + aﬁ)u(o)
+{ (Ba+28+7)(a+B+7)+a®+ aﬁ}sUMﬁﬂ(s)
+(5a+48+37) (a+ B+7)5 Vi, (5)
o+ B+7) "5 Uiy gin (9)-
Proof By Theorem 6.4,
Lg+ﬂ+w{ tTV( 1T ( tTau(t))>}
= Ly pin { (1= )1 — (a4 B2+ (1))
+Lg+ﬁﬂ{ (3 — (20 + B)) 2~ (etB4my,” (t)}
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+Lg+ﬂ+v{t37(a+ﬁﬂ)u (t)}
9 oo atBty)
= ((1 —a)*+ B(a— 1))/ e @rrr u (t)dt
0
Rl _gtlatfty) ”
+(3—2a—,6’)/ e~ aFFEy (tu (t))dt
0
o0 ylatBt) 9
+/ e ° @D (t u (t))dt.
0

Now, the proof is straightforward using Theorem 6.2 and Theorem 6.3.

Proposition 6.6 If o, >0, a+ <1, k, me R and k # 0, then the solution of the second-order ODE

27 @B (1) + ktu (£) + mu(t) = q(t) (6.1)

s given by

0= () { () ([ et i ) |

m+k
s+ k) ACET:))

Proof Applying the CF Laplace transform LgﬁLﬂ to the both sides of (6.1), and using Theorem 4.3 and

Theorem 6.1, we obtain

(~1-(@+8)) Ut o) +u(0) (a4 B)5*Upy 4 (5) 41~ (-8 U ()~ (a+B)Up . 5(5) ) +mUas(5) = Qs ().

Equivalently,

s+ (a+pP)(s+k)—m _ u(0) — Qatp(s)
Unras) + ( (a+ B)s(s + k) JUass(s) = Ws(;k)'

By solving this first-order ODE we can write

Unsals) = (e TR ( / u(0) — Qos(9) fetBestzmyas g | C)
(a4 B)s(s + k)

_ (( sFeEm ! ) (/ WO = Qasgls) sttt —tas + ).

5+ k)Fatm (a + B)sF@+m

Now, the solution u(t) can be found by applying the CF inverse transform. O

For example, we use the fractional Laplace transform to find the solution of the second-order ODE
tu” (t) + ktu () + mu(t) = q(t),
where k, m € R and k# 0. To do so, we let « = 3 = % in (6.1) to obtain
227Gy () + ktu (8) + mu(t) = q(t).
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Therefore,

m_q

u(t) = (L?)*l{Ul(s)} — ! {((Sjk)ﬂ) (/ (u(O) - Q(s)) (1 n %)%ds + c)} .

In particular, if k=m =1 and u(0) = 1, then the solution of the differential equation
tu” () + Ltw () + Lu(t) = 2te’ + €'
s given by
ult) = L—l{(ﬁ)(/ (1- ﬁ - %)(1—# %)derC)}
=e' +(C—3)te™ ™.
Proposition 6.7 If o, >0, a+ <1, a, b, me R and a # 0, then the solution of the second-order ODE
at?= @B (1) + bt~ OB (£) + mu(t) = q(t) (6.2)

s given by

u(t) = (L(o)ﬁﬁ)il {( iﬁ?: )(/ (a — b)u(O) - Q?:B(s)emds + C)} .

siTaterm ala + B)s'Haterm

Proof Applying the CF Laplace transform L2 4+ to the both sides of (6.2) and using Theorem 6.1 we find
that

o (= 1= (a+8))sUats(s) +u(0) = (a + B)s Ui s(5) | +b{ = u(0) + sUars(5) | + mUats(5) = Qusa(s).

Therefore,

’

ala s—bs+as—m a—b)u(0) — Qaip(s
Useols) + (UL 0, () = A= =),

By solving this first-order ODE we obtain

Uil = ( e TP )( / (a = b)u(0) = Qo (s) om0 o).

Sl_ﬁ a(a{—ﬁ)sl—i_ﬁ

Now, the solution u(t) can be found by applying the CF inverse transform. O

In particular, letting o = 8 = % in (6.2) we observe that the solution of the second-order ODE
atu” (t) + bu'(t) + mu(t) = q(t)

is given by

3D a — b)u(0) — §) —m
u(t) :Lfl ( e 2bfu )(/( ) ( )1 Q%j:%< >e“(%+%)sd8+c>
s D a( +1)s D
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=L1! {;i (/ (ai 6)1;(53) — Q(S)egds—&—C’)}.

For example, if a =b=m =1, then the solution of the differential equation

u’(t) + ' (t) +u(t) =te™"
is given by

1 -1
s

=1 [t = (2 ) = e

=et 4 CBesselJ(O, 2\/2)

Proposition 6.8 (The Laguerre conformable fractional differential equation) Suppose that u(t) is twice dif-
ferentiable on (0,00), a,8 > 0, a+ 8 <1, k,m,n € R and k # 0. Then, the solution of the CFDE

tTﬁ( tTau(t)) + (a n m) ( tTaH;u(t)) + ktu/(t) + (n - m)u(t) = q(t) (6.3)
s given by
u(t) = (£2,5) " (G54 0 8 srt 1) / ) = Qrsle) gyt 4 )
o+ 5 sk(a+B)

Proof By Theorem 2.2 and Theorem 4.1, equation (6.3) can be rewritten as

27" (1) + (m+ DO () + Kt (£) + (n — m)u(t) = q(t). (6.4)
Now, by applying Lg+ﬁ to the both sides of (6.4), and using Theorem 4.3 and Theorem 6.1, we obtain
—mu(0) = (a+ B = m)sUar(s) = (@ + B)s*Up 5(s) + k{ = (@ + B)Uasa(s) = (@ + B)sUs(s) |

+(n = m)Uats(5) = Qatp(s)-

Therefore,

’

(@+B-m)s+(a+Bk+m—n _ Zmu(0) ~ Qars(s)
Uats()+ ( @t D1 B Uers®) = Lo B ape 5 B)

By solving this first-order ODE we obtain

Unia(s) = (e_f((a+ﬁ COTEICE MRS n)dg) (/ —mu(0) — Qa+s(s) ef((Q+B7?;)fﬁ+>(§jff)c’;+7n77L)dsds_|_C)
(a+B)s(s + k)

k+1)m—n

= ((8 + k)Wsk(aﬂf) 1) ( —mu(0) — QaJrﬁ(S)

(a+ p)s s

m (ot
(s+ k) a1 ds + C)
Now, the solution w(t) can be found by applying the CF inverse transform. O
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In particular, if a+ 8 =1, k= -1 and m, n € N|J {0} in (6.4), then we obtain the solution of the
differential equation
tu () + (m+1—t)u (t) + (n —m)u(t) =0 (6.5)

as

utt) =27 { (s ayrsmont ([ Dy rias o) ).

On the other hand, we can find the Laguerre dependent function using equation (6.5):

—mu(0)

il d ( 4 (t"eft)) = Lil{(s — 1)"5"‘7”71( W(S —1)7" s + O) }

V' (t) = W¢n(t) = g \€ gm

For example, letting m=0 in (6.5) we find that the solution of the Laguerre differential equation

tu (t) + (1= t)u () + nu(t) =0

s given by

ult) = L*I{Cﬂ}.

Sn+1

So, we obtain the Laguerre polynomial of degree n, that is,
=1
valt) = Lo

7. Conclusion

The conformable fractional derivative is a new kind of fractional derivative that still needs to be further
investigated. We discussed the fractional Laplace transform, as a transform compatible with this type of

fractional derivatives. The conformable fractional derivative behaves well in the product rule and the chain rule,
while complicated formulas appear in case of the usual fractional calculus. Some new results were reported,
which were shown to be useful in the theory of conformable fractional differential equations. The method of
fractional Laplace transform, as a powerful approach for extracting the exact solutions of differential equations,
was developed for the conformable time fractional differential equations. Using the fractional Laplace transform,
we were able to convert some ordinary differential equations and conformable fractional differential equations

into first-order ordinary differential equations.
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