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Abstract
In this paper, we investigate the solutions of a class of ¥-Hilfer fractional differential equations with the initial
values in the sense of i-fractional integral by using the successive approximation techniques. Next, the continuous
dependence of a solution for the given Cauchy-type problem is presented.
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1. PREFACE

This paper tries to investigate some existence results for the following -Hilfer fractional differential equation
involving an initial constraint of the type -Hilfer integral:

DBUy(t) = g(t,u(t)), teJ = (ab,

7% u(a) = ug, (1.1)

where D% denotes the 1-Hilfer fractional derivative of order o (0 < a < 1) and type 8 (0 < 8 < 1), and the
-fractional integral of order 1 — v (v = a + 8 — af) is denoted by J'~7%%. Moreover, g : J x R — R is a given
nonlinear continuous function.

The idea of fractional calculus and fractional order differential equations and inclusions has been a subject of
interest not only among mathematicians but also among physicists and engineers. Indeed, we can find numerous
applications in rheology, porous media, viscoelasticity, electrochemistry, electromagnetism, signal processing, optics,
geology, viscoelastic materials, biosciences, statistical physics, thermodynamics, neural networks, etc. In recent years,
there has been a significant development in fractional calculus techniques in ordinary and partial differential equations,
difference differential equations, and inclusions, some recent contributions can be seen in, [2, 3, 8, 11, 13-15]. In the
meantime, a real generalization of the famous Riemann-Liouville, and Caputo fractional operators [10, 12] is Hilfer
fractional derivatives which has attracted much attention among various scientific disciplines. Some information about
properties and applications of Hilfer derivative can be found in [7]. Existence and uniqueness results for differential
equations involving Hilfer fractional operators can be seen in [1, 5, 6, 9, 17, 19-21] and references therein.

Indicating the interval of existence of solution is an essential appearance in practical use which cannot be done
by fixed point techniques. This defect of fixed point method is removed by using Picard’s iterative technique and
existence of a solution is investigated by Dhaigude, see [4].

The outline of the article is as follows. In section 2, we declare the weighted spaces, definitions and results. In
section 3, we present our existence of solution using Picard’s iterative technique. In section 4, we discuss continuous
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dependence of the Cauchy type problem for their neighbouring orders and initial conditions. Finally, in the last section
we provide and an example.

2. AUXILIARY RESULTS

Let C(J,R) be the space of continuous functions from the finite interval J := [a,b], (0 < a < b < o0) into R. A
related function space is the weighted space C, ,(J,R), containing all functions g which have the following property

Cou(LR) ={g:J > R: ()(t) —¥(a)) a(t) € C(JR)},0 <y < L.
Easily, the proper norm for the space Cy 4 (J,R), can be defined as follows:
lalle,,, = () = (@) 8()ll sy = max | () = ¥(a))” g(t)]-
The weighted space C7 ,(J,R) for n > 1 of the functions g on (J, R) is defined by

cr (R ={g: 7 > Rig(t) € C" IRy 6 (1) € Cru(JR) Oy < 1,

ol

with the norm

n—1
) _ <k>H H (n)
lolor o2 = 2 [0 5, + 9

For n = 0, we have, C’S’w(J, R) = C, 4 (J,R).
Here we present the following weighted space for our problem as follows

O (IR ={g:J 5 R:g€ Croyy(J,R), D Vg e C1_y(JR)},

Cryw (J,R)

and

O’Y

V(LR ={g:J 2 R:g€C1qy(J;R), D g e Crry(J,R)}.

It is obvious that

C7_,.,(J.R) C C72 (J.R).
Definition 2.1. [16] Let 0 < a < 1, and % be an increasing continuously differentiable function on the finite or infinite
interval J :=[a,b] (—oo < a <t < b < 00) such that ¢/(¢) # 0 for any t € J. The left-sided v-fractional integral of a
given integrable function g : J — R is defined as:

1

(37%) a(t) = r<a>/ L (1, 5)g(s)ds, t > a. (2.1)

where LY (¢, 5) := ' (s) (¥(t) — 1(s))*~". In this sense, it can be defined the Riemann-Liouville fractional derivative
of the function g with respect to ¢ of order « as follows:

(@a;¢g) (t) = (L/)’l(t)jt) jl—a;wg(t)
1 1 od\ ('
= e () [ 2 s

Inspired by the definition of (2.1), we regard an improved version of the classical Caputo derivative, so-called 1-Caputo
derivative, as follows:

1 d
Crya;yp _ ~l—asy)
D t) =17 — t). 2.2
(“D5%g) (1) (s ) o0 (2.2
Recently, Sousa and Oliveira have introduced a general definition of fractional derivatives with respect to the increasing
function ¢ involving two parameters 0 < @ < 1 and 0 < 8 <1, i.e., ¢-Hilfer fractional derivative in [16] as

s s {1 AN 1
DaBig(t) = gP-a) ( )Ju BA=a)it gp). (2.3)

(1) dt
[c]m)
(0] ¢
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The following formula delineates a basic relation between i-Hilfer fractional derivative and Riemann-Liouville
fractional operators:
@a”@;wg(t) - jv—a;w@mwg(t).
Also, the following essential properties hold:

(9 35g) (1) = (37 4q) (1), 0,0 >0,
3 (001) — (@) ™) = oD (1) ~ (@), 0,00,

I'(a+0)
05 ((0(0) ~ 910" ) = oy () (@) D <a <1 0521, 530,
(@aﬁ;wga g a)(t) =

g(t), <a<1 0<B<1, geC'(JR),
Jo oA g (t) = g(t) — (P(t) — Y(a)"™

()= ot - LU

where ¥ = ao + 8 — af8. On the other hand, for 0 < o < 1 and 0 < 8 < 1, the operator D*5¥ is bounded from

C}W(J, R) into Cy.(J,R), in which vy =a + 8 — af.

”1“”wL0<a<LOSﬁSLgeC%Lm,

Lemma 2.2. Ifa >0 and 0 < pu < 1, then 3% is bounded from C,.,(J,R) into C,.(J,R). In addition, if p < a,
then 3%V is bounded from C,.,,(J,R) into C(J,R).

Lemma 2.3. [18] Let a > 0, g(t) be a nonnegative, nondecreasing continuous function defined on a < t < b, with
g(t) < K for some constant K, and a(t) be a nonnegative function locally integrable on a <t < b (b < co). Further
let u(t) be a nonnegative locally integrable on a < t < b function satisfying

u(®)| < alt) + g(t)/ W' (s) ((t) = ()" u(s)ds, ted,

with some o > 0. Then

wol <)+ [

In this part, we prove some results in existence and uniqueness of proposed Cauchy type problem (1.1). Before
starting and proving these results, we list the following condition:
(H1)  Lipschitz condition:
There exist a constant ¢ > 0 such that

|g(t7u) - g(t7ﬁ)| < £|u _ﬁ| ’

TL

Z B (5) () — ()™ als)ds, a<t<b.

n=1

3. EXISTENCE RESULTS

for any u,u € R, and ¢ € J.

Lemma 3.1. Let us consider v = a+ 8 — af, where 0 < a <1 and 0 < f < 1. Suppose that g : J x R — R be a
function such that g(-,u()) € Ci—yyp(J,R) with u € C1_,(J,R). Ifu e C]_ S (L R), then u satisfies (1.1), if and
only if u satisfies the following Volterra integral equation of the second kind

Ug

u(t) = 1 (W00 = (@) + e [0 0 W) = vl gl () (31)

Lemma 3.2. Consider vy = a+ 5 —af, with 0 < a < 1 and 0 < 8 < 1, then the 1-Riemann-Liouville fractional
integral operator I*V is bounded from Cy_~.;(J,R) to C1_r.(J,R):

3 %alle,_.,, <2 0 - () (3.2

where, M is the bound of bounded function g.

(&)
(EE
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Proof. According to Lemma 2.2, the result follows. Now we prove the estimate (3.2), we have

1, = @) vy 3wv|

<lslle, .., 5 @) - vl

therefore, we get,

as B(v, ) o
3%l <M oy (0~ (@)

]

Theorem 3.3. Suppose that vy =a+—af, with0<a<1land0<F<1. Ifg: JxR — R be a function such that
g(-,u()) € Ciyp(J,R) for each u € C1_y.(J,R) satisfying the condition [H1], then there exists a unique solution u

for the Cauchy-type problem (1.1) in C’lafw(J, R).
Proof. Since the integral equation (3.1) holds for any subinterval [a, 1] of [a, b], we choose ¢; such that satisfies

B(v, )

()
First, the proof of the existence of unique solution u € Ci_..([a,t1],R) is done for this subinterval. We proceed as
follows. Set Picard’s sequence functions

¢ (¥(t1) —¥(a)* < 1. (3.3)

wo(t) = gy ((0) — () (3.4)
1 t ’ a—1
(1) = wol0) + oy [ (9 00 = 0" alsstna (s, m e (3.5)

We now show that u,,(t) € Ci—,(J,R). From equation (3.4), it follows that u(t) € Ci—,y(J,R). By Lemma 3.2,
J%% is a bounded operator from Cj_,.,(J,R) into itself, which gives u,,(t) € C1_~.,(J,R), m € N. By equations
(3.4) and (3.5), we have

wr(®) = wo()llc, ., (an)r) = Hja;wG(taUO(t))Hcl,W([a,tl],R) :

Now by using Lemma 3.2, we get

1 (0) = ),y < ML (0001) = (0 (3.6)
Furthermore, we obtain
Juz () —w@)lle, () )
B(v, ) — (e B(y,a) —blaN®
< MBS o) - wta)” (P05 (i) - v@)”). 5.7)
Repeating this process leads to
[t (8) = 1 (Dl (a0
Blra) e (Bl
< MBS ) - i) () e - @) (5:9)
By equation (3.2), we get
[l (2) — um,l(t)||cliw:w([a7t1]7R) — 0, as m — +o00. (3.9)

[E)E
(=
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Applying Lemma 3.2, it can be shown that

Hja;d}g(t, U, (t)) _ ’Ja;l/lg(t, u(t)) HC17~,;¢([!1¢1]7R)
B(y,a)

< C (1) = 0] () = 0B,

and hence by Lemma 3.2,

3% g(t, wm () — 3* — 0, as m — +o0. (3.10)

st u®lle, o)

From equations (3.9) and (3.10), it can be verified that u(t) is the solution of (3.1) in C1—_+;([a,t1],R).
Now for the uniqueness of the solution u(t), let there exists two different solutions u(t) and v(¢) for (3.1) on [a, t1].
Substituting them into (3.1) and applying Lemma 2.2 and considering the condition [H1], we have

() = o@®lly ., (0 < [T 8Eu®) = IaE 0D e, an)m

< (5 (ut) = (@) 10) = 0O, o (3.11)

This yields KB(WO’;)X) ((t1) — ¥(a))® > 1, which violates the condition (3.3). Thus there is a unique solution u(t) =
ui(t) € C1_y,p([a, t1], R) on the subinterval [a, t1].
Next, we consider the interval [t1,?2], where to = t; + hy, by > 0 such that to < b. Now the integral equation (3.1)

takes the form

W0 =5 (600 = (@) s [ 6 000 = 006" ot
i [0 W0 o) alsues, e ot (312)

Since u(t) is the unique function defined on [a,t;], the last integral is the known function and therefore the integral
equation (3.12) is rewritten in the following form

1 ¢, .
u(t) =u'(0) + gy | W (8) (W0 — 9()* T (s, u(s)ds, (3.13)
where
ty
(0 =55 00 = 0@+ g [ 9 00~ 0(5)" s ()i (3.14)
is the known function. By a similar argument, we can deduce that there is a unique solution u(t) = us(t) €

Ci—~:p([t1,t2],R) on [t1,ts]. Taking the interval [to,t3], in which t5 = ta + ha, ho > a with the constraint ¢3 < b, and
repeating the above process, one can found a unique solution u(t) € C1_4,;(J, R) of the integral equation (3.1) such
that u(t) = u;(t) € Ci—yp([tj—1,t;],R) for j = 1,2,...,1, and a = up < 13 < ... < w; = b. Applying the differential
equation (1.1) and the Lipschitz hypothesis [H1], we can derive

0% H ¥ (1) = D Hu(t) o, = ol um(8)) — alt,u(®)e, .,
< Cum(®) = u®)lg, - (3.15)

Clearly, (3.9) and (3.15) implies that D*#%u(t) € C1_,.4(J,R).
Thus, the proof of the theorem is complete.

Bn
@a _
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4. CONTINUOUS DEPENDENCE

In this part, we first investigate the continuous dependence of solution of the i-Hilfer fractional differential equation
via generalized Gronwall’s inequality as a handy tool. Consider the Eq. (1.1). To present the dependence of solution
on the order, let us consider the solutions of two equations with the neighbouring orders. Before we present the
continuous dependence of the Cauchy-type problem (1.1), we will study some results about the Cauchy-type problem
involving v-fractional derivative of the form

Detu(t) = g( u(t), t € J,
{ 31 a,a/)u( ) — (41)
It was shown that the above problem is equivalent to the following integral equation
Ug a—1 1 b a—1
u(t) “T(a) ((t) =)™ + @/a ¥ (s) (®(t) — ()™ als,u(s))ds. (4.2)

First we present the continuous dependence of the solution of the Cauchy-type problem involving i-fractional differ-
ential equation

Theorem 4.1. Suppose that « > 0, v > 0 with 0 < o —v < 1. Let u be a continuous function satisfying Lipschitz
condition [H1] in R. For a <t < h < b, assume that u is the solution of Eq. (1.1) and u is the solution of equation

(4.3)

Then, for a <t < h, the following estimate holds

0 (a—v)\* ' (s t) — (s))kle—1
Z( ( )) Y (s) (@) —9¥(s))

[u(t) —u(t)| < K1(t) +/ I'(a)

k=1
where

Ug

\F(a_y)wu)w(a)) —u-1_

(W) — (@)™ (@
Pla—v+1) (a —v)(«)
(

W) — @)™ (@
(a —v)T'() N

+ Igll‘

+ ol

Proof. Solutions of the problems (4.1) and (4.3) are given by

u(t) = s () = 0@ ™ + g [ 06 (000 = 0(5)" ™ sl )i, (449

and

() = pra ey (40 — @)™ e [ O @0 v gl w (e, (45)
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respectively. Therefore, it follows that

(1) — u(t)] = Hf“)<w>—wmw*”l S ()~ v(@)
e [V 00 - v gl
o [ O WO - o) sl atsas
a—v—1 Ug a—1
<‘NQ_V(M) V() - 2 (0(0) — b))

() T )
+L/uy ( Mo o )maw@m3
b [ L ()7 = (1) — ()" g5, u(s)ds

(o) |
o] [ (s ws)) — gl ute)) s
ﬁa a—v—1 Ug a—1
<[ o) - vl = s () - )

(¥(t) — w(a»“*” (W) = ()™

(
Ila—v+1) (@ —v)I(a)
(

+ gl

+ gl

b [ 0 ) ) (o] ds
L(a) Ja '
Then, by Gronwall’s Lemma 2.3, we have,

= [T (a —v) k 1/)/(3) (Y(t) — ’l/)(s))k(a*”)*l
Z < [(a) > I'(k(a —v))

This completes the proof of the claim given above. O

W@*MMSK®+/

k=1

Next, we study the continuous dependence of the solution on the order of the Cauchy-type problem (1.1) involving
1-Hilfer fractional differential equation using Gronwall’s Lemma, for this we consider the initial condition that given
in (1.1), and the solutions of two initial value problems with a neighbouring orders and a neighbouring initial values.

Theorem 4.2. Consider a > 0, v > 0 with 0 < a — v < 1. Let u be a continuous function satisfying Lipschitz
condition [H1] in R. For a <t < h < b, assume that u is the solution of Eq. (1.1) and u is the solution of equation

{@awwo a(t,u(0)), (46)

(
Jl=y—v(8 1)wu( ) = U,.

Then, for a < t < h, the following inequality holds

o0 EF(Oé —v) k ¢/(S) (1/1( ) — 1p(s))k(afy)fl
2 ( INEY > T(k(a — 1)) Ks(s)| ds,

k=1

~

ww—wm<mw+/t

BE
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in which

Uq
Ly +v(B-1))

Ug

~ ()Y
(W(1) ~ (a)) o
(@) —¥(@)*™" (W) —¥(a)*"

Ka(t) = \ (1) — (@)

+ ol

Na—v+1) (a —v)'(a)
W®) —¥(@)™" (@) = ¥(a)”
+ [l | RO NCESE

Proof. Solutions of the problems (1.1) and (4.6) are given by

u(t) =g (010) - o [ v )" g(s.u(s))ds,
and
H(t) =t ((t) — () / 0 (5) (0(8) = 0(s)™ " g(s,5(s))ds.
T+ (5 - 1)) a1 J, :

From these statements we deduce that

(t) - <>|—\ .

Uq
v+ V(B

(a—v) /1/1 )* 7 g(s,u(s))ds

7 (W0 — (@)’ (AR

L / ¥ (s) ) gls, u(s))ds

e _ yHv(B-1)—1 _
<\m+y(ﬁ 5 600 - w(@)

YD) @) — () -
+ / b (s < (a—v) - I ) g(s,u(s))ds

"P(s)

I(a)

P _ s a—v—1
. / W' (s) (w(t)r(az)ﬁ( ) (a(s,1(s)) — g(s,u(s))) ds

‘ 1, 1y Ug

g —(a)) B —pla))* !
< s i) - () 5 () = v(a)

W) —¢@)*™"  (b(t) — ()"
+”9”‘ Ta—v+l)  (a—v)l(a)
W) =)™ (@) — ()"
- ”9”‘ (a—v)(a) o+ 1)
E t 4 a—v—1 |—
+ F(a)/a ¥ () (0(t) —(s)) [i(s) — u(s)| ds.
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Then, we have by Gronwall’s Lemma 2.3,

o~ (Mo =)\ 0 (s) ) — )™ ]
> () NECE Y

[(t) — (b)) < Ka(t) + /

k=1
This completes the proof. |

In the next theorem, we shall make a small change of the initial condition that is given in (1.1), as follows
IY(a) = Uy F €, (4.9)

where € is an arbitrary constant.
We state and prove the result as follows:

Theorem 4.3. Lety=a+ 8 —af, where 0 <a <1l and0< B <1. Letg: J xR — R be a function such that
g(,u(r) € Ci_yw (L R) for any u € C1_.y(J, R), and satisfies the condition [H1]. For a <t < h < b, assume that u
is the solution of Eq. (1.1) and u is the solution of equation

DUFU(t) = g(t, ()) ted,
{ 3-1T(a) = T, (4.10)
Then,
ut) —u(t)| < F(;) (¥(t) = 1(a)) ™" Eany (€ ((t) = 1(a))®)

holds, where Eq o = 1o, F(#er) is Mittag-Leffler function.

Proof. According to Theorem 3.3 we have u(t) = lim,, o0 U, (¢) in which ug(¢) and u,,(¢) are as defined in equations
(3.4) and (3.5). Clearly, it can be seen that u(t) = lim,, o0 U, (¢), and

() = (a))" ™, (4.11)

_ Ug +e€
Uup(t) =

L (t) = / () (1) — () 85, T 1 (5))ds. (4.12)

It follows from (3.4) and (4 11) that

_ Ug ~—1 Ug +e€ y—1
o (1) = To(0)] = |5 ((8) = (@)™ = 5 (W0 — v(@)
< (;) (W(t) — (a)) " (4.13)
Now, by using equations (3.5) and (4.12) and applying the Lipschitz condition [H1], we get
i (0) = (0] = |5 (000 - vl
e / 0() (00) = 9(5)° ™" (als, 10(s) — (s, To(s))) ds
< 7y 0 — v
r(‘;) 0 () ((8) — ()" Juo(s) — Tols)] ds
€ y—1 f «
< Ty 00— 0@ 14 e 00 - ()|

BE
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Then, we have

i (6) = 0 < 55 (000~ 0l 1 s (00 - (@) (4.19
Similarly,
2 ; ‘
ualt) = lt) < 5 (000~ 0@ S | s (000 - (e (1.15)
By induction we can show
) = 8 (0] = (5 (000) = 000 D | (000 = ). (1.16)

Taking limit as m — oo, we have

u(t) — (O] <= (1) — (@) S [F(z (1) - w(@)“’]

() £ | T(ai+7)
Y0 (W) —¢(a)" " Eaqq (¢ ((t) —p(a))®), (4.17)
which completes the proof. 0

5. AN EXAMPLE

We consider the problem as a special case of ¢-Hilfer fractional derivative by assuming ¢ (t) = t. Therefore, the
problem with Hilfer fractional derivative is given by

C‘DOL’ﬁ;tu(t) = g(t’u(t))7 t e [07 1]7 (5 1)
J7tu(a) = u,,
Now, set @ = 2, 8 = 1 and we deduce v = 2. Consider g(t,u(t)) = 1e;|t1:(1tl))|' Moreover, g satisfies the condition

(A1) with £ = 5, i.e,

(s, u(s) ~ a(s, 9(5))] < 35 fu — ).

On the other hand we obtain

1
10 5 2
<% B(2,2) ~0.00005.
r(3) <6 3>

This problem satisfies all the assumptions provided above, so the problem (5.1) has a unique solution.

6. CONCLUSIONS

This paper attempts to obtain some existence and uniqueness results for a -Hilfer fractional differential equation
involving an initial constraint of the type v-Hilfer integral. Next, we investigate the continuous dependence of solutions
of the proposed equation via generalized Gronwall’s inequality. Finally, a simple example of the Cauchy type problem
by assuming 1 (t) = t is offered.

oo
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