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Abstract: This paper deals with fuzzy Laplace transform to obtain the solution of fuzzy fractional differential equation (FFDES)
under Caputo’s H-differentiability. In order to solve FFDEs, first we have to understand about fuzzy Laplace transform
of Caputo’s H-differentiability with fractional order (0 < 8 < 1). An analytical solution is presented to confirm the
capability of proposed method.
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1. Introduction

Fractional calculus is a mathematical branch investigating the properties of derivatives and integrals of non-integer orders.
It has been applied in modelling physical and chemical processes and in engineering [4, 6, 18] Podlubny and kilbas[10,12,]
gave the idea of fractional calculus and consider Caputo’s differentiability to solve FFDEs. Agarwal [2] proposed the concept
of solutions for fractional differential equations with uncertainty. Laplace transform is used for solving differential equations.
To solve fuzzy fractional differential equation, fuzzy initial and boundary value problems, we use fuzzy Laplace transform.
The advantage of fuzzy Laplace transform is that it solves the problem directly without determining a general solution.
Here we have seen some basic definitions section 2. In section 3, Caputo H-differentiability is introduced and some of the
properties are considered. Fuzzy Laplace transforms are introduced and we discuss the properties in section4. The solutions
of FFDEs are determined by fuzzy Laplace transform under Caputo H-differentiability and solve the example in section 5.

In section 6, a conclusion is drawn.

2. Preliminaries

Definition 2.1 ([8]). Fuzzy number is a mapping u : R — [0, 1] with the following properties:
(1). u is upper semi continuous.

(2). u is fuzzy convex. i.e., u(Azx + (1 — A)y) > min{u () ,u (y)} for all xz,y € R, X € [0,1].
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(3). w is normal. i.e., 3 o € R for which u (zo) = 1.
(4). Supp uw = {x € R/u(x) > 0} is the support of the u, and its closure cl (supp u) is compact.

Definition 2.2 ([13, 14]). A fuzzy number u in parametric form is a pair (u, @) of functions u(r),u(r), 0 <r <1, which

satisfy the following requirements:

(1). u(r) is a bounded non-decreasing left continuous function in (0,1], and right continuous at 0,
(2). w(r) is a bounded non-increasing left continuous function in (0,1], and right continuous at 0,
(3). u(r)<u(r), 0 <r<1.

Theorem 2.3 ([15]). Let f be fuzzy valued function on [a,00) represented by (f (z;7), f (z;7)). For any fized r € [0,1],
assume f (x;7) and f(x;7) are Riemann-integrable on [a,b] for every b > a, and assume there are two positive functions
M(r), M(r) such that fab u(m;r”dx < M(r) and f: |7(x;r)’dx < M(r) for every b > a. Then f(x) is improper
fuzzy Riemann integrable on [a,00) and the improper fuzzy Riemann integral is a fuzzy mumber. Furthermore, we have

f:o f(zyr)de = [faooi(a:; r)dz, faoo?(x; T) dm)]

Definition 2.4. Let x,y € E. If there exists z € E such that x = y + z, then z is called the H-difference of v and y and it

is denoted by © S y.

3. Caputo’s H-differentiability [7]

C*'[a,b] is the space of all continuous fuzzy valued functions on [a,b]. Also we denote the space of all Lebesgue integrable
fuzzy valued functions on [a, b] by L™ [a,b]. In this section, concept of the fuzzy Caputo derivatives as in [7] is revisited using
hukuhara difference (CDf . f) () are as defined as:

Let f € CFla,b] N L* [a,b] be a fuzzy set value fnction; then f is Caputo fuzzy H-differentiable at = when

1 T f(t) dt
G1l=8)Joa (z—1t)

(“DLf) (2) =

Definition 8.1. Let f € C¥[a,b] N L [a,b], xo in (a,b) and F (x) = G(l 75 N (J;mgf, We say that f is Caputo’s H-

differentiable about order 0 < 8 < 1 at xo, if there exists an element ( Df+ f)(zo) € E such that for h > 0 sufficiently small

(1). (°D?, f)(zo) = lim, Fleoth)oF(z0) = lim, Fo)OF@o=h) (o)

(2). (9D, f)(wo) = lim FLrolSfloti — fim EEe=EEe) (or)

(3). ( D’BJrf)(fL‘O)* lim F<Io+h)eF(zo) lim E(zo— h)eF(Io) (or)

h—0t T hsot
B _ F(zo)oF(zo+h) _ 1; F(zg)oF(zg—h)
(4) ( D +f) (1‘0) - hlirng —h hlir(f)lJr h .

We say that the fuzzy valued function f is (°(i) — B) differentiable if it is differentiable as in the Definition 2.5 Case (i),

and f is (C(zz) — B) differentiable if it is differentiable as in the Definition 2.5 of Case (2) and so on for other cases.
Theorem 3.2 ([17]). Let f € C¥[a,b] N L [a,b], 2o in (a,b) and 0 < B <1. Then

(1). Let us consider f is (°(i) — B) differentiable fuzzy valued function, then

(°DL, f) (woir) = [(“DL, £) (woir) . (“DI, Planin)], 0<r <1
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(2). Let us consider f is (°(ii) — B) differentiable fuzzy valued function, then
(°DL, f) @oir) = [(“DL, £) (woir) . (DY, Planir)], 07 <1

Where

(“D f) (zosr) =

(“DLF) (xosr) =

4. Fuzzy Laplace Transforms

Definition 4.1 ([16]). Let f be continuous fuzzy valued function. Suppose that f(x)?e™P* is improper fuzzy Riemann

integrable on [0, 00), then fo ) ® e P?dx is called fuzzy Laplace transforms and denoted by
)] = / f@)®e P dx (p >0 and integer) (3)
0
Using Theorem 2.1 we have 0 < r < 1;

* . *Pzd — * . *Pzd <= . *Pzd
/Ofoc,r)@e v UO f@r) oe x/o i) oe 4

Using the classical Laplace transforms,

L[S (7)) = /000 flzsr)e P de and L[f (z;r)] = /Ooof(x;r)efpzdx
Then we get
L{f(zim)) = [L[f (@m)], LIf ()]

Definition 4.2. Hypergeom (n,d, z) is the generalized hyper geometric function F (n,d, z), also known as Barnes extended
hyper geometric function. For scalars a, b and ¢, hypergeom([a,b], ¢ ,z) is a Gauss hyper geometric function 2F (a,b;c; z).

The Gauss hypergeometric function 2F1 (a,b;c; z) is defined in the unit disc as the sum of the hypergeometric series

2F (a,b;¢;2) = Z k |z|<1
(©),

k=0

Definition 4.3. The pochhammer symbol (a), is defined by

(a)n=a(a+1)...(a+n—-1), neN
Definition 4.4. A two parameters function of Mittag -Leffler type is defined by the series expansion

ZGar-ﬁ-ﬁ) (2,5>0)

An error function is defined by er fc(x) f f°° et dt.
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Theorem 4.5 ([16]). Let f and g are continuous fuzzy valued functions. Suppose that c1 and cz are constants.
Liler© f(x) @ (2 ©g(x))] = (1 © L[f (2)]) @ (c2 © L g (x)])

Lemma 4.6 ([16]). Let f be continuous fuzzy valued function on [0,00) and A € R then LA ©® f(z)] = A® L[f(x)].

Theorem 4.7. Suppose that f € CT[0,00) N LT [0,00). Then
L[©Dl n@)] = LI @) " 1(0), (4)
if f is (°(i) — B) differentiable, and
L[€D2 n@)] = =" )6 = (LI (@) (5)
if f is (C(i1) — B) differentiable.

5. Fuzzy Fractional Differential Equations Under Caputo’s H-
differentiability

Let f € C™[a,b]NLY [a,b] and consider the fuzzy fractional differential equation of order 0 < 8 < 1 with the initial condition
and z € (a,b).
(“DZ,y) (x) = f &,y (2)],

y(0) € E

(6)

Determining the solutions:
Here we use fuzzy Laplace transform and its inverse to derive the solution. By taking Laplace transform on both sides, we

get
LI(“D,y) (@)] = Lf (2, y (2))], (7)

Based on the caputo’s H-differentiability, we have the following cases:
Case (1): Let us consider y(x) is a (“(i) — 3) differentiable function then the equation (7) is extended based on the it’s

lower and upper functions as follows

Uy (@) =" y(Or) = L[,y @);m)]; 0<r<1 (8)

s°Ug ()] — $* 7' (057) = L [f(,y (2);7)]; 0<r <1

Where

[ @y (2);r) = min{f(z,u)/u € [y (z;7) Gz )]}
J@y (@) 5r) = max{f(z,u)/u € [y (w;r), Gz;r)]}

To solve the linear system (8), we assume that Hi (p;r), ki1(p;r) are the solutions

Uy(z;r)] = Hi(p;r)
L[y(z;r)] = ki(ps7)
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By using inverse Laplace transform y (z;7) and y (x;r) are computed as follows,

y(z;r) = 17" [Hy (pr)]

y(a;r) = 17" [ka(psr)] (9)
Case (2): Let us consider y(x) is a (¢ (1) — ) differentiable function then the equation (7) can be written as follows

Bl

y(0;7) © (=s°Ufy(w;r))) = L[f(z,y (x) ;7)]

0<r<i (10)
—sP715(0i) © (—sPUfg(as 1)) = 1 [F(,y (2)57)]

‘Where

f @y (z);r) = min{f(z,u)/u € [y (z;r),G(z; )]}
F@y (@) 5r) = max{f(z,u)/u € [y (z;r), Gz;r)]}

To solve the linear system (10), we assume that Hs (p;r), k2(p;r) are the solutions

y(x;r)] = Ha(p;r)

Lg(z;r)] = ka(p;7)

By using inverse Laplace transform y (z;r) and 3 (z;r) are computed as follows,

y(zsr) =171 Ha (ps7))

(o) = 1" [ ka(pir)] (11)
Example 5.1. Let us consider the following fuzzy fractional differential equation

(CD§+y)(x):)\®y(x)+cosx, 0<pB, z<1

(12)
(“DY ) (0) = (Cy V) e B
Solution.
Case (1): Suppose A € RT = (0, +00), then applying Laplace transform on both sides
LI(“Dy,y) ()] = LIN© y (z) + cosal,
LI(“D},y) (x)] = LIA © y (x)] + Llcosa], (13)
Using (c(z) — B) differentiability, we get
81 [y (;7)] — 35—1g(0;r) = N[y (z;7)] + % (14)

UG ()] — 877 1g(05r) = AL [g (257)] + o

(= N[y )] = )+
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B _ = (e )] — B155(0)- i
(5" = NI @) =5 15(00) + 5
1 s
1 . _ B-1
p@n] =0 G5+ T
_ 1 s
7 (e — B=1=(0.
l[y(w,r)]—s y(o T)( ﬂ*)\)+(52+1)(8’8 )\) (15)
Applying inverse transform on both sides,
p-1
X _ . l,1 S l,1 S
vz =300 (5| + 0 [
) =gt [ ] 4 e (16)
yanr = v (5P —A) (s2+ 1)(s® — \)
1°¢ term in equation (16), consider,
—1 B >
: {357 } ;F Br+ = Bpa(ra”)
Convolution theorem in Laplace transform we have 2"¢ term in equation (16)
-1 5 _ (Y _ 6D Y
l [(52 T = )\)} /0 (z—1) Egg(A(x —t)”)cost dt
(16) =
y(z;7) =y (0;7) Eg (M) +/ (x—t) PV Eg s\ —t)?) cost dt
0
7 (z;r) =7 (057) Eg1(Aa”) +/ (z— )" VEs s(\(z — t)7) cost dt (17)
0

Case (2): Suppose A € R~ = (—00,0), then using (¢ (ii) — B) differentiability the solution will obtain similar to equation

(17). For the special case, let us consider § = 0.5, A =1 and y (0;7) = [1 + 7,3 — r] in Case (1)

y(zyr) = [1—|—7"3—r]®E11 % +/ (z—1) 2p %%(:L‘—t)%costdt
0
y(z;r) = [1—|—r3—r]®E11 % +/ (x—1)" %)E%%(x—t)%costdt (18)
0
Now consider 1°* term in equation (18)
E;,l(m%) *e(ﬂ)zerfc(—m%)
=e" erfe(—vz) {E1,(2) =" erfe(—2)}
2™ term in equation (18)
x T [eS) ¢ %
1 1 1 —
/ (xft)(ff)E% %(xft)ﬁ)cost dt / (xft)(ff)z(ﬁ kil) cost dt
0 0 k=0 ( 2 )
k—1
i —t) =z
:/ Z(x kt)l cost dt
0 k= T2
1 1
T(x—t)" 2 * (z—1t)° /“”(m—t)E
= ———~+—cost dt—l—/ costdt + ~——-—cost dt
/0 L(3) o T'(D) o T()
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)%

T (x—t)! T(x—t
+/0 @) costdt—!—/o 71‘(%)

cost dt—l—/w (xit)Q cost dt +
o T(3)

Rearrange the terms split series

1 3 5
2 3 2 5 2 7

e (N | B e e e e (R |
(3)! 2 ()N 2 () 2

o mn+% hyperg 3 An+1 4n—+2
= 1\ Pveir com 13 n+ 97 iz + +
20 L (104 3.) ) S Gt

(18) =
= n+ 2 hypergeom 3 . > £B4n+1 = $4n+2
y(z;7) = [1+r]e"erfe(— nZ:O {even (1,n+2,2x)}+;0(4n+1)!+nz_0(4n+2)!
(a;r) = [3—r]eerfe(— i Hz hypergeom (7 4 3 )Ly i A i i
y\x; - ot even ) 2’ — (4n + 1)' = (47], + 2)'

6. Conclusion

In this paper, solving FFDEs of order 0 < 8 < 1 using fuzzy Laplace transforms under Caputo’s-H differentiability was

discussed. As an example, we solved a problem involving cosine term.
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