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Abstract: This paper deals with the local existence and uniqueness results for
the solution of fractional differential equations involving Hilfer-Hadamard fractional
derivative. Using Picard’s approximations and generalizing the restrictive conditions
imposed on nonlinear function, the iterative scheme for uniformly approximating
solution is constructed. An example is given to illustrate the main results.
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1 Introduction

Fractional differential equations (FDEs) occur in control of dynamical systems, physical
and biological sciences, see for details [14,]1923] and references therein. Nowadays,
many people have given attention to the existence theory of nonlinear FDEs of various
types [2H13}/1518}[21}|22]. Recently, existence and uniqueness of weak solutions for some
class of Hilfer-Hadamard and Hilfer fractional differential equations are obtained in [1].
Further, some attractivity and Ulam stability results are obtained |1] by applying the
fixed point theory, also one can see [12/20].
Kassim and Tatar [16] obtained the well-posedness of Cauchy-type problem

uD a(t) = f(tx), t>a>0,
Hjtllifyx(a)zcv ’Yza"_ﬁ(]-_a)a
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where ¢ € R and H@:f is the Hilfer-Hadamard fractional derivative [15] of order

a0 < a < 1) and type B(0 < 8 < 1), in the weighted space of continuous functions

Cf‘;ﬂv [a,b] defined by

Cf‘;’i#[a,b] ={z¢ Cl,%log[a,bHH'DZ"fm € Cuiogla,b]}, 0<pu<l,y=a+pB(1- 0(4),)
2

where

t
C i0gla, bl = {g : (a,b] — R|(log E)Wg(t) € C[a,b]}, 0<y<Ll (3)
They obtained the equivalence of initial value problem (IVP) and integral equation

t\y—1 1 ¢ tia-1 ds
5 (loga) —l—@/a (log;) f(s,x(s))?, t>a,ceR. (4)

Existence result for IVP is proved in [16] using Banach fixed point theorem.

Motivated by these works, to avoid ambiguity of fixed point theory, we adopted the
method of successive approximations. In this paper, we study the IVP for fractional
differential equation involving Hilfer-Hadamard fractional derivative

{ aDSPr(t) = f(t,x), 0<a<1,0<B<I, o)

lim (log#)' "z(t) = 70, 7=a+B(1-a).
t—1

In this paper we prove the existence and uniqueness results for IVP (|5)), using some well-
known convergence criterion and Picard sequence functions [18,[24]. The computable
iterative scheme as well as the uniform convergence criterion for solution are also devel-
oped.

The rest of the paper is organised as follows. The next section covers the useful
prerequisites which include definitions and lemmas. The main results are proved in
Section 3 with the supporting illustrative example.

2 Preliminaries

We need the following basic definitions and properties from fractional calculus [19].

Definition 2.1 [19] Let (1,b),1 < b < oo, be a finite or infinite interval of the half-
axis RT and let a > 0. The left-sided Hadamard fractional integral yJ¢ f of order a > 0
is defined by

Ty Y L ©)

S

provided that the integral exists. When o = 0, we set zyJ{f = f.

Definition 2.2 [17,|19] The left-sided Hadamard fractional derivative of order
a0 <a <1)on (1,b) is defined by

(DY) =6(u0r ™ f)(1),  1<t<b, (7)

where § = t(d/dt). In particular, when o = 0 we have gDV f = f.
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Definition 2.3 [16] The left-sided Hilfer-Hadamard fractional derivative of order
a(0 < a < 1) and type 8(0 < 8 < 1) with respect to ¢ is defined by

(DY) = (197" Dy (1), (8)

of function f for which the expression on the right-hand side exists, where HD?—w (1=a)

is the Hadamard fractional derivative.

Lemma 2.1 [19] Ifa> 0,8 >0 and 1 < b < o0, then

(HD?(log 5)5,1)(t) — I‘(Iﬁ‘(%(logt)ﬁal. (10)

The following lemma plays a vital role in the proof of main results.

Lemma 2.2 [23]| Suppose that x > 0. Then I'(z) = lim,;,— 40 z(z+1)(7mnjg)L~l--(z+m)'

We denote D = [1,1+ h|,Dp, = (1,1 +h],I = (1,1 +1] and J = [1,1+], for A > 0.
Here we choose

1
[ = min{h, (W)wk}’ p=1-p8(1-a).

Further E = {z : |z(logt)!™" — z¢| < b} for b > 0 and ¢ € Dj,. A function z(¢) is said to
be a solution of IVP if there exists [ > 0 such that = € C°([) satisfies the differential

equation gD x(t) = f(t,z) almost everywhere on I along with the condition

lim (logt)' 7 z(t) = xo.

t—1
To prove our main results, we assume the following hypotheses:
(H1) (t,x) — f(t,(logt)Y~ta(t)) is defined on D, x E and satisfies:

(i) = — f(t, (logt)~txz(t)) is continuous on E for all t € Dy,
t — f(t,(logt)""1x(t)) is measurable on Dy, for all z € F;

(i) there exist &k > (B(1 — a) — 1) and M > 0 such that the relation
|f(t, (logt)Y12(t))| < M(logt)* holds for all t € Dj, and = € E.

(H2) There exist A > 0 and x1, 22 € E such that

|£(t, (logt)Y Yoy (1)) — f(t, (logt)? tao(t))| < A(logt)¥|ay — x5|, forall t €.

3 Main Results

In this section, we state and prove the existence and uniqueness results for IVP ([5)
for Hilfer-Hadamard FDEs. We present the iterative scheme for approximating such a
unique solution.
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Lemma 3.1 Suppose that (H1) holds. Then x : J — R is the solution of IVP if
and only if x : I — R is the solution of the Volterra integral equation of second kind:

t a—1 S
x(t) = xo(logt)yil + F(loz)/l (log é) f(s,:c(s))d—, t>1. (11)

Proof. First we suppose that x : I — R is the solution of IVP (5). Then

|(1ogt)1_7x(t) —xg| < bfor all t € I. From (H1), there exist a & > (B8(1 — a) — 1)
and M > 0 such that

|t ()] = | f(t, (logt)”  (og ) a(t))| < M(logt)®,  forall tel.

We have
I N ds I -1 k
‘F(a)/l (108;;) f(Sax(S))? F(a)/1 (log*) M(log s)” —
_ a+k F(k + 1)
= Mlos )™ w5
Clearly, t
. - 1 t, o1 d
%gr%(logt)l 71"(a)/1 (10g;) f(s,x(S))f =0.
It follows that
_ 1 t t a—1 d
(t) = o (logt)” 1+m/1 (log;) f(s,x(s))?s, tel.

Since k > (B(1 — a) — 1), we see that 2 € C°(I) is a solution of integral equation (TI]).
Conversely, it is easy to see the fact that x : I — R is the solution of integral equation

implies that x is the solution of IVP defined on J. This completes the proof.
To prove our main results, we choose a Picard function sequence as follows:

do(t) = xo(logt)" ™, tel,

t a—1 s 12
¢n(t)=¢o(t)+ﬁ/l (logz) f(87¢n71(3))d : "

=, tel, n=12,---
S

Lemma 3.2 Suppose that (H1) holds. Then ¢, is continuous on I and satisfies

|(log t)' ™ (£) — wo| < b.

Proof. From (H1), clearly |f(t, (logt)" 'z)| < M(logt)* for all t € Dj and
|z(log )" ™7 — 20| < b. For n = 1, we have

in(t) = aoflogt) ™ + g7 [ (10e5)" Flo )T (13)
Then
t a—1 s t a—1 ds
e 0D TS| < i [ o) arions)
_ M(logt)a+k F(k + 1)

Ma+k+1)
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This implies ¢; € C°(I) and from equation , we get
T(k+1)
MNa+k+1)
I'(k+1)
Ma+k+1)
Now by the induction hypothesis for n = m, suppose that ¢,, € C°(J) and for all
teJ, |(logt) " ¢ (t) — zo| < b. We have

[(logt)' "1 (t) — zo| < (logt)' ™" M(logt)**"

< Miethti=y (14)

e = ooty ™+ s [ (10 D) s a9
m+1 — 40 g F(O[) L g S m P
From the above discussion, we obtain ¢, +1(t) € C°(I) and from equation (15]), we have
t a—1
1—7 1—y 1 t de
1 — < (1 —_— log — M(1 —
020)' g (1) =] < Q08 s [ (10w ]) 2108 9)* S
., T(k+1)
= M(logt)*FH =7 = 2
(log#) T(a+k+1)
. Tk+1)
< Mletktl—y_~ T oy
- Fa+k+1) —

Thus, the result is true for n = m 4 1. By the principle of mathematical induction, the
result is true for all n. The proof is complete.

Theorem 3.1 Suppose that (H1) and (H2) hold. Consider the Picard function ¢,
given in (12). Then the sequence {(log ' on (8} is uniformly convergent on J.

Proof. Consider the series

(log )" "o (t) + (log t)" (61 (t) — o (t)]+- - -+ (log t)' " [pn(t) — Gpr ()] +---, teJ.
By relation driven in the proof of Lemma above, we get
- — I(k+1)
1 1=y — < M(l afhtl-y BT :
(logt)" "[¢1(t) — ¢o(t)| < M(logt) Tlathtl) ted

From Lemma we have

(08)' 7 [6a(t) = 61(0)| < Qog)' s [ (low D) 1F(s.60(5) = (5. 60(6)|
1

=(logt)1_7@/l (log z)a— ’f(s, (logs)v_l(log5)1_7<Z>1(s))—

f(s,(log )" ' (log s)' " ¢o(s )|—

t a—1
<o) g [ (05)" Allogs)*|(10g5)' 1 (0)-

(log s)" o (s ]—

<ogt) s [ (1o %) Aog )" (log ) Tlen () — o)) T

o)
t a—1 S
<(iogt' s [ (g )" aog)* prgog o DL
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Thus

F(k+1) T(a+2k+2—17) (log £) 2@+ H+1=7)

1—
(log t)"102(t) = S1(D] < AM e S on T ok £ 2= )

Now suppose that for n =m
(log )" |dmi1(t) = bm(t)] <

+1Dk+ila+1—-7v)+1)
D(a+k) +i(1 =)+ 1)

AmM(logt)(m+1)(a+k+1 v)HF n

We have -
(08) 7 9ms2(t) — b (8)] < % [ 088" 15, 0mr ()~ 165, om I
=(10gt)1_7F1®/1t(10g -) \f( (logs)” ' (log s)' " ¢m1(s))—
£ (s, tog s log ) ()|
< (log1)’ ”(F(la)) /1 " (10g ) " A1o8 9 [(085) 6i2(5) — 61 (s)] "
< (logt)" Wﬁ 1 (log (logs)k[AmM(logs)(m+1)(a+k+1_7)

H (((+Dk+ila+1—v)+1) |ds
I( z—i—l Wa+k)+i(l—7v)—1)] s

m—+1 m a — '+ Dk +i(a+1— +1
= AT M (log )T )H F(Ez<'+1)za+k<)+i(1 77))+i)'

Thus
(log t)' ™" |dm2(t) — dmi1 ()] <

m+1 .
Am+1Ml(7n+2)(a+k+1 ) H ( )k + ’L(a +1-— ’7) + 1) .
i+ 1)(a+k)+i(l—7)+1)

The result is true for n = m + 1. By the principle of mathematical induction the result
is true for all n.

Consider
n+17(n+2)(atk+1— )n+1 Dk+i(a+1—9)+1)
ZU"_ZMA l WHF Dia+k) +i(l—7)+1)
We have
pas | MADRD sk 1) [[15 HG et )

N n+17(n+2)(a g+l TGt Dkti(atl_)+1
U MArEne ek T i ey

Nn+3)k+n+2)(a+1—7)+1)
T(n+3)(k+a)+(n+2)(1—7)+1)

— Ala+k+17'y
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Using Lemma [2.2] we have

i m (B EF(nF2) (at1=7)+1
Untl _ grotktloy M0 8kt (nt2) (ot 1)+ (it 3)k+(nt2)(aF1—) Fmt1)
U - lim m(n+3) (k+a)+(n+2)(1—7)+14p|
" m=+00 [(nF3)(k+a)+(n+2)(1—7)+1) - (n+3) (k+a)+(nt2) (1—7)Fm+1)

— Ajotkti-v(g —a (n+3) (k+a)+(n4+2) (1=7)+1)-((n+3) (k+ )+ (n+2) (1—y)+m+1)
= ALl 00 T SO R (012 (@ 1) 1) (P8R (n D) (2t 1) Fm 1) -

It is easy to see that

(n+3)k+a)+(n+2)A—y)+1) - (n+3)(k+a)+(n+2)(1—v)+m+1)
(n+Dk+(n+2)(a+1—9)+1) - (n+k+n+2)(a+1—7)+m+1)

(o]
. . Un41 . . .
is bounded for all m,n. Thus lim ntl — implies E U, is convergent. Hence
n—oo Uy 1
n—

(logt)' "o () + (log t) [pr(t) — do(t)] + - - + (log t)* ™ [dn(t) — 1 (t)] + - --

is uniformly convergent for ¢ € J. Hence {(logt)' "¢, (t)} is uniformly convergent on .J.

Theorem 3.2 Suppose that (H1) and (H2) hold. Then the solution
o(t) = (logt)”™" lim (logt)' 7 ¢,(t)
n—oo
s a unique continuous solution of the integral equation defined on J.

Proof. Since ¢(t) = (logt)” ™" lim (logt)' ¢, (t) on J, and by Lemma we have
n—oo
(logt)' ™ 7|¢(t) — xo| < b. Then

/(8 6(6) = F (1, ()] < A(log 1) |én(t) — 6(1)], L€ 1.

Clearly, (logt) " f(t, ¢n(t)) — f(t,d(t))| < Aldn(t) — ¢(t)] — 0 uniformly as n — oo on
1. Therefore

(log)'76(t) = lim ¢n(t)

1 t ot _ d
= 20 + (log t)l V@ /1 (log ;) (log 5)]C n11_>1r010 ((log s) kf(s, ¢n,1(s))) ;
1 t t.o ! ds
— a0+ (logt)' s [ (o h) fs,006) T
() Jy ( )
Then ¢(t) is a continuous solution of integral equation defined on J.
Now we prove uniqueness of solution ¢(t). Suppose that 1(t) is a solution of integral

equation (TI). Then (log £ ()] < b for all t € I and

Y(t) = QL‘O(logt)”f*1 + ﬁ/l (log é)a_ f(s,qS(s))%, tel.

We prove ¢(t) = 1(t) on I. From (H1), there exist a k > (8(1 —a) — 1) and M > 0 such
that

[F(t (1) = |£(t (logt) " (logt)' "4(t))| < M(logt)®,  forallt e I.
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Therefore

(o) 6u(t) — v(0)] =080 7| 5 [ (1og ) sGssvien %

1 ot d
< (logt)" 7—/ (logg) M(logs)kf
1

I(«)
B o 1—y T(k+1)
= M(logt)*Tt faiii D)

Furthermore

ds
s

(0g1)'716(1) = w(0) =(logt)' |z [ (log ) 1(s.n(e)) = (s, 0]

I(e)
I'(k+1) T(a+2k+2-—9) (log £)2@FF+1=7)
IMa+k+1)T2a+2k+2—7) '

By the induction hypothesis, we suppose that

< AM

(log )" |6n(t)=w(t)] < A"M(logt) "I | rF(EET&Z:Zk()Q = z‘gl—’yv))ili)'

=0

Then
(log )" usa (1) — ()] < (log 1)~ s

S

1 t t a—1
o / (log2)  [f(s:0n(s) = (s, ()]

A”“M(logt)("”)(“*“l v) H X

M+ Dk+ila+1—7)+1)
(i+D(a+k)+il—9)+1)
+Dk+i(a+1—-7)+1)
+D)(a+k)+i(l—7)+1)

n+1
A7L+1Ml(n+2)(a+k+1 ) H (

Using the same arguments as in Theorem we obtain the series

n+1 .
3 Aok 1 T Jilﬁiﬁf ‘21_ 7))++1i)’
! i(1—~

n=1 =0
which is convergent. Therefore

n+1 .
An+1Ml(n+2)(a+k+1—fy) H ( i+ 1)k + Z(a +1- ’Y) + 1)

TG+ D(a+k)+i(l—7)+1)

—0 as n — oo.

Also we observe that lim (logt) "¢ (t) = (logt)' "4 (t) uniformly on J. Thus
¢(t) = 1(t) on I. The proof is complete.

Theorem 3.3 Suppose that (H1) and (H2) hold. Then the IVP has a unique
continuous solution ¢(t) = (logt)” ™" lim (logt)' ¢, (t) on I.
n—oo

Proof. From Lemma [3.1] and Theorem we can easily obtain that the solution
o(t) = (logt)” " lim (logt)' 7 ¢,(t)
n—oo

is a unique continuous solution of IVP defined on I. The proof is complete.
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Example 3.1 We consider the Hilfer-Hadamard fractional differential problem

HD]%7%x(t):f(tu‘r)7 Oé:%,B:%,

. oo _3 (16)
}gr%(logt) z(t) = zo, T=7
where N
o (log t)” 4 sin (logt)
F20) = e matisin oz’ & L€ (Lel wER,
f(12(1) =0, for v ek

It is easy to see that f is singular at ¢ = 1, and is a continuous function for ¢ € (1, ¢e]. We
choose y = %, b=4, k= —i > —%. Thus | = min{1.7182, (%F(%))Q}, where

ey
B sin (logt) N
M = e S0+ Viog D) (1 + | sin(log8)]) ~ 2
with
do(t) = zo(logt) 1,  te (1€,
1 ¢ t "3 ds
d)n(t) = ¢)0(t)+r(§)/1 (1Og ;) f(sv(bn—l(s))?v n= 172a T

Clearly, all the conditions of Theorem hold. Therefore IVP has the unique
continuous solution

6(t) = (log)™* lim (logt)*6n(t) on [1,¢]

Remark 3.1 The initial value considered in IVP is more suitable than that con-
sidered in IVP and nonlinear function f may be singular at t = 1.

Remark 3.2 In hypothesis (H1), if (logt)~*f(t,(logt)?~x(t)) is continuous on
D x E, one may choose M = max;es(logt)*f(t,(logt)"'x(t)) continuous on Dy x F
for all z € E.
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