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Solving intuitionistic fuzzy fractional

differential equations with »—Caputo

fractional derivative

Abstract. In this research paper, we have attempted to establish the defi-
nition of the fractional derivative ¥»—Caputo, the ¥ —fractional integral,
and the ¥—Laplace transform in the fuzzy intuitionistic sense, along with
their properties. Furthermore, our objective is to explore the existence and
uniqueness of solutions for certain intuitionistic fuzzy fractional differenti-
al equations (IFFDE) under the ¢p—Caputo derivative of order ¢ € (0,1).
Lastly, we present an application example at the end to demonstrate how

these findings can be applied in practice.
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Awnoranisg. Y 1iit JOCTIIHWIBKIA CTATTI MU COpoOOyBajd BCTAHOBUTU
BU3HAaUEHHsT JIpoboBol moximguol 1—Kamyro, 1—apobuoro inrerpasa Tta
1®—neperBopenHs Jlamiaca B HEYITKOMY iHTYITHBICTCHKOMY CEHCi, a Ta-
KOXK 1X BJjracTuBOCTi. KpiM TOro, HaAIIOI0O METOIO € HOCTIAUTH ICHYBaHHS Ta
VHIKQJIbHICTh PO3B’sI3KiB /I MEeBHUX IHTYIMIOHICTCHKUX HEYITKUX IPOOO-
Bux nudepennjanbaux pisaaab (IFFDE) 3a noxiguaomo 1 —Kamyro nopsi-
Ky q € (0,1). Haperuri, Mu HABOAMMO TIPUKJIA]T 3aCTOCYBAHHSA B KiHI, 106
IPOZIEMOHCTPYBATH, SIK 1[I BUCHOBKH MOXKHA 3aCTOCYBATH Ha MPAKTHUIII.

Kuro4oBi cioBa: inTyinjonicTcbKa HediTKa MHOXKHUHA, 1HTYIIIIOHICTCHK AT
HEJITKUil 1)—apoboBuil iHTEerpaJi, iIHTYIIOHICTChKa HeYiTKa 1) —IpoboBa
moxigua Kamyro, inryinjonicrebki HewiTki apoboBi nudepeHiiagbai pis-

HAHHA

MSC2020: 03E72, 08A72

1. Introduction

After the creation of the theory of Fuzzy Subsets (FS) with Lotfi Zadeh in
1965 (see [16]), as a kind of generalization of the theory of classical subsets,
Atanassov in 1986 (see |3]) follows the same approach as Zadeh and introduces
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the concept of the Theory of Intuitionistic Fuzzy Subsets (IFS). This theory
is a generalization of the definition of fuzzy subsets by adding the notion of
membership and non-membership grades.

An intuitionistic fuzzy subset A of R is defined by:

A={aeR; pala),va(a) €[0,1], pa(a)+va(a) <1},

where g : R — [0,1] and v4 : R — [0, 1] represent, respectively, the degree
of membership and the degree of non-membership of the element a € R to the
intuitionistic fuzzy subset A.

After the notion mentioned, the resolution of Intuitionistic Fuzzy Fracti-

onal Differential Equations (IFFDE) has become a focal point for mathemati-
cians. In references [11,12], we encounter the definition of metric space and
the distinction of Intuitionistic Fuzzy Hukuhara. Subsequently, numerous arti-
cles have been written on resolving Intuitionistic Fuzzy Fractional Differential
Equations, such as studying the Cauchy Problem in [5], the Evolution Problem
in [8], and the Dirichlet Problem in [10]. For further information, please refer
to sources [9,13,14].
The idea of our manuscript is to create the definition of the intuitionistic fuzzy
fractional derivative ¢p—Caputo and to demonstrate its properties, as well as
to give the definition of the 1 —fractional fuzzy intuitionistic integral and its
properties. Additionally, we aim to introduce the transform —Laplace. Once
these new fuzzy intuitionistic concepts are established, we will proceed to study
the existence and uniqueness of solutions for two related problems:

{CDgﬁngeo@) = F(t.p(t)) , tel=1[0,T]
©(0) = ¢o € T,

and,

{CDgﬁ‘ngso(w = A@t)p(t) , teI=[0,T]

SD(O) = o € F,

with, CDgf’g ;18 the intuitionistic fuzzy fractional derivative ¢—Caputo of
order 7y € (O, 1), F: I xF — F is a function with an intuitionistic fuzzy value
and A(t) is a bounded linear operator.
The structure of our paper is as follows:
Section 2 discusses the basic notions and necessary results of the intuitionistic
fuzzy theory. In Section 3, we provide the definition of the fractional derivati-
ve 1»—Caputo, the ¢p—fractional integral, and the 1)—Laplace transform in the
fuzzy intuitionistic sense along with their properties. Moving on to Section 4, it
is divided into two parts: first for resolving the nonlinear fractional differential
equation 4.1 and second to examine the existence and uniqueness of soluti-
ons for the linear evolution problem 4.3. To further illustrate these concepts,
Section 5 presents an example of application for each of these two problems.
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SOLVING INTUITIONISTIC FUZZY FRACTIONAL DIFFERENTIAL EQUATIONS
2. Preliminaires

In this part we will try to present all the basic concepts necessary in our
study.

Definition 1. [11] The set of intuitionistic fuzzy numbers is defined by:
F=FR)={{n,v):R—[0,1, 0< p+v <1},
and it checks the following properties:

1- For all (i, v) € F is normal, i.e :
There exists a,b € R such that : p(a) =1 and v(b) = 1.

2- For all (u,v) € F is intuitionistic convex, that’s to say :
w is fuzzy covex : p(Aa + (1 — A)b) > min{u(a), u(b)} , Ya,b e R, VA €
[0,1].
v is fuzzy concave : v(Aa+(1—A)b) > max{v(a),v(b)}, Va,b e R, VA €
[0,1].

3- For all (u,v) € F, u is lower continuous and v is appear continuous .

4- supp(u,v) ={a € R, v(a) < 1} is bounded.
And we define zero intuitionistic fuzzy by:

~ [ (1,0); a=0,
O(G)_{ (0,1); a#0

Definition 2. [11] For « € [0, 1], we define the appear and lower a—cut
as following :

(. )]o ={a€eR, pla) > a}.
(p,)]* ={a€eR, v(a) <1-—a}.

And we can write:

[, ) = [, )]} (@), [, )] ()]
and
({1 )] = [[{. )]y (@), [{, )], (@)]
where:
[, )] () and [(u, )] () denote the left and right endpoints, respecti-

vely, of the upper a-cut interval, [(u,v)];” () and [(u, )], () denote the left
and right endpoints of the lower a-cut interval.

Proposition 1. [11] Let (u1,v1), (u2, v2) € F, we have :

1) <u171/1> = <,U/2,V2> =4 [<M1,V1>]a = [<u2’y2>]a , [<,U1,V1>]a _
[(p2,v2)]* , Ya € [0,1].
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2) Let (u1,v1) and (ug,v2) be two intuitionistic fuzzy numbers. Then, the
sum (denoted by @) of the two is defined (in the sense of Zadeh’s extensi-
on principle) by:

[((p1, 1) ® (2, v2) o = [(rs 1)), + ({2, v2)], 5

(1, v1) @ (p2, v2)]* = [(p1, v)]® + [(p2, )] .

3) A© (u1,v1) = (A1, Avy) , VA ER,
and according to the extension of Zadeh, we have:

A O (p1, 1)), = Apa, 1),
A © (p1,v)]® = A(p1, v1)]”
If A =0 then: \M(u1,v1) = 0.

Theorem 1. [11] Let M = {M,, M* | a € [0, 1]} be the family of subsets
of R, wverifies the following properties:

1) a<B= MgC My and MP C M for all a, B € [0,1].

2) My and M® are two non-empty compact convex subsets in R for all
a € [0,1].

3) For all nondecreansing sequence oy — o on [0,1], we have:
My =NiMgy, , M* =M,

Then, we define u and v by:

(CL) _ 0 , @ ¢ MO;
pa) = SuPaefo,1] Ma » @ € Mo

I/(a) _ 1,a ¢ M07
o 1— Supae[oyl] M , ac MO

Therefore, (u,v) € F, My = [(u,v)],, and M* = [{u,v)]".

«

Remark 1. i- The family {[(n, )], , [, v)]* , « € [0,1]} satisfies the
previous properties of theorem 1.

ii- For all o € [0, 1] we have:

({1, )] © [ )]

102
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Definition 3. [11] Let (u1, 1), (12, v2) € F. We define the following two
distances on F:

doo (1, 01), (i v2)) = = sup |[Gpur, 1)) (@) — [(ps w22 (@)

4046(0,1}

e sup [l (@) — G )] (@)
ae(0,1]

+i sup ({1, 1))y () = [(p2, v2)]; (@)
ae(0,1]

_|_% sup H<'LL1,I/1>];(05) - [<,LL2,Z/2>];(OZ)‘>
ae(0,1]

and

1
dynomn)sGeava)) = ([ [l @) = vl ()P

1
)l (@) — (G2, ()P
0

1
1 1m )l (@) = o )l (@) P

1 %
w1 [ Tl (@) = vl (@)

then, (IF,d,) is a complete metric space.

Now, we move on to define the hukuhara difference between two intuitioni-
stic fuzzy numbers.

Definition 4. [12] Let (ui,v1), (u2,v2) € F. The generalized Hukuhara
difference between these two elements is defined by:

<:UJ17V1> @gH <:UJ27V2> = <M’ V> ~ <:u177/1> = <H2ay2> 2] <M7V>'

Let b : [0,7] — F be a function whose values are intuitionistic fuzzy
numbers. For each fixed ¢ € [0, 7], the function value h(¢) is an intuitionistic
fuzzy number, represented by a pair of functions py(;) and vy, satisfying:

poy s R = [0,1], vyt R —=[0,1],  with () + v (o) < 1.

Then, for a fixed level a € [0,1], the a-level representation of the intuiti-
onistic fuzzy-valued function b is given by two interval-valued functions:

[h(t)]a = [ha,l(t)’ ha,r(t)]a
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b1 =[5 (1), b7 (1))
where:

ba(t) =inf {z € R: pyp(z) > o},
Bar(t) = sup {z € R : () > af,
ha’l(t) inf {w ER:yyp(r) <1 - a} ,
b7 (t) = sup {z € R: vy (x) <1 —a}.

Definition 5. [12] Let h : [0,7] — F, then the generalized Hukuhara
derivative of b at tg is defined by:

, D) Sy bito)
Dy (to) = fip =R

if h;H(tO) € F, and we say that bh is generalized Hukuhara differentiable
(gH —differentiable) at ¢.

Therefore, we can separate two types of gH —differentiable for a function
with value in F.
We say that b is [(i) — gH|—differentaible et ¢ if :

[B51] = [(ba)" s (0) ]
[51] " = [(b‘”‘”)/ , (rf”)’} -
We say that b is [(ii) — gH]—differentaible et ¢y if :

!
)

(5] = [(9ar) (0) ]

] = |7 () |
Remark 2. We can define the generalized derivative of higher order by:
h° =,
n n—1)y/
g1 = (s )y

Definition 6. [12| Let b : [0,7] — F, we say that b is of class C"™, m € N
if bé? exists and continues, by respect to metric du.

If bais bayrs h*land h*" are Riemann integrable on [0, 7).

Then,
/[o,T] "= { [/[O,T] f)a,z,/[(m hw] ’ [/[(LT] ba,lj/[O,T} h”] } '
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Definition 7. [12] Let h : [0,7] — F, we say that b is integrable on
[0, T, if bats ha,r, h*land h*" are integrable on [0, T7.

Now, we remind you of the 1y—fractional calculation in the fuzzy case.
Let us first clarify the notations used in the following definition:

e L([0,T],E') denotes the space of all strongly measurable and Lebesgue
integrable functions from the interval [0, 7] into E!, where E! is the set
of all normal, convex, upper semi-continuous, and compactly supported
fuzzy numbers on R.

e ¢ :[0,7] — Ris a given increasing and continuously differentiable functi-
on. It serves as a kernel or a change-of-variable function in the definition
of the generalized fractional integral.

e I'(g) is the Gamma function, defined for all ¢ > 0 by:

I'(q) —/ e dr,
0
which generalizes the factorial function, i.e., I'(n) = (n—1)! for alln € N*.

Definition 8. [15] Let h € L([0,T],E!), The fuzzy )—fractional integral
at order ¢ € (0,1) of h is defined by:

Io+ th / ¥ (s —(s))" L @ b(s)ds

Definition 9. [15] Let h € C([0,7],E') n L([0,T],E'), the fuzzy
1—Caputo fractional derivative of order g € (0,1) of b is defined by:

“DyY h(t) = r<1q> / (1(t) = ()71 © by (s)ds

3. The intuitionistic fuzzy extension of {)—fractional
derivative and of {)—fractional integral

In this section, we create new concepts concerning the fuzzy fractional
1p—Caputo derivative and the ip—fractional integral in the intuitionistic case.
Before we commence, it is imperative that we acquire the following notations:
Let the function ¥ € C*([0,T],R*), such that ¢’ (t) > 0, V¥t € [0,T].

Here, R* denotes the set of strictly positive real numbers, i.e., RT = {z €
R : z>0}.

Let F denote the space of intuitionistic fuzzy numbers, i.e., ordered pairs {(u, )
of functions p, v : R — [0, 1] satisfying:

0<u(x)+vx)<l, VzeR,
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where p(z) represents the degree of membership and v(z) the degree of non-
membership. The topology on F is induced by a metric ds (the supremum
metric) defined via the level-set approach. In some settings, a general d), metric
may be considered, where p € [1, 00], but in this work, we assume the uniform
topology associated with dy.

And we note in the following,

C* = C([0,T],F): the space of continuous intuitionnistic fuzzy-valued function
(IFVF) of [0,T].

L¥ = L([0,T],F): the space of Lebesgue integrable intuitionnistic fuzzy-valued
function (IFVF) of [0,T].

Definition 10. Let § € C*NLF be an intuitionnistic fuzzy-valued function,
then the intuitionistic fuzzy 1 —fractional integral of order ¢ € (0,1) of f is
defined by:

(132,1) O = 55 [ @00 =0y @f(e)ds vt >0

We pose the a—level representation of the function f with an intuitionistic
fuzzy value:

[f(t)]a = [foa,l(t)7 foz,r(t)] )
o1 = [F 0.2 )]

Theorem 2. Let § € C¥ N LF be an intuitionnistic fuzzy-valued function,
then the intuitionistic fuzzy W— fractional integral of § can be expressed by:

(152 o) 00, (B o) 0]

| @

o ] = (152, 1) @, (132 77 ) 0]
With,

(1 to) (0= 575 | 000 = 00 M asls)ds . ve> 0
(3tar) 0= = [ W OW0O ) arlo)is >0,
I’Yﬂl) a,l _ L b N y—1¢a,l

(1,1) 0= 575 | ¥ 000 - vy s ves o

(1) () = F({y) /0 ()W (1) — $(s)) T (s)ds , VE > 0.
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Proof. Let f € CF N LF be a continuous and integrable intuitionistic fuzzy-
valued function on [0, 7.

We aim to show that the generalized intuitionistic fuzzy w-fractional
integral of order v € (0, 1) of f can be expressed via its a-level sets as follows:

f] 0= (18 ufar) O (B lar) ©] . Ve € (0,71,

By definition, the generalized Hukuhara fractional integral of { is given by:

10 = 55 [ 00 = o) o 1) ds.

where ® denotes the scalar multiplication between a positive real number and
an intuitionistic fuzzy number.
For each a0 € [0, 1], the fuzzy function f(s) is characterized by its a-cut:

[f(s)]a = [fa,l(s)’ fom‘(s)]a

where f,;(s) and fq,(s) are the lower and upper bounds of the fuzzy interval
at level a.
The scalar multiplication A ® f(s), with

—L '(s —p(s)) !
A= m)w( )(W(t) —¥(s))" >0,

acts on the a-cut bounds as:

A F(8)]a = [Mai(s); AMar(s)]-

The integral of a fuzzy function can be interpreted as the integral of the
a-cut intervals (see fuzzy number theory), provided the kernel g(s) > 0 holds.
Here,

915) = s L) — ) >0
Hence,
[/Otg(é’) © f(S)dsL = [/Otg(s)fa,z(s)ds, /Otg(s)fa,r(s)d8:| .
Therefore,

[Igf,bng]a(t) = [/(]tg(s)foc,l(s)ds’ /Otg(s)fa,r(s)ds] .

By the classical definition of fractional integrals on real-valued functions,
we define:

<Igj:%nga,l) (t) := /Ot g(s)fa,l(s)ds,
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t

(1322, o) (1) = /0 9(5)Feur (5)4s.

Hence,
10 uf] @ = [(5Far) @ (52 Far) ()]

(0%
The same reasoning applies for the non-membership part, [Igf’g Hf} (t).

1
Ezample 1. We consider the function 1 (¢) = ¢?> and v = 7

For the function f we consider the following example: [f(t)], = [0,¢] and

[(£)]* = [=3,0].

Then,the intuitionistic fuzzy ¢ —fractional integral of § using Theorem 2 is:

1,2 t
2 a> _ 1 2/ (#2 _ 23710 ds = 0,
<0,ng,l (t) F<1>/0(s)(1t s9)2710ds =0

2
142 t , 1 2 1
(I;;ngfam) (t) = F<11)/0 (s2) (12 — s*)2 ' s ds = 2F7T<tl) _ 2\/77152,
5 2
142 t ’ 1 —6 —6
(10 (0 = F<11) | =i s as - F(lt) “VE
B 2
I‘ _
2

Therefore, the intuitionistic fuzzy 1 —fractional integral of f is given by :

142 t2 —6t
1% t)=10, —; —, 0] .
( 0+79Hf> ( ) |: ’ 2ﬁ ’ ﬁ ’ :|
Proposition 2. Let f,h € C*NLF be an intuitionnistic fuzzy-valued functi-

on and A € F, then the intuitionistic fuzzy @ —fractional integral check the
following properties:

D) (5,6 00) ()= A (15, 7) (1)

2) (I G4+0) () = (11, uF) )+ (1317,45) (1)

3) (I ulytyut) O = (LF001) (®) L .5 € (0,1).
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Proof. Let §,h € C* N LF with:
(0o = Faa®):far®] + @) = [0, 57 (1)

and,
B(t)]a = [Ba(t), bar (D], [6B] = [671(6), 577 (1)]
and let A € F, then:
1) We have:

350D 0 = [(55 0 D) @, (155 ADar ) (0]
= [N (15, fa) O, (MG fr ) (0]
=M (B fod) 0. (132 fr) O] = 2122 48] ),
and,
[fgng(Af)}“( )= [(1820,500°1) @, (152, 00°7) )]
A (13+ng1° ) (t), (Mgngf W) (t )]
=M f) @, (12, uF) 0] = A[152,7] @)
Therefore, (1ng H(Af)) (t) = A (Igf Hf) (t).
2) Using the same way as 1 we have:
2+
= [(135% 04 D)) O, (12,6 D)) (0]
(138 i) (0 + (132 b0 ) (O, (1577, for ) 0+ (135, b ) ()]
= (102 at) 0, (12 fer ) O] + [(15500) 0, (1327, D) )]
- 15

Yaf] O+ |5,0] .

I

>/

and,

1G9 @
= (1, G+ ) @, (11, G+ 0)*7) (8]
= [ F0) @+ (1322 b ) (0, (1327 ) 0+ (157,57 ()]
= [(1, ) @, (12, ) @] + [ (1025, 5™) @), (157,57 )]
= [l O+ [13,0] " @)

Hence, (1%, (F+)) (1) = (132%,4) 0+ (32%,0) ®).
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3) Let v,0 € (0,1), we have:
b 67 b 6’ b 6’
i ROES X e M ON CEam K S I]
5, s, d,
- [(Ig‘tgfffa’l) (®), (Igj,gflfa’ﬁ (t)] - [Igﬂtgflg }a ®),

and,

B 67 « k] 57 ’ H 57 ’
[IgﬂngIOﬁgHﬂ (t) [(IgngIOf,nga l) (t)’ (IB,*%QHIOE,QHP r) <t)}
s, 09 ga,r dug)
= () o (5250) 0] = [B250]" o

I 67 67
Then, (Ig;f’gHIO;ngf) (1) = (Ig:g}ﬁf) (t), Vv, € (0,1).

Now, we move on to give the definition of the fractional derivative
1®—Caputo and demonstrate some of its properties.

Definition 11. Let § € C*NLF be an intuitionnistic fuzzy-valued function,
then the intuitionistic fuzzy ¥ —Caputo fractional derivative of order 0 < v < 1
of f is given by:

D) = 7 | 00 =0 & f(s)as e

Theorem 3. Let § € C¥ N LF be an intuitionnistic fuzzy-valued function,
then the intuitionistic fuzzy v¥— Caputo fractional derivative of order 0 < v < 1
of f can be expressed in the following way:

i- If § is [(i) — gH|—differentiable, then:

OD34f0)] = [ODF yFaa®) s OO e ®)]
D3 i) = (O3 af @) OOy @)

ii- If f is [(i1) — gH|—differentiable, then:
D3 0] = [OD3 e (®) . CDRE faa®)]

(CD3 i )] = [OD3 i) SO, )]
With,
t
DY faalt) = F(lw /0 (6(8) = ()" (Fa) (s,
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DY o) = T | 00 = 09 ) ().
OO0 = g [0 = v ()
Dt () = g7 [ 00 = w67 ) ().

Proof. Let f € C¥ N LF be an intuitionistic fuzzy-valued function that is -
Caputo (gH )-differentiable of order 0 < v < 1.

By definition, the intuitionistic fuzzy ¥-Caputo fractional derivative is gi-
ven by:

- d
DY i) = 1y (10

where Ié: Z];{p denotes the generalized Hukuhara -fractional integral of order
1—7. 7

Since f is an intuitionistic fuzzy-valued function, it can be represented at
each level o by intervals:

[{(Da = Faa(®), far ] FOI = [0, 77 ().

Case (i): If f is (i) — gH-differentiable, the fractional derivative acts on
the endpoints of the intervals in the natural order, so:

OD3 ] = [OD3 ). OO far(®)] .

Case (ii): If f is (it) — gH-differentiable, the bounds are reversed in the
application of the derivative, so:

[Cngngf(t)L - [CDgﬁngfo"T(t)’ CDgﬁngfa’l(t)} '

By definition of the generalized Caputo fractional derivative v, for each
real differentiable function (the bounds of f), we have:

1 t o
or g (t) = M/o (¥(t) —¥(s)) T (s) ds,

with h = fa,lu foz,ry faJu faﬂ"

Thus, the fractional fuzzy intuitionistic derivative i-Caputo is calculated
directly on the bounds of the levels a according to the type of differentiability
(7) or (i7), which completes the demonstration.

1

Ezample 2. We consider the function ¥ (t) =t and v = 7

For the function f we consider the following example: [f(¢)], = [1,¢] and
[F(6)]* = [¢?, —2t].
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Then, the intuitionistic fuzzy ¢—Caputo fractional derivative of § using the
previous theorem is:

1 t 1
Wﬁﬁﬁwuwzl)ﬁu—@wluwwzm

1t I 1, 2 2
DY o) = s [ (=)t = 2=

D=

1y o 1 t . / 8\/2573 3
CD5+,ng ’l(t) = /0 (t—s))2 1(52) ds = —— — ﬁ\/t»g?

r(3) 8T(3) 3w
bt cary = L [T 1 oy e - TAVE_ A
Dyt ) = gy 0= DI 2 s = i = Vi

Therefore, if f is [(i) — gH|—differentiable, then:

And, if f is [(i7) — gH|—differentiable, then:

Remark 3. Let f € C¥ N LF, then:

ﬁﬁ

o (For(®)
cpgjngf(t) = Ié+;ﬁ ( f;(t) V>0, Yy e (0,1).

Theorem 4. Let f € C¥ N LF be an intuitionnistic fuzzy-valued function,
then the intuitionistic fuzzy y— Caputo fractional derivative check the following
properties:

i- CDYY I L) = §(t) S Vg € (0,1).

) , s, s,
it~ CD3Y gy O Dol g f(8) = DRLHT(E) L ¥7,0 € (0,1).

iii- CDY T OOy () =C Dy uf(t) Yy € (0,1), VneN.

Proof. Let f € CF N LF is an intuitionistic fuzzy-valued function,
i- Let v € (0,1), then:
ODngngIgi%ng(t) =¢ DgﬁngF(t)v with F'(t) = Igﬁ,}ng(t)
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ot
According to remark 3, we have: CDgngf(t) = [S:Z;{/) (ijf(if)

Then,
DY P () = 0:;;5( S))
o (1)
0
(i
—L "(s — ()L f;H(S) 5
1ﬁ(l)/o ¥ (9~ (5) @<¢,(S)>d
~ [ fyuts)as
0
- ()

ii- Let 7,6 € (0,1), then:

—

1=y, pv, 9
- IO+ gHIO+ H

0,
CD(’)Y'*}ng Cp ngf( ) _C DgﬁngF( )

; é
with, F(t) =C D} ot
We pose: 1 —p = 1 — (p+q) + ¢, then,

F(t) =C Dy f()
-zt ()
- e ()
I, ( )

),
Y S TUIN oo Ol ng(t)>

0t+,gH 0t ,gH ¢' (t)
W C Yo
=Ig¥ g~ Do+ ng(t>
Therefore,
0,
CDgJ:ng “D ngf( )= =¢ Dg+w HF( )

_C pvp v Cpyv+Ho
DO+gHIO+gH D0+ng()
_C +3,3)

Dngng( )7
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ili- Let v € (0,1) and n € N, then:
Dy DY) =C D)

=¢ DoJ’r’ng( )7

Definition 12. Let f € CF N LF is an intuitionistic fuzzy-valued function,
then the intuitionistic fuzzy ¥ —Laplace transform of f is represented by:

/ ¢ (£)e MO ODsHYat YA > 0.

Now, we observe that the 1»—Laplace transform of an intuitionistic fuzzy-valued
function f(t) can be represented via its a—level sets as follows:

[y () (M, = [Ly Gaa () (A); Loy (Far (8))(M)]
L

LGNNI =[2G0N, Lo @) (V)]
With,
o (Fa,i(t) / P ()e MOV O)5, a(t)dt,
llnr)O) = [0 (OO gyar
Lo (1) (M) = / ¥ (£)e OO (1),
0

Lo (1) (A) = /0 T (1)e MOV O (1) gt

Theorem 5. Let f and h be two intuitionistic fuzzy-valued functions, a and
b be two constants, then:

Ly(a©ft) @00 h(1)(A) = a® Ly(f(1))(A) ©bO Ly(h(t))(A) , YA > 0.

Proof. Let f and h be two intuitionistic fuzzy-valued functions, a and b be
two constants.
For A > 0 we have:

O1(t) ®b@b(B)(N)
/ ¥ (e OO (4 (1) @ b © b(£))dt

/¢ e MO0 (4 & §(1) /w eAVO—VO) (5 6 (1)) e

—a®/ Y (£)e MPO=PO)5p) dt@b@/ Y (£)e MPO=O)g (1) gt
=a© Ly(f())(AN) &b Ly(h(2)(N),
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4. Intuitionistic fuzzy fractional differential equations
4.1. Intuitionistic fuzzy nonlinear differential equation

Let the following intuitionistic fuzzy nonlinear differential equation:
CDYY pelt) = F(tot)) , tel=[0,T]
(p(O) =0 € IF:

with, v € (0,1) and F : I xIF — TF a continuous function with an intuitionistic
fuzzy value.
For a € [0, 1] we have:

[P(0)]a = [pai(®):par®)] , [ = [0, % @)]

(4.1)

and,
[F(t o)) = [Fault,o(t), Far(t, o))

[F (0] = [F (), F (1 (1))
Then, we find the following problem:

CDgﬁng@Ol,l(t) = Fa,l(tv Soa,l(t)) , tel= [07T]
(Pa,l(o) = ©0,a,l € I,

CDgi/ngSOa,r(t) = Far(t, par(t) , tel=10,T]

®a,r(0) = ¢o,a,r €F,

ODYY (1) = FOUE ™ (t) , tel=[0,T]

p*H(0) = 95" €F,

CDgﬁng@am(t) = FO(t, > (t) , tel= [OvT]
(57(0) = 45" €T

Definition 13. We say that ¢(t) is a mild solution of problem 4.1 if:

(4.2)

o(t) = 9o & F(lw / & ()W) — ()~ © F(s, 0(s))ds , Vi€ T,

and we obtain,

t
Qpa,l(t) = ©0,a,l + F(l’y)/o ¢/(S)(¢(t) - UJ(S))W_I]:OCJ(S? Soa,l(s))ds ) vt € I,
() = Poar + F(lw /0 () (1) — 0(8)) T Foup (5, 0 ())ds , Ve € T,
o) = gl 1 F(lw /0 8 ($)((t) — ()" F s, 0 (s))ds | Wt € I,

PO () = g7 + F(lw /0 8 (8)((E) — ()T LT (5,7 (5))ds , Ve € I
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We pose the following hypotheses:

(Hy) The function F : I x F — F is continuous and there exists a positive
constant KC such that:

doo (F(t,01(1)), F(t, 02(t))) < Kdoo (01(8), 92(1)) , Vo1, 02 € CF.

(H2) The quantity verifies the following condition:

K
L(y+1)

((T) —(0))” < 1.

Theorem 6. Suppose that the two hypotheses (Hy) and (Hz) are verified,
then problem 4.1 admits a unique mild solution.

Proof. Let the operator P : CF — CF defined by:

Pl [ (577 © Fls, (s))ds
Let ¢ € C¥, t € I and ¢ a very small number, we have:

doo (P(p(t +€)), P((1)))

t+e
Sdolgpy [ VO 0 0 Flsple)ds,
i t/s ! s,(s))ds
F(,Y)/ P (s)((t) — ()" © F(s,p(s))ds)

( / OGS ¢<8>>“®f<s,go<s>)ds,o>

t+e
Py [ V0049 00D 0 Fople)is
L - s 1 s o(s)ds
r(y)/ P (s)(W(t) —¥(s)) ™" © F(s, ¢(s))ds)
( /¢ Y(t+e) w(s))”lcaf(s,go(s))ds,@
/ V(s ()7L ® F(s,0(5))ds,
/ Vs ()7 © F(s, 0(s))ds),

and we have,

< / W () (W(t+e) —p(s)) T O Fs, p(s))ds, ()) —0,
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[t .
ol /0 #(5)(@(t) — ()L © F(s, o(s))ds,
rlw /o B (5)(@(t) — ()1 © F (s, 0(s))ds) — 0

Let @1, o € CF, then:

e (P(o1(8), Pli1))
<5 / 0@ — 0(6) oo (Flss1(9), Flss2(5))) ds
<75 / 0 (@) ~ ¥(5)) o (01(5). p2(s)) ds
<o 1)<w<T>—w<o>> sup s (21(5). 22(5))

Since, according to hypothesis (H3) we have:

K

m(iﬁ(ﬂ —(0))7 < 1.

Then, the operator P is a contraction, therefore admits a unique fixed point ¢
which is the unique mild solution of the problem 4.1.

4.2. Intuitionistic fuzzy fractional linear evolution problem

Let the following Intuitionistic fuzzy fractional linear evolution problem:

{CDgngwt):A(t)so(t) , teI=[0,T]

©(0) = g € F, (43)

with, v € (0,1) and \A(¢) a bounded linear operator.
For a € [0, 1], we have:

(] = [Pat(t): 2ar(®)] 5 (B = [o™'®), 77 ()],

Definition 14. We say that ¢(¢) is a mild solution of problem 4.3 if and
only if:

i- ¢(t) is continuous and ¢(t) € D(A(t)) , Vt € I.
ii- () is given by the following formula:
1 ¢,
o(t) = po ® ) /0 ¥ () (W(1) = 9(5))7 7 © A(s)p(s)ds,
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that’s to say, for all a € [0, 1]:
Pa(t) = 001 + T / 8 (8)((0) — () A() P (8)ds,
Por(t) = Por + 5 / ¥ (s $(5)T A(S) () ds,
() = +/w —(s))T 7 A(s) g (s)ds,
o (1) = / e () A(s)™ (s)ds.

We pose the following hypotheses:
(H1) A(t) a bounded linear operator in F.
(Hs) The function ¢ — A(t) is continuous.

(Hs) Let Ag = supdu (A(s),0).Then, we have the following condition:
sel

Ao

WWJ(T) —(0))7 < 1,

Theorem 7. Suppose that the hypotheses (Hy) — (Hs) are verified, then
problem 4.3 admits a unique mild solution.

Proof. Let the operator R : CF — CF defined by:

R((t) = 60 ® = /w B()) L © A(s)p(s)ds

Suppose that both hypotheses (H1) and (Hj) are verified.
Let @1, € CF, then:

doo (73(901( s R(p2(t)))

) / (s »(5))7 oo (A(s)1(5), A(s)pa(s)) ds
20 [ W0 66 e (), 2050
mH)(wm —0(0)) sup o (1 (5) 2(5).
Since, according to hypothesis (H3) we have:
A 2l
W@ v <1

Then, the operator R is a contraction, therefore admits a unique fixed point
o which is the unique mild solution of the problem 4.3.
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5. Application

5.1. Application 1

We consider the following example of the fractional differential equation
4.1:

Lin(t+1

{CDN,;H olt) = Fltpt) L tel=[01) 5.
¢(0) = o €F,

with, v = %, P(t) =In(t+ 1), T =1 and the fuction F(t, p(t)) = ggp(t).

3
For hypothesis (H;), we have:

Let 1,2 € CF, then:

doo (F(t, 01(8)), F(t, 02(1))) = doo (2@1@), 2802(?5))

3 3
< duo (1), 02(0)
Hence, K = %
For hypothesis (Hs), we have:
2
K B __ 3 _ 1
S () = vy I (0(1) ~ ¥(0))
4 1
= ﬁ(ln@) —in(1))2
~0,62 <1,

Therefore, according to theorem 6, problem 5.1 admits a unique mild solution.

5.2. Application 2

We pose the following intuitionistic fuzzy evolution problem:

{CDéstou):A(t)w(t)  tel=[01] (52)

90(0) =0 €F,
. 1 1, .
with, v = 3 Y(t) = v/t, T = 1 and the operator A(t) = 1¢ id, where id is the
identity function defined on F.

We have t — e’ is continuous, then the function ¢t — A(t) is continuous.
Therefore, the hypotheses (H;) and (Hg) are verified.
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1
We have: Ag = e

Then, for hypothesis (H3), we have:

1
_ A _ A (1) — (o))
) VO = e o)
1
_ %
SV
~(,28 < 1,

Then, according to the theorem 7 the problem 5.2 admits a unique mild soluti-
on.

6. Conclusion

In this document, we have given the definition of the fractional deri-
vative @—Caputo in the intuitionistic fuzzy case and the same for the
1p—fractional integral and the 1)—Laplace transform and demonstrated some of
their properties. After which we have studied the existence and the uniqueness
of the solution of the intuitionistic fuzzy nonlinear differential equation and
the intuitionistic fuzzy linear evolution problem under the p—Caputo derivati-
ve, and at the end we proposed an example of application for each of the two
problems.
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