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Abstract. In present work, we discuss local existance and uniqueness of solution to the y—Hilfer frac-
tional differential problem. By using the Picard successive approximations, we construct a computable
iterative scheme uniformly approximating solution. Two illustrative examples are given to support our
findings.
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1 Introduction

Fractional Calculus (FC) has a glorious history of more than three decades and has been evolving in
almost all branches of science and engineering. It has emerged and spread its offshoot as a new field of
applied mathematics research in twenty first century due to its applicability in many real world appli-
cations, for instance see [4,9, 13, 14, 16,22] and references therein. During the theoretical development
of FC, many fractional differential and integral operators are emerged with specific motive and used by
contemporary researchers. Starting with Grunwald-Letnikov, Wyel, Riesz, Liouville-Caputo, Riemann-
Liouville, Hadamard, generalized through Hilfer, Katugampola and w—Hilfer came to be known in
material physics and mechanics, signal and image processing, biochemical and electrical engineering,
economics and mathematical modelling to name few [1,3-5,8, 10-12, 14,17, 18,20,21,23,25,26]. In
details of on theory and application of FC, see [14,20] and their recent citations.

In 2006, Kilbas et al. [ 14] introduced the concept of fractional differentiation of a function with re-
spect to another function in the Riemann-Liouville sense. They further defined suitable weighted spaces
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and studied some of its properties by using corresponding fractional integral. Using this idea for Caputo
fractional derivative, Almaida [3] proposed a new concept of fractional derivative of a function with
respect to anther function called y-Caputo derivative. This y- Caputo fractional derivative has been
widely used by many researchers and studied for its various qualitative properties. Recently in 2018,
Sousa and Oliviera [24] proposed interpolator of y-Riemann-Liouville and y-Caputo fractional deriva-
tives in Hilfers [13] sense of definition, and named y-Hilfer fractional derivative. This new operator used
for generalization of the Gronwall inequality and the data dependence of Cauchy-type problem studied
in suitable weighted space [25], also see [2, 15, 19,26]. Vanterler et al. [25] in 2019 discussed about ex-
istence and uniqueness of solution to y-Hilfer Cauchy-type problem using Banach contraction mapping
principle. Motivated by these results [25], in this paper, we study the initial value problem (IVP) for
fractional differential equation (FDE) involving y— Hilfer fractional derivative

{@jf"”g(s) =A(s5,(s)), 0<8<1,0<p<l,s>a>0, 0

lim(y(s) —y(a))' "(s) =8, GHER, n=35+p—5p,

where @g;p V'is the y-Hilfer fractional derivative, A : (a,T] x & — R is given nonlinear function.

We prove the local existence and uniqueness result for IVP (1) using the method presented in Yang et
al. [27], Dhaigude et al. [1 1] and Bhairat [6, 7]. The iterative scheme and uniform convergence criterion
for the solution will be discussed.

2 Preliminaries

The following definitions, lemmas, properties of fractional operators will be used in the development of
main results.

Definition 1. [24] Let (a,T) be a finite or infinite interval of R and § > 0. Also y(s) be an increasing
and positive monotone function on (a,T) having a continuous derivative W' (s) on (a,T). The (left-sided)
fractional integral of A with respect to another function y on |a,T] is defined by

PYA(s) = F(l(s) [ v Owe) —vo) 20

Definition 2. [24] Let y'(s) #0, (—o <a<b <o) and 6 >0, n € N. The (left-sided) Riemann-
Liouville derivative of function A with respect to W of order & > 0 is defined by

. 1 d\"_. s
D30 = () VRO

Definition 3. [24]Let§ >0,neN, I =[a,T]is the interval (—eoc <a <T <o) and A, y € C"([a,b],R)
two functions such that Y is increasing function and y'(s) # 0 for all s € 1. The Caputo fractional
derivative of A of order 0 is given by

cn0s ~n—0; 1 d\"
%) =3 (5 ) A6

where n = 8]+ 1 for 6 ¢ N, and n = § for 6 € N.
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Definition 4. [24] Let A, w € C"([a,T|,R) be two functions such that y(s) is increasing function and
V' (s) # 0 for all s € I. The (left-sided) v fractional derivative of function of A of ordern—1< 6 <n
and type 0 < p <1 is defined by

38,p; ~Pp(n—=95); 1 d n,~1— n—=o);
D3VA() = (4 ) A AG)

The (left-sided) w— Hilfer fractional derivative is also defined in the following notational form:
3,p; ~TP; ;
D,V A(s) =335V DLY A(s),
withn = 8§+ p(n—8); and 37-%¥, DMV are as defined respectively by Definition 1 and Definition 2.

Lemma 1. [24] Let 8, p > 0 then the following semi-group property holds:
IRV IV A(s) = TPV ALs).
Lemma 2. [24] Let 8 >0, T> 0. If A(x) = (w(x) — w(a))"", then

A6 = g gy (W)~ Wl

Lemma3. [24] Let 8,7 > 0. If A(s) = (w(s) — w(a))"" !, then

I'(7)

DoV A(s) = oW —w@)? .

Lemmad4. [/8] Fors >0,

. () !
I'(s) —ﬁ}_}w s(s+1)(s+2)...(s+u)

Lemma 5. [24]Let A € C'[a,T], 8 > 0,and 0 < p < 1, we have C‘D‘sﬁ””jﬁ’/l(s) =A(s).
Lemma 6. [27]Lets>a.lfn—1<7t <n, then PV (y(t) — y(a))* ! =0.

A function §(s) is said to be a solution of IVP (1) if 37 > 0 such that { € C%([) satisfies the differential
equation ng;wé’(s) = A(s,{(s)) a.e. on I along with the condition }1_>ma (w(s)—w(a)' ™ =¢.

We denote @ = [a,a+ 0], 05 = (a,a+ 0], I = (a,a+1], J = [a‘,a—i-l], for o > 0. Moreover, define
e ={C:|(w(r)—w(a))'""E(s) — ol < T}. Further

e TT(5+k+1)) 7 B
l—mln{G, (&1_‘(](—1_1)> } forV—l—p(l—5)

The generalized weighted spaces suitable for problem at hand are defined as follows:
1) 4,p;
CyP1aT) = Coy ={§ € Ciyyla, T DGEY € Cy yla, T]}, for0<v <1, n =6 +p(1-9),

where Cp y[a,T] = {k : (a,T] = R|(y(s) — w(a))k €Cla,T]}, 0<n < 1.
To prove the main result we consider the following hypotheses.
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(Hy) (5,8) = A(s, (w(s) — w(a))"'{(s)) is defined on ®s x € and satisfies:

(i) &= A(s, (w(s) —w(a))"~'{(s)) is continuous on &, Vs € 0, s — A(s, (W(s) — w(a))"'{(s))
is measurable on wg V§ € €.

(ii) 3k > p(1 —6) — land X > Osuch that

(s, (w(s) = w(a)" 1 (s))| < R(y(s) — w(a))
holds Vs € wg.

(Hy) 36 >0and ¢, § € € such that

[A(s. (w(s) = w(@)) " i (5) = A(s, (w(s) = w(@) "' Ca(s))]| < O(w(s) — w(@)|Ci — o] Vsel.

3 Main result

In this section, we state and prove the existence and uniqueness results for IVP (1).

Lemma 7. Suppose that (Hy) holds. Then § : J — R is the IVP (1) if and only if § : I — R s the
solution of the Volterra integral equation of second kind

) = Ov) — @) + g [ VOO v 20 LoD @

Proof. Suppose { : I — R is solution of IVP ((1)). Then |(y(s) — w(a))' " (s) — {| < T, forall s € 1.
Since (H;) holds, 3 k> (p(1—98) —1) and X > 0 such that

2(6.86))| = 6o, (wls) = w(@) (v(s) — wla) ¢ )|
< X(y(s)—w(a))k,  forallsel.
s [ VD06~ W) L Lo
< e YOO -ve)

< g7 YOO - v) R ) - via)

c<p,¢<p>>'dp

< a1 YOO - ve) o) @) ap
< XV ((s) - y(a)*

< 5 (Vo) (@)™
(k+1)

= R(y(s) - w(a))“"r(fmﬂ)

A
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Next
lim (y(s) - I RAG PP, (p))dp = T (y(s) — w(a) >+
T(k+1)
“T(e+k+1)
It follows that
) = Golwls) = v(@)® " + 55 [ VI~ w(o)* A L) 3)

Since k > (p(1—38) — 1), we see that § € C%(1) is solution of Volterra integral equation(2).
Conversely, { : 1 — 9% is solution of Volterra integral equation (2). Now, applying 7D%P¥ on
both sides of (2)

Hbpve(s) = HDSPY [ (w(s)— w(a) ']+ F(IS)HQ&P;‘VJ&"%(t,C(t)),
HoP¥E(s) A(s,C(s)),
lim(y(s) —y(a)' ™" = &,

s—a

which completes the proof. O

Now we present the iterative scheme for approximating the unique solution with following Picard’s
function.

(S) Go(w(s) —w(@)"' = x0(s) = QA" sel 4)
Xn(s) = /w’ (PN AP xa1 (p))dps s€L,n=1,2,---.  (5)
Lemma 8. Suppose that (Hl) holds. Then ¥, is continuous on I and satisfies ‘Al M3 (s CO‘ <T

Proof. From (Hy), clearly we obtain |A (s, AT~"){(s)| < RAX, foralls € 0 and [A!~ ”xn — | <T.
For n =1, we have

00 = oA+ s [V ) (0) — w0 A l0)) . ©

< (15 /as ¥ (p)(w(s) = w(p)* (w(p) = w(@)"" x (W(p) — w(a)' "A(p, 20(p))dp

T(k+1)

V)6~ w()) o) - wla)fdp < wAT T
This implies that x; € C°(I), we get

A0 =80 = A s [ W ) (W) = W) A 20(p)
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Therefore

[(k+1) siki1-n L(k+1) s+k+1-n L(k+1)
7<NA n__ v <oyotktlen "
[6+k+1) [(6+k+1) [(6+k+1)

’Al "%1 C0’<A1 T’NA‘SH‘
Now by mathematical induction hypothesis, for n = m, suppose ., € C°(I) for all s € J
‘Al 77% C()’ <T.
We have . §
Xowt1(s) = GoAT ! 4 1“(5)/ v (p)(w(s) = v(p)° ' Ap, 2n(p))dp.
a

From the above discussion, we obtain 1 € C°[I] for all s € J,

- - [(k+1) _p D(k+1)
Al — G| SATTRASTH o < AR e
Zn41(5) = Go| < (8+k+1) = L(8+k+1)
< Nl5+k+171‘] F(k+ 1)
- [(o+k+1)—
Thus, the result is true for n = m + 1. Hence by mathematical induction principle the result is true for all
n. The proof is complete. OJ

Theorem 1. Suppose that (Hy) and (H,) hold. Consider the Picard’s function X, then the sequence
{A""",(s)} is uniformly convergent on J.

Proof. Consider the series:

A70(s) + AT (s) = xo(9)] + -+ AT () = gaa ()] 4+, sE€T
A (s) = xo(s)] < NA‘S*"“_”IM; sel,
and
A2 (s) = 20(9)|
1-
<% n/"’j w(p)? A (s, 21(s) = A(p, x0(P)) |dp
1
é?w;’ [ W))W ¢ L ATAT () — A AT TAT ()
1- s
< /12(61;/0 v (p)(w(s) = w(p))*~'0(w(p) — w(a) x (W(p) — w(a)' " x1(p) — 20(p)|dp
AT g _ o T(k+1)
<oy L VP —y(p)* oxaT R
<ox e [V )~ ) (wlp) — vl

_ T(k+1) 6+2k+2 ”)A<5+k+1 "
=V T(S+k+1)T(26 +2k+2—7)
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Similarly, we get

L(k+1) TE+2k+(1=m)+1) 556010
FO0+k+1)T2(6+k)+(1—-m)+1) '

A () = i(s)] < 028

Suppose n = m. Then, we obtain

L4+ Dk+i(6+1—m)+1]
PO+ D8+ k) +i(l—m) 1]

AT Hons1(8) = Xm(5)| < O RAUTD @R

Now
AT ‘Xm-i—l (S) - Xm(s)‘

s / VW6 V) A1 (P) A0 2| dp

Al n _ - -
/ V)W) = W) A, AT TAT 1 () = A, ATAT ()

1
<2 " / V(s v(p)* Ol (p) — y(@)' " i1 (p) — 2n(P) 1P
m —mypprent LG+ DE+i(8 +1—1) +1]
=6 HNA( e n>Hf:+0]r[(i+1)(5+k)+i(1—n)+1]'

Thus the result is true for n = m + 1. Hence, by mathematical induction, the result is true for all n.
Further

> > C(i+Dk+i(6+1—7)+1]
n+27(n+3)(8+k+1-n) yn+2
X i ; xOT M i DG 10+ + 1] 7)

The following ratio

n+27(n+3)(8+k+1—n)pyr+2 LI+ Dk+i(S+1-7)+1]
Sy NO ARV CaF, TG D) (81k) Hi(1_1)+1]
Uy @l (n2)(+k1—n) ] T+ DS+ 1-y)+1]

i=0 T(i+1)(8+k)+i(1—1)+1]
pokrion (424 Dk (n42)(8+1-1) +1)
L((n+2+1)(8+k)+ (n+2)(1—n)+1)

in the light of Lemma 4, can be written as

=0

m(3)k+(n+2)(8+1-m)+1,,
n&g}lo[(n+3)k+(n+2)(5+l n)+1][(n+3)k+(n+2)(6+1 n)+2] ((n43)k+(n42)(6+1—-1)+m+1]
lim m(n+3)(8+k)+(n+2)(1-1)+1 1 :
Moo (1F3)(0+k)+(n+2)(1-1)+1][(n+3) (6 +k)+(n+2) (1 —1)+2]-[(n+3) (8 +k)+(n+2) (1 -7 ) +-m+1]

Uy Stk+1—
“ntl gy n
Uy,

Clearly,

[(n+3)(0+k)+(n+2)(1=n)+1][(n+3)(6+k)+ (n+2)(1—n)+2]---[(n+3)(d+k)+ (n+2)(1 =) +m+1]
[(n+3)k+(n+2)(0+1—n)+1][(n+3)k+(n+2)(6+1—n)+2]---[(n+3)k+(n+2)(6+1—n)+m+1]

Lln—}—l

is bounded for all m, n. Thus, lim

= 0. This implies that ) ” ;4l, is convergent. Hence
n—oo

AT 0(s) + AT (s) = 2o(9)] -+ AT g ls) = 21 (5)] +

is uniformly convergent for s € J; i.e. the sequence {A'~"y,(s)} is uniformly convergent on J. O



580 E.D. Pawar, R.M. Dhaigude

Theorem 2. Suppose (H,) and (Hy) hold. Then x(s) = A" 1im, .. A' "My, (s) is unique continuous
solution of integral equation (2) on J.

Proof. Since
2(5) = AT Tim A, (s)

n—yoo

on J. We have

AT }X — %0(s)|
| (5. 2n(5)) = A (5, x(5))) !x X0(s)]; s €1,
Clearly

AT ’)L(s,xn(s)) — l(s,x(s))’ < O‘Xn(s) —x(s)’ — 0, uniformly as n — eon I.
Therefore

AT x(s) = Tim g, (s)

=G+ ()~ V@) s [V~ ) - via)
< lim (v(p) - w(a))*"up o1 ())dp

— G+ (vl - o v (P)*"A(p.x(p))dp.

Hence x(s) is continuous solution of integral equation (2) defined on J.
To prove the uniqueness, suppose that & (s) is solution of integral equation (2), which implies for all
s€l, A& (s)| < T, and

05) = GV )~ v@) + 755 [ VOO ) A E e ®

We prove, x(s) = &(s) on 1. From (H;), 3k > (p(1—38)—1), m > 0, such that
‘/l s,&(s) )| = M (s,A"” A= NE (s ))!
[A(s,&(s))] < XA* Vsel

Therefore
AT 2o(s) — ()| = A1 g 5 [ v (P)*~'A(p.E(p))dp
- —5) / W (p) (w(s) — w(p)* 'R (w(p) — w(a))dp
AT (5) = Go| < AT NAMM
< NA6+k+1nrm
< N15+k+17n F(k+l)

T(6+k+1)
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Moreover
A (s) =& (s)| <A™ %)/as‘//(p)(w(s)—w( )M A(p 20(p ))—Mp,é(p))‘dp
Al=1 s , 51 ) -
< r(5)/a v (p)(w(s) —v(p)°  6(y(p) —w(a) (v(p) — y(a)) m(p)—é(p)’dp
AT . L T(k+1)
< Tgy L, V) —y(p)* oxATE R
< OX ﬁ:il /‘l/ —y(p)°  (w(p) — w(a)* 1 dp
T(k+1) 6+2k+2 )
S O Sk T (26 12k 52 n)A(MH ",
Suppose

1-n Xm(s) _(:,(s) < om NA(m+1)(5+k+1 T})H;n 01—?%([( )z];—:_lk(f_:_l(ll__ng)t_l{],

then
A ir6) = E(5)| AT s / v (P M0 21 (p)) = 2, E (1) | dp
1—-
<A / v (P)(W(s) — w(p)P 1A (. (W(p) ~ () AT i ()
v -via >>1 "(w(p) — wla)" () ldp
1-
< T VOO v(e) 6l (e) v@) ()~ £y
m m m F[(l+1)k+l(5+l_n) 1]
=6 H“( I DG+ =) + 1]
m m m F[(l+1)k+l(5+l_n)+1]
S (TR (e

is convergent. Therefore

[[(i+Dk+i(6+1—n)+1]
9m+1 RA(m+2)(5+k+l n)Hm+l
SO+ 1) (8 +k)+i(1—n)+1]

— 0, asn — oo.
Also we observe that lim A=y, (s) = A'""& (s) uniformly on J. Thus y(s) = &(s) on 1. O
n—oo
Theorem 3. Suppose (H)) and (H,) hold. Then IVP (1) has unique continuous solution
v(s) = AT Him A7y, (s).

n—soo

Proof. Evidently if follows from Lemma 7 and Theorem 2. OJ
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4 Illustrative examples

Example 1. For the choice of y(s) =log(s), s € (1,e), d =

{Qéﬁﬂ"g@as) = log(s) "2 (sin(¢ (s)) +v/25), s € [L.e], ©)

2
lim(log(s) — log(a))i £ (s) = 2.
s—a
In this application,

A(s,C(s)) =log(s)"2(sin({(s)) +V2s), for se[le], {eR
A(1,E(1)=0, for (e

clearly, A is singular at s = 1, and is continuous on [1,e]. We consider v = 4 and k = —1 > — 1!

5= 7200
M= max  (sinA()+ V2e) ~ 3.8791
and
4
1=min{s. (3 ror0ses *rire]) | =008
with

Co(s) :210g(s)_23(i, fors € [1,e]
6(5) = ols) + gy, ¥ PIW) —w(@) AP G (p)dp, forn =12,
2

Hence, IVP (9) has a unique and continuous solution §(s) = log(s)% lim log(s)*% &u(s) on (0, 1].

S—3o0
Example 2. For the choice of y(s) =s,s€ (0,1),8 = %, p= %, n= é, consider the following problem
(10)

where

Clearly A is singular at s = 0, and is continuous on [0, 1]. We consider v = % and k > —% which gives
M =~ 1.8268, [ =~ 0.0395 with

So(s) F(%)s%, | fors € (0,1)
Gu(s) = Go(s)+ 5 Jo v (p)(W(s) = (@) iA(p,&u1)(p)dp, forn=1,2,....

Hence, IVP (10) has a unique continuous solution §(s) = s~ lims? &a(s) on (0, 1].
s—¥o0
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Remark.

(1) Taking p — 1, the nonsingular differential problem (1) becomes w—Caputo fractional differential
problem.

(2) Taking p — 0, the nonsingular differential problem (1) becomes Yy—Reimann-Liouville fractional
differential problem.

(3) For p — 1 and y(s) = s, the nonsingular differential problem (1) becomes Caputo fractional
differential problem.

(4) For p — 0 and y(s) = s”, p > 1 the nonsingular differential problem (1) becomes Katugompola
fractional differential problem.

(5) For p — 0 and y(s) = s the nonsingular differential problem (1) reduces to Riemann-Liouville
fractional differential problem.

(6) For p — 0 and y(s) = log(s), the nonsingular differential problem (1) becomes Hadmard frac-
tional differential problem.

(7) Taking p — 1 and y(s) = s, the nonsingular differential problem (1) becomes Caputo-Hadamard
fractional differential problem.

5 Concluding remarks

This study focused on establishing the local existence and uniqueness of solutions to the y-Hilfer frac-

tional differential problem. By employing Picard’s approximations, a computable iterative scheme is
developed to uniformly approximate the solution. The validity of the findings is supported by two il-
lustrative examples. This work contributes to a deeper understanding of the singular y-Hilfer fractional
differential problem and offers a more generalized computational approach for approximating solutions,
extending the existing contributions of various researchers.
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