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Abstract

The current work is motivated by the so-called Caputo-type modification of the
Hadamard or Caputo Hadamard fractional derivative discussed in [4]. The main aim
of this paper is to study Cauchy problems for a differential equation with a left Caputo
Hadamard fractional derivative in spaces of continuously differentiable functions. The
equivalence of this problem to a nonlinear Volterra type integral equation of the second
kind is shown. On the basis of the obtained results, the existence and uniqueness of
the solution to the considered Cauchy problem is proved by using Banach’s fixed point
theorem. Finally, two examples are provided to explain the applications of the results.
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1 Introduction

Fractional calculus, that is, the theory of derivatives and integrals of fractional non-
integer order, are used in many fields like: mathematics, physics, chemistry, engineering,
and other sciences.

Few years ago, many scholars started making deeper researches on fractional differential
equations. Intensive development of this latter and its applications led to that. (e.g.;
[1, 2, 3, 10, 11, 12]). Many definitions were supplied for the Fractional order differential
operators and many reports on the existence and uniqueness of solutions to differential
equations in the frame of these operators appeared. (see for example [14] and the references
therein).
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J. Hadamard [6] in 1892, introduced a new definition of fractional derivatives and inte-
grals in which he claims:

a—1
o 1 . t dr
() 0= [4(wl) o O<a<n. re@>0 )
for suitable functions g, where I" represents gamma function. This is the generalization of
the n'" integral

where n = [Re(a)] + 1 and [Re(a)] means the integer part of Re(a).
The corresponding left-sided Hadamard fractional derivative of order « is defined by

(’Dg‘+9> (t) = 5"ﬁ /at <1n i)nalg(T) dT—T, a€ln-—1,n), (3)

where § = t%. The main difference between Hadamard’s definition and the previous ones
is that the kernel integral contains logarithmic function of arbitrary exponent. The present
paper follows the Caputo-type definition based on the modification of Hadamard fractional
derivatives. This approach is given by the equality,

(Dz.g) () = (D3, lg -3 T (1 ;)k] (), O<a<t). (4)
k=0

We can use the following equivalent representation, which follows from (3) and (4)

(72,0) 0= s [ (1062)" " w00 )

The Caputo Hadamard derivative is obtained from the Hadamard derivative by changing
the order of its differential and integral parts. Despite the different requirements on the
function itself, the main difference between the Caputo Hadamard fractional derivative and
the Hadamard fractional derivative is that the Caputo Hadamard derivative of a constant
is zero [4]. The most important advantage of Caputo Hadamard is that it brought a new
definition through which the integer order initial conditions can be defined for fractional
order differential equations in the frame of the Hadamard fractional derivative.

In this article, we extend the approach of Kilbas et al. [10] to fractional Cauchy problems
with a left Caputo Hadamard in spaces of continuously differentiable functions and prove
the existence and uniqueness of solutions to these problems.

To get to our aim, the equivalence of the Cauchy type problems to a nonlinear Volterra
type integral equation of the second kind is first proved. Once that is done, Banach’s fixed
point theorem is applied. By the end, some examples are given to illustrate the obtained
results.

2 Preliminaries

Below, we recall some basic definitions, properties, theorems and lemmas needed in the

rest of this paper.
Let C™ ([a,b] ,R) be the Banach space of all continuously differentiable functions from
[a, ] to R. We will introduce the weighted space Cyy i [a,b], CF., 1, [a,b] and CF.7) [a,b] of
the function g on the finite interval [a, b].
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Definition 2.1. If o € (n—1,n] and 7 € (0, 1], then

(1) The space C, 1n [a,b] is defined by

Cyn [a,b] = {g : <ln Z)vg(t) €Cla, b]} ,Coun[a.b] = Cla,b],

<ln 2)2@)’ .

C§ i la,b] = {g: §*g € Cla,b], k=0,..,n—1and 6"g € Cy 1, la,b]},

and on this space we define the norm ||.||C%ln by

t ’Y
lole,,., = | (%) s

(2) The space C§. |, [a,b] is defined by

= max
c te(a,b]

and on this space we define the norm ||||C§L by
s 1n

n—1 n
lglley . = k; 18]l + 167l .+ Mgllop = kzzotgl[gflg] 6% g(t)|.

(8) We denote by C57, [a,b] the space of functions g given on [a,b] and such that

Colotl ={g € C5la,b]: (“Di g) € Cymla,t], r N},

6,7,In
Cg:':,ln a,b] = Cg,fy,ln [a,b] .

Property 2.2 ([10]). The fractional integral operators (jac:) satisfy the semigroup
property
(72.72.9) (1) = (7579) (1) Re(a) >0, Re(8) > 0.

The fractional derivative operators (D{L) fullfil the semigroup property
(P2, 72.9) (1) = (727°9) (1)

Property 2.3 ([4]). Let Re(a) >0, n = [Re(a)] + 1 andRe(S) > 0, then

(Do (m 2)5_1) _ F(Fﬂ(f)a) (m 2>B_a_1 Re(B) > n.

On the other hand, for k =0,1,..,n — 1,

(D2, <1n Z)k) —0.

Lemma 2.4 ([4]). Let a € C, n = [Re(a)] + 1, let g (t) € AC} [a,b] or C§ [a,b], then

(72, (Ds.9)) () = 9(0) - 5 ) @ (mi)k.
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Lemma 2.5 ([10]). Letn € N and 0 <~ < 1.The space C§. |,
and only those functions g which are represented in the form

(1) = (nil),/t <1n7t_>n_1g0(7')d:+§dk <ln2)k,

where ¢ € Cy 1y [a, b and di, (k=0,1,...,n — 1) are arbitrary constants, such that

k a
p(t)y=20"g(t), dk=5 i,( )

Lemma 2.6 ([10]). Let 0 <a <b < 400, Re(a) >0, and 0 <y < 1, then

[a, b] consists of those

(k=0,1,....,n—1).

a. If vy > a >0, then (jaojr) is bounded from C. 1, [a,b] into Cy_q 1 [a,]] :

r

< = —_ .
—ngHCwn’ k (lna 1+a—7v)
In particular (jﬁ) is bounded in C. 1, [a, b] .

(03
Ja' 9|,

¥ —a,ln

b. If v < «, then (J(f;) is bounded from C\ 1, [a,b] into C [a, b] :

’ b Re(a)—v T (1 _ "Y)
r

<k E=|In- .
‘C’ HgHC%“” < a 14+a-—7)
In particular (j;i) is bounded in Cy 1, [a,b] .

Tar 9

Lemma 2.7 ([10]). The fractional operator (jao;) represents a mapping from C'[a, b]

to C[a,b] and
1 b Re(a)
<———(In— .
‘ ‘C ~ Re(a)T (a) (n a> lgllc

Theorem 2.8 (Banach fixed point Theorem, [10]). Let (X, d) be a nonempty complete
metric space, let 0 < w < 1, and let T : X — X be a map such that for every x, & € X, the
relation

Ja' 9

d(Tx, Tz) <wd(z, 7),

holds. Then the operator T has a uniquely defined fixed point =* € X.
Furthermore, if T* (k € N) is the sequence defined by

T =T, T" =TT" ' (ke N-{1}),

k= .
then, for any xo € X {Tkaco}k:io converges to the above fixed point x*.

Definition 2.9 ([10]). Letl €N, G C R!, [a,b] CR, g: [a,b] x G — R be a function
such that, for any (x1,...,2;), (Z1,...,%;) € G, g satisfies generalized Lipschitizian condition:

|g [t,ﬂjl,...,l‘l] —g[f,f,i‘l,...,flﬂ < A1 |1‘1 —i‘1|+...—|—Al |l‘l —5~Cl|, Aj > 0, j: 1,...,[. (6)

In particular,g satisfies the Lipschitzian condition with respect to the second variable if for
all t € (a,b] and for any z, & € G one has

lg[t,z] —g[t,z]] < Az — ], A>0. (7)
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3 Nonlinear Cauchy problem

In this section, we present the existence and uniqueness results in the space C?LYTIH [a, b]

of the Cauchy problem for the nonlinear fractional differential equation in the frame of
Caputo Hadamarad fractional derivative. That is we consider the equation

(CD;"+x> (t) = h[t,z (t)], Re(a) >0, t>a >0, (8)
subject to the initial conditions
((5kx) (ay)=dg, dp €R, k=0,...,n—1, n=[Re(a)] + 1. (9)

The Volterra type integral equation corresponding to problem (8)-(9) is :

n—1

2(t) = Z% (mi)j + F(la)/t (lnf_)a_lh[r,z(r)] d{, a<t<b  (10)

§=0
In partuclar, if « =n € N then the problem (8)-(9) is as follows:
(0"z)(t) =h[t,z )], a<t<b, (6*z)(ay)=dp€R, k=0,1,..n—1. (11)
The corresponding integral equation to the problem (11) has the form:

2(t) = S dél' <ln t>j n (jaﬁh) (t), a<t<b. (12)

g! a

Firstly, we we have to prove the equivalence of the Cauchy problem to the Volterra
type integral equation in the sense that, if x € Cj [a, b] satisfies one of them, then it also
satisfies the other one.

Theorem 3.1. Let Re(a) >0, n=[Re(a)]+ 1, (0 <a<b<+00), and 0 <+ <1 be
such that o > 7. Let G be an open set in R and let h : [a,b] x G — R be a function such
that h[t,z] € Cy 14 [a,b] for any x € Cy 1y, [a, b].

(i) Letr=n—1fora ¢ N, ifx € Cy" ' [a,b] then x satisfies the relations (8) and (9) iff x
satisfies equation (10).

(ii) Let r =n for « € N, if x € C§ [a,b] then x satisfies the relation (11) if and only if, x
satisfies equation (12).

Proof. (i) Let a ¢ Nyn—1<a<nandz € Cy ' {a,b].

(i.a) Here we prove the necessity. From definition of CD;: and (3) we obtain

pe x(t) = (") [ gr x(T)—Z(sj“”;,(a) (m%)j (t).
=0 7

By hypothesis, h[t,z] € Cy 14 [a,b] and it follows from (8) that CDgﬂc (t) € Cyn[a,b],
and hence, by applying Lemma 2.5, we have

n—1 ¢ 7
Jrme | (r) - oz (a) (m t) (t) € CF 1 la,B].
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By using Lemma 2.4, we obtain

e (Opse) () =2 (1) - f 5”; @ (m t>j | (13)

" a
Jj=0

In view of Lemma 2.6-(b), J; h[t,x] belongs to the C [a,b] space, Applying (]&) to
the both sides of (8) and utilizing (13), with respect to the initial conditions (9), we deduce
that there exists a unique solution z € C§~"[a,b] to equation (10).

(i.b) Let x € Cy ! [a, b] satisfies the equation (10).

— We want to show that = satisfies equation (8). Applying (Dg:) to both sides of (10),
and taking into account (4), (9), Property 2.2 and Property 2.3, we get

D (2 () E‘Sj”;_!(“) (m 2>j =2, (F(la) /at (m i)alh[m(f)] d:)

then

(Cpggx) (t) = (D;;) (J;;h) (t) = hlt,z (1)

— Now, we show that x satisfies the initial relations (9). We obtain by differentiation both
sides of (10) that,

5 (1) = jz;; - d]‘k)! (m (’;)H + ﬁ /at (ln i)a_k_l hir,e (1) dr.
Changing the variable 7 = a (Z) yieldys
SFu(t) = d; (m t)jk T /1 (m t) o
—~ (j—k)!'\ a T(a—k) Jo a(t)’
b G )
Low(Y) . .
) e [ ) ()

Jj=

for k=0,...,n—1. Because a —k > n—1—k > 0, using the continuity of h, Property
2.3 and Lemma 2.7 we get J* h[t,z] € C'[a,b], and taking a limit as t — ay , we
obtain §Fz (ay) = dy.

(ii) For @ € N and z (t) € C¥ [a, b] be the solution to the Cauchy problem (11).

(ii.a) Firstly, we prove the necessity. Applying (\7;1) to both sides of equation (11), using

(4) and Lemma 2.4, we have

5k (a b
Tt 0" (t) =z (t) — Z 0 k!( ) (ln i) =Ja h(t),

k=0

since 6¥z (ay) = di, we arrive at equation (12) and hence the necessity is proved.

666 Adjabi et al 661-681



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.4, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

(ii.b) If 2 € C} [a, b] satisfies the equation (12), in addition, by term-by-term differentiation
of (12) in the usual sense k times, we get

(1) = g o (m E)H o= ) ( i)n_k_l e () 2,

for k = 0, ..., n. Using Property 2.3 , taking the limit as t — a, we obtain 6*z (a,) =
di, and 6"z (t) = h[t,z (t)] . Thus the Theorem 3.1 is proved for o € N.

This completes the proof of the theorem. O

Corollary 3.2. Under the hypotheses of Theorem 3.1, with 0 < Re(a) < 1, if
x € Cy[a,b] then x (t) satisfies the relation

(‘Do) (1) =nlta @), t>a>0, w(a) = do,
if and only if, x satisfies the equation
x(t) = do + (J;:h) (t), a<t<b.

The next step is to prove the existence of a unique solution to the Cauchy problem

(8)-(9) in the space of functions C57) [a,b] by using the Banach’s fixed point theorem.

Theorem 3.3. Let a > 0, ad n = [R(a)] + 1, 0 < v < 1 be such that o > . Let
G be an open set in R and h : ]a,b] x G — C be a function such that, for any © € G,
hit,z] € Cymla,b], x € Cyn[a,b], and the Lipshitz condition (7) holds with respect to the
second variable.

(i) Ifn—1 < a < n, then there exists a unique solution x to (8)-(9) in the space C’;J‘W"l;l [a,b].
(if) If o = n, then there exists a unique solution x € C§. ,, [a,b].

Since the problem (8)-(9) and the equation (10) are equivalent, it is enough to prove that
there exists only one solution to (10).

Proof. Here we prove (i) only as (ii) can be proved similarly.
Step 1. First we show that there exists a unique solution x € C(?*l [a,b].

Divide the interval [a, b] into M subdivisions [a,t1], [t1,t2], ..., [tar—1,b] such that a <
t1 <ty <..<tpy_1<b.

(a) Choose t; € ]a,b] such that the inequality

n—1 Re(a)—k
r'l—9) tq
=A In — 1, A 14
w ;}F(a_k_ww(na) <1, 40, (14)

holds. Now we prove that there exists a unique solution z (t) € C’gb_l [a, t1] to equation
(10) in the interval [a, t1].
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It is easy to see that Cgl*l [a,t1] is a complete metric space equipped with the distance

d(zy,22) = |21 — x2||Cg”’1[a,t1] = Z ||(5kx1 - 5kx2)HC[a,t1] :
k=0

Now, for any z € Cg“l [a,t1], define operator T as follows

t a—1
(Tz) (t) =Tz (t) = o (t) + %/ <ln t)) hr, z ()] dl7 (15)
with

2o (1) :Sjld_f!' (m Z)j (16)

Transforming the problem (10) into a fixed point problem, z (t) = Tz (t), where T is
defined by (15). One can see that the fixed points of T' are nothing but solutions to problem
(8)-(9) . Applying the Banach contraction mapping, we shall prove that T has a unique fixed
point.

Firstly, we have to show that:

(ad) if 2 (t) € CF ! [a,t1], then (Tz) (t) € CF ' a, ti].

(a.ii) Va1, 22 € CF ! [a, t1] the following inequality holds:

[a,t1

||Tl‘1 — TJL‘QHC;L—l ] < wq ||171 — x2|‘c{?71[a,t1] , 0<wy < 1.

(a.i) Let us prove that Tx : C7 ' [a,t;] — C§ ' [a,t1] is a continuous operator. Differen-
tiating (15) k (k =0,...,n — 1) times, we arrive at the equality

+ a—1—k
(05T ) (t) = 6% (t) + ﬁ / (ln(t> hire ()] 2

T T
with . i
— d; t\'~
& o () = I —(In-
7ol Jzku—k)!(na)

It follows that 6%z (t) € Cs [a,t1] because zq (t) might be further decomposed as a finite
sum of functions in O ~* [a,¢1]. When zq (t) € CF " [a, t1] then

120 Dl ofa,) < o Oller—1pa,e,) = ZH (8" 20 (D)l ca.nny + 120 Ol cpayey)

On the other hand, we can apply Lemma 2.6-(b) with o > v, and « being replaced by
(a — k), we have

\Zﬁr_kh [1,2 (7)) (t) € Cs [a, t1].

In view of Lemma 2.6 and (7), for all k =0, ...,n — 1, we have

. r(i-9) 0 )
a—k < —
el < rreei () It O, o

P—p) ()
< il
- AF(1+a— k—7) (ln a) ”I(t)||cv,1n[a7t1]

F(l _’Y) t Re(a)—k
< — .
< Arra e (0 2) e @l
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As fractional integrals are bounded in the space of functions continuous in interval [a, ¢1].
The above implies that Tz () belongs to the C§ ' [a, 1] space.

(a.ii) Next, we let 21,22 € C§ ! [a,t;] the following estimate holds:

1721 = Tasll g = |2, (lran (1) = b [z (7)) ()]

C3 Hat]

= konlk (7,01 (7)] = 7,22 (7)]) (1)

‘C[a,tl]

<Y med 2y () T T ()] = Bl we (D]l e
< AZk 0 % (ln %)Rda)ikiv |21 (t) — 22 (t)”cw,,[a,tl]

<A mi S () T e (8) — 22 (D g

<AV raiy (' 21 (£) — 2o (¢)]

Re(a)—k
(a—k—~+1) )

C(’;Lil[a,tl] .

1
a

Thus

Re(a)—k
| T2 — Tx?”cg gty < <A, #?/)H) (In i) |21 (t) — 22 (t)Hcg‘l[wl] :

The last estimate shows that the operator T is a contraction mapping from Cg_l [a, tl]Thus,
the Banach fixed point theorem implies that there exists a unique function (solution) xf €
C3 ! a,t1] and this given as:

zg = lim T™xg,, (m e N"),

m——+oo

where

(T si0) (0 =0 () + s [ (m2) 0 [ (@ i) (0] £

T T
with 3, € C3~ ' [a,t1] is an arbitrary starting function.
Let us take x, (t) = zo (t) when dj, # 0 with z¢ (¢) defined by (16), if we denote by
T (t) = (T"xg0) (), (m € NY),
then
lim ||z, () — 25 (1)]

m—+

orta] = 0-

Now we show that this solution xf (¢) is unique. Suppose that there exist two solutions
x§ (t), &§ (t) of equation (10) on [a,t1]. Using Lemma 2.6 and substituting them into (10),
we get

. . n—1 T (1 . ’Y) t Re(a)—k . »
a5 () =& Ollog ) 4D v =5 50 Pa EOREA0]
k=0 v

Cy Hasta]

This relation yields

n—1 Re(a)—k
I'(l1—7) 51
AE In — >1
F(a—k—7+1)<na) -7

k=0

which contradicts the assumption (14). Thus there is a unique solution = (t) € C3 ' [a, t].
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(b) We prove the existence of an unique solution = (t) € C5~ [t;,b] . analogously

Further, if we consider the closed interval [t; b], we can rewrite equation (10) in the form
x (t) = (Tx) (t) where

(T2) () = 201 (£) + %a) /ft (m i)a_l wdr, (17)

where z¢1 (t) defined by

zo1 (t) = 2o (t) + ﬁ /atl <ln t)al MdT,

is a known function.
We note that zo; (t) € C§ ' [t1,b]. Differentiating (17) k (k=0,...,n — 1) times, we
arrive at the equality

t a—k—1
((5ka) (t) = 6kx01 (t) + ﬁ/a (111 t) h [T,l‘ (7’)} dl

T T

It follows that 6z (t) € Cjs[t1,b] and jai_kh[T,x(T)] € Cst1,b] thus (Tz)(t) €
Cy [t b].

(b.i) Choose ty € ]t1,b] such that the inequality

n—1 ) t Re(a)—k
In = 1
ZFa—k 'y—f—l)(ntl) <5
hold. Let z1, 25 € C’g”_l [t1, 2] the following estimate holds:
Z ’ Clt1,t2]

n 1-\ to Re(a)—k
AZ r (a —k Jr 1) (hl tl) ||331 (t) — T2 (t)llcg‘*l[tl,tz] :

k=0

7,1 (7)] = hlr, 2 (7)) ()

||T£E1 - TZEQ”C(;"*l[tl,tQ]

IN

Hence Tz is a contraction in CJ~ " [t1,ts] .

By Lemma 2.6-(b) and « being replaced by a—k, we obtain that jt‘f;k (h[ryz1 (7)) = b1, 22 (7)]) is
continuous in [t1, t2]. Then, the Banach fixed point theorem implies that there exists a unique
solution % € CF ' [t1,t2] to the equation (10) on the interval [t1, 2] .

Notice that x7 (t1) = x§ (t1) = wo1 (t1). Further, Theorem 2.8 guarantees that this
solution 7 (¢) is the limit of the convergent sequence T™x,. Thus, we have

mlirﬂm |1 T™xg, — «7] CrMta,ta] — 0,
with
(T a3) (1) = @ (t)+1/t (h) b @) (0] e
01 — o1 F(a) t T o T .

10
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If 0 (t) # 0 then we can take a3, () = zg (t), therefore,

im ||z, (t) — 27 (1)] Cr Mtata] — 0, @m (t) = (T"x5,) (1) -

m—+o00o

Now let
o (1) { xy () t € [t,ta],

x5 (t) tea,t1].

Moreover, since x* € Cgkl [a,t1] and z* € Cgkl [t1,t2], we have x* € Cgkl [a,ta], and
hence there is a unique solution z* € C’g_l [a, t2] to the equation (10) on the interval [a, ts].

b.ii) Finally, we prove that a unique solution z (t) € C* ! [ty,b] exists.
Yy )

If t5 # b, we choose t; 11 € |t;,b] such that the relation

) tii Re(a)—k
. A In 2 1,i=23,.. M, b=ty.

Repeating the above process i times, we also deduce that there exists a unique solution

x; € Cgfl [ti,ti+1] given as a limit of a convergent sequence T™z}; i.e.,

im (7725 = 2 lop g = 0§ = 2,3, M

Consequently, the previous relation can be rewritten as

lim e (1)~ 2 (Ol ey = O (18)
with

T (8) =Ty, b (6) =20 (), 2™ (t) =27 (t), 1 =0,1,...., M,
and

.23: (ti+1) = .T;_l (ti+1)a [a,b} =U [tiati+1] ,a=1t) < ..<ty= b.
Step 2. Now we show that <CD2‘+;E*) (t) € Cyn[a,b].
By (8), (18) and the Lipschitzian condition (7), we have that

lim H(CDO‘ xm) t) — (CD(CL‘+$*) (t)’

m——+o0

Comiat] i 1R [ts2m (8] = Rt 2* O]l o, o)

<A hm | () — =* (f)Hcmln[a,b]

m—+

v *
< A (hl 5) m1—1>I—I|—100 ||xm (t) - (t)HC[a,b]

b\ : *

<A(lnl) m1—1>I-I|-100 |2m (t) — x (t)”cngl[(hb] .
It is obvious that the right hand side of the above inequality approaches to zero inde-

pendently, thus

=0.
Cy,inlab]

lim H(Cpa xm) )—(C’Z)g+x*) (t)‘

m——+00

By hypothesis, (CD&xm) (t)=h[t,xm @) and h[t,z (t)] € Cyn [a,b] for x € CF ' [a,b],
we have (C’Dg+x*) (t) € Cymla,b].

Consequently, z* € ngvnlnl [a,b] is the unique solution to the problem (8)-(9). O

11
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Corollary 3.4. Under the hypotheses of Theorem 3.3, with v = 0, there exists a unique
solution x to the problem (8)-(9) in the space Cs™ " [a,b] and to the problem (11) in the
space C§ [a, b] .

Proof. The above Corollary can be demonstrated in a similar way to that of Theorem
3.3, using the following inequality

n—1

i1 = A
Wit ;}Re(a—kz)

1 tiit Re(a)—

1 1, ¢=0,..,.M, a=ty, b="1tp,
F(Oé—k'—l—l)(n tz) < ? JREXED) , @ 05 M
where t; € [a, b] and we observe that T is a contractive mapping when the following inequality
holds, indeed, for any z1, z2 € Cg“l [ti,tiv1]

171 = Taall g1 0,0 = Tics || 77 (20 (0] = B[22 (D) (1)

Cltitit1]
(1 z+1 Re(a)—k
< Srto Rt I e (O] = Rt 22 Ol oy i,
( z+1 Re(a)—k
<AV mamntamimm 17 () = 22 Ol o)
( f,l+1>Re(o<) k
< AN meitamrr o () — 2 Oller—r1t,.011 -

4  The Generalized Cauchy type problem

The results in the previous section can be extended to the following equation, which is
more general than (8) :

(“Pee) ) =h|ta), (Dita) @), ... (Deia) 1), (19)

with a; € (-1, jl, 7 = 1,2,...,1, ap = 0, and (‘Dg}r) denotes the Caputo Hadamard
operator of order o;.
The initial conditions for (19) are

(6"2) (ay) = dk, dp €ER (k=0,...,n—1). (20)
For simplicity, we denote by h[t, ¢ (t,x)] instead of h [t, x(t), (CD;‘}rx) (), ..y (CDg‘isc) (t)} .

Similar to the things discussed in the previous, our investigations are based on reducing
the problem (19)-(20) to the Volterra equation

x(t)zrféﬁ <ln2>j+1_‘(1a)/t(lnj)a_lh[r,go(ﬂx)]dTT, t>a).  (21)

=0
Theorem 4.1. Let a >0, n=[Re(a)]+1 and a; € C (j =0,...,1) be such that
0= Re(ap) < Re(ay) <...< Re(aq) <n-—1. (22)

Let G € R be open subsets and let h : (a, b] x G — R be a function such that
h(t,z,z1,...,2;] € Cymla,b] for arbitrary z, xi, ..., x; € Cym[a,b] and the Lipschitz
condition (6) is fulfilled.

12
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(i) Ifz e C’gij’fl;ll [a, b], then x holds the relations (19)-(20) if and only if z holds the equation

(21).

(if) If0<a <1, thenz € Cf, 1, [a,b] satisfies the relations

(*D2.2) (1) = hit.o(t,2)], #(ay) = do, do € R, (23)
iff x satisfies the equation

w(t) = do + (T2 ) hlr o ()] (1), (> a). (24)

Proof. Let a € (n — 1,n] and z € Cj~ ' [a, b] satisfies the relations (19)-(20).

(i.a) According to (4) and (19),

“Dg.z) (t) = (DS, x(r)frf‘skf”'(“) )" @)
k! a

Thus,

V2@ TV
ja+ x (T) - (hl g) € C&,'y,ln [a7 b] 5
and by Lemma 2.4
n—1 . i—1
iz (a t\’
(92) () e =2 ) - 3 & ( )! (m ) 7

Then, from (19), (20) and the last relation, we obtain

n—1 j
d; t\’ N
o)=Y % (02) + (92) hlrp (] ), (0> a),
=0
That is z € C§~ ! [a, ] satisfy the equation (21).
(i.b) Now we prove the sufficiency. Let 2 € Cy ™! [a, ] satisfies equation (21).

— From (21) we have

13
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Applying (Dg‘+> on both sides of this relation, taking into acount the conditions for
h and using Property 2.2, we get

CRIEUE :LZ: % (m Z)J

(7z,) () nlre (ra)) (1)
= hlte(tz)].

By (4), the left hand of the above expression is (CDZL) and thus

(CD§+) z(t)=h [t, z (1), (Cpg;x) (), o (CDg‘ix) (t)} .
Hence = € O3~ [a, b] satisfies (19).

— Applying 6% (k =0,...,n — 1) to both sides of (21), we have

n—1

sty ="
j=k

j=

G fjk)! (h"gi)jk + (@) (72 hlre (na)l @), (t>a),  (25)

Since z € C§ ! [a, b] for any ((‘Dﬁx) e (‘Dg‘ix)) eR"Tanda—k>v—(n—1) >

0, we have
(j;’fk) h [T,l‘ (1), (”Dg’ix) (T) 5oy ("Dg‘ix) (T)} € Cla,b]. (26)
On the other hand, by Lemma 2.3, we let 7 — a4 on the both sides of (25), then we
obtain
S a(r)| _pp = dhy k=0,5n =1,

Hence, 7 satisfying (21) satisfies the initial condition (20). That is x € C} ™" [a, b] satisfies
the Cauchy problem (19)-(20).
Similarly, we prove the second part of the Theorem. O

Theorem 4.2. Let o € C, n = [Re(a)] + 1, 0 < v < 1 be such that v < a. Let
a; >0 (j=1,...,1) be such that conditions in (22) are satisfied. Let G be an open set in
R+ and let h : (a,b] x G — R be a function such that ht,z,z1, ..., ;] € Cyn[a,b] for
any x,x1, ..., € Cy1n [a,b] and the Lipschitz condition (6) is fulfilled.

(i) If n—1 < a < n, then there is a unique solution x to the problem (19)-(20) in the space
-1
C’gfﬁln [a,b].
(if) If0 < a <1, then there is a unique solution x € C§', | [a,b] to (19) with the condition

z(ay) =do € R.

Proof. By Theorem 4.1 it is sufficient to establish the existence of a unique solution x

€ Cg%;l [a, b] to the integral equation (21).

Step 1. First we show that there exists a unique solution = € C(?*l [a, b].

14
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(a) We choose t; € |a,b], we prove the existence of a unique solution = € C§ ! [a, 1], so
that the conditions
n—1 1

Re(a—aj)—k — .
wy = kzo Zo Aj (Inl) ( ) —F(l_,l;f:a:’;j_k) <1 ify<a,
= j:

holds, and apply the Banach fixed point theorem to prove the existence of a unique
solution x € C§ ™! [a, 1] of the integral equation (21).
We rewrite the equation (21) in the form x (¢t) = (T'z) (t) , where
LA A dr
Tz)(t) =20 (t) + =—— In— h —
T O =a )+ s [ (m2)  alneeol L.
with 1 .
— d; t\’
$0(t) = ZF (lna> .
7=0
It follows that zo (t) € Cy ' [a,t1] because z¢ (t) my be further decomposed as a finite
sum of functions in CJ ' [a,#],

h [Tv 2 (Ta $)] S O’YJH [a7 b] - h [Ta 2 (T7 Jj)] S C’Y,ln [aa tl} )
and, from Lemma 2.6-(b), we have, using the fact that & > 0 and 0 <~ < 1,
Ta blr,o(r,2)] € Clath] if vy < a.
Letx € Cgfl [a,t1], by Lemma 2.7, the integral in the right-hand side of (21) also belongs
to O3~ [a,t] ie., T hlre(r,2)] € C3~'a,t1], and hence Tz € C~ ' [a, t1], this proves
T is continuous on CF ! [a, t1].

To show that T is a contraction we have to prove that, for any 1,22 € C’g_l [a,t1] there

exists wy > 0 such that
||T£E1 — T'IQHC(?*l[a,tl] S w1 HZIJl — xz”c‘g*l[a,tl] .

By Lipschitzian condition (6), Property 2.2 and Lemma 2.4, thus

H (j;: (h [T,ml,‘:Dfl‘ixl, ...,"’D,‘fjrxl} —h {T, 22,5 D21 T3, .0 Dgi@])) (t)”

< jaa+ (Hh |:T,.%‘1,C Do1gy, .. Dfﬁm} —h [T, 22, DSt g, ...,Cijixz] H) (1)

+ +
< oA || (F7) 78 (DR (- 2|
= (Sico ™ 1922 (D) (= w2)]) (0

= [(Sieo i i =l (7) = g g )]

i= j

By the hypothesis and Lemma 2.4, 6%z (ay) = 6% (22) (ay), kj = 0,..,n; — 1, n; =
Re (o) + 1, thus

njfl

(o1 — ) (1) = Y

[[(z1 = z2) (B)]]

0% (21 — @) (ay) (m t)’“j

kj! a

ijj (Cpgi> (z1 — 22) (t)H

15
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for arbitrary ¢ € [a,t1]. Thus we may continue our estimation above according to

|(7eAn e (0] = hlre (ra)]}) ()] < ZA (7o (o = 22l)) ). 27)

Moreover by Lemma 2.6-(b), (27) and by (a.ii) in Theorem 3.3 the following holds, indeed,
for x1, xo € Cg’*l [a, 1]

L ([ (ran)] = b (r.22)]) (1)

Z T F (bl @ (ren)] = ko (7,22)]) (1)

k=

n—1
C [ll tl] Cg[a,tl]

n—1

! Re(a—oy)—k —
< kzo Zo Aj(Inh) i % 1 (8) = @2 (Ol on1(0,0,) -
—0/=

We conclude that mapping T satisfies

/
|T21 — T372||c(’;*1[a7t1] < wy |z — x2||cg*1[a,t1]
for any functions x1, x5 € C’g—l [a, 1] . Hence, a unique fixed point in space Cg_l [a, t1] exists
and it is explicitly given as a limit of iterations of the mapping T i.e., 3z§ € Cy ' [a,t]
such that
Hm 2 (8) = 25 (Dl or-1pa,e,) = 0,

m——+oo

Thus we deduce that a unique solution z* (t) € C§~ ' [a, ] xists such that

lim |z, () = 2" ()]l gr-110,) = 0,

m——+

where
T (8) =Tl b (0) =20 (), 2™ () =27 (t), 1 =0,1,..., M,

and
1’? (tiJrl) = xfﬂ (ti+1)7 [qu} =U [ti,ti+1] ,a=ty<..<ty=>0.

Step 2. To complete the proof of Theorem 4.2, we show that this unique solution z (t) =
z*(t) € CF " a,b] belongs to the space Cf ’Wnlnl [a,b]. Tt is sufficient to prove that

(CD;"+ x) (t) € C§, 1 [a, b]. Using the estimate (27), we have

(D2, 2m) () = (P2, (1)

= ”h’ [t7 ¥ (t7 xm)] —h [t’ ¥ (t7 x*)] HC,Yyln[a,b]

C'\/,ln[avb]
!
< ; i °Dal (wm (t) — 2* (t))chn[a,b]
: n—l-a;jen—1 *
<3 A [T (@ (1) - 2 (1)
j=0 Cynla,b]
l .
<3 A (n2) T o (1) - 2 (1)
j=0 C[avb]
! (ln g)w n—1 *
< = Aj Re(n—1—o;)I'(n—1—ay) H6 (x’fﬂ (t) -z (t))HC[a,b]
l (ln )w .
< ZJAJ Fe=imayrm=i=ay 1%m (&) =" O)llgn-1pa
=

16
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It is clear that the right hand side of the above inequality approaches to zero indepen-
dently. Hence,

C'y mla,b]

lim
m——+oo

(22 wm) 0= (“D2,0%) ()]

Consequently, a unique solution z* € Cgf’fl;l [a,b] of equation (21) exists. The second

part of the theorem can be proved analogously. O

Corollary 4.3. Under the hypotheses of Theorem 4.2 with v = 0. Then there exists a
unique solution z* (t) € Cy~" [a,b] to the Cauchy problem (19)-(20).

Proof. The above Corollary can be demonstrated in a similar way to that of Theorem
4.2, using the following inequality

|72, e an] - Al a2 )]

Cltitit]
n-l | (ln "ifil )Rc("‘_“j)—k
=& Z Aj oo, omta—a;—m 171 (8) = 22 Ollcgr, g, -

fori=0,1,.... M, a =tg, b =ty, and

’ <cpg+xm) (t) — (cpg+ x*) (t)’ o <
l Y
(In3) .
;AJ Re (n _ 1 _ CU]) F (n _ 1 _ Oé]) ”xm (t) - (t)”C”_l[a,b] .

O

We can derive the corresponding results for the Cauchy problems for linear fractional
equations.

Corollary 4.4. Let o >0, n = [Re(e)] + 1 and 0 < v < 1 be such that o > 7. Let
leN, a; >0 (j =1,...,1) besuch that conditions in (22) are satistied and let d; (t) € C'[a, b]
(j=1,..,1) and f (t) € Cyn[a,b].

Then the Cauchy problem for the following linear differential equation of order «

(‘pz,2) )+ i d; () (D) () +do () (1) = £ (1) (¢ > a),

with the initial conditions (9) has a unique solution x (t) in the space C?’V"l;l [a, b].

In particular, there exists a unique solution x (t) in the space C?jy”;ll [a, b] to the Cauchy
problem for the equation with \; € R and 5; 20 (j =1,...,1) :

(Dg,2) (1) + Zl: Y (m Z) K (Dgz2) (1) + Ao (m 2) Y W= (t>a).

Proof. The proof is a direct consequence of Theorem 4.2. O

17
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5 Illustrative Examples

We give here some applications of the above results to Cauchy problems with the Caputo
Hadamard derivative.

Example 5.1. We consider the fractional differential equation of the form

B
t m
(CD;"+$) t)=A (1n a) [()]"; t>a>0; Re(a) >0, m>0; m#1, (28)
with A, S € R (A #0), with the initial conditions

(6%z) (a+) =0, k=0,.., n—1. (29)

(a) Suppose that the solution has the folowing form:

x(t)—c<1n2>u7

then, this equation has the explicit solution

(m t>w, o BAma) (30)

a (m—1)

[T(y—a+1) @D
x@_[ANwH)}

Moreover, the condition (29) is satisfied.
Hence z (t) is an eigenfunction if both of y+1 and v —a+1 are not equal to 0 or negative
integer. also using Property 2.3 it is easily verified that if the condition

(B+a)
> —1 31
(m-1)— 7 (31)
holds, this solution z () belongs to C, [a,b] and to C [a, b] in the respective cases 0 < a and
v—a<0.
z(t)eCyla,b] if 0<vy<landO<a,
(32)
z(t)eCla,b] if v—a<O.
The right-hand side of the equation (28) takes the form
P(y—a+1)]™ 0 ( t\7"
hit,z(t)] = | ————= In — .
o [ o)

The function h[t,z (t)] € Cy[a,b] when 0 <~y <1 and ht,z (t)] € Cla,b] when v <0
hit,x (t)] € Cyla,b] if 0<vy <1,
(34)
hit,z (t)] € Cla,b] if ~<O.

In accordance with (31), the following case is possible for the space of the right-hand
side (33) and of the solution (30) :

18
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1. When « > 0 and

m>1, —ma<fB<m-—1—ma, < —aq,
or
O<m<l, m—1-ma<p<—ma > —a.

2. If 0 < a < 1 these conditions take the following forms

m>1, —ma<pg<—aor0<m<1, —a<p<—ma. (35)

3. If « > 1 then

m>1, —mae<f<m—-l—-maor0<m<1l m—1—ma<p<—ma (36)

(b) Now we establish the conditions for the uniqueness of the solution (30) to the above
problem (28)-(29). For this we have to choose the domain G and check when the
Lipschitz condition (7) with the right-hand side of (28) is valid.

We choose the following domain:
N\ 4
G:{(t, r)eR?:0<a<t<h, 0<x<p(lna> , ¢ €R, p>0}. (37)
To prove the Lipschitz condition (7) with
¢ B
ple @] =2 () @), (39)
we have, for any (t,z1) (t,22) € G :
t /H
[h[t,z1] — h[t, z2]] < |A| (111 a) |a7* — 5. (39)
By definition (37), we have
t q
|27 — 28| < mK (lna> |z1 — x|, m > 0.
Substituting this estimate into (39), we obtain

B+(m—1)q
) |z — 22

W[t 21] — B[t 20]| < [N mK (mi

Then the functions & [t,  (¢)] fulfil the Lipschitizian condition provided that f+(m — 1) ¢ >
0.

Proposition 5.2. Let \,f € R(A#0)andm >0 (m # 1),y = (8+ma)\ (m —1). Let
G be the domain (37), where ¢ € R is such that 8+ (m —1)g > 0.

(i) Let 0 < o < 1, if either of the conditions (35) holds, then the Cauchy problem

(CD(CL‘+;5) ) =X <1n Z)B [z (t)]™ and x (ay) =0, (40)

has a unique solution x (t) € C§', |, [a,b] and this solution is given by (30).

19
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(ii) Letn—1 < a <n (n € N\ {1}), if either of the conditions (36) holds, then the problem

(CDm) (1) = A (m 2>ﬁ e ()] and (0*z) (ap) =0, k=0,.., n—1, (41)

has a unique solution x (t) € ngrynlnl [a, b] and this solution is given by (30).

Remark 5.3. If 5 =0, 0 < Re(a) < 1 then the Lipschitz condition is violated in the
domain (37). The Cauchy problem (41) admits of two continuous solutions x = 0 and

wl) = {rmi)w]m <mt> =

Example 5.4. Let us consider the following problem of order a (Re («) > 0)

(D5, (1) = A (m t)ﬁ e ()™ + ¢ <ln Z) A cER (A£0) andv, BER.  (42)

a

Then it is verified that the equation (42) has the solution of the form

t ’Y
s =u(t) v =0 -m. (13)
In this case the right-hand side of 42 takes the form
£\ (Bram)\(1—m)
Rtz (t)] = (A +c) <1n ) : (44)
a

Using the same arguments as in the proof of Proposition 5.2 we derive the uniqueness
result for the Cauchy problem 42.

Proposition 5.5. Let A\, € R(A#0) and m > 0(m 7é 1), v = (B+ma)\(m—1).
Let G be the domain (37), where q € R is such that §+ (m —1)q > 0. Let v = — and let
the transcendental equation

F<O‘+”B+1—a) [Aym+c]—r<1+”8+1> =0,

1-—m
have a unique solution y = p.

(1) Let 0 < a < 1, if either of the conditions (35) holds, then the Cauchy problem

(“ﬂ){jﬂ:) (t) =\ (ln 2)6 [z ()] +c (ln i)l/, z(ay) =0,

has a unique solution z (t) € C§', | [a,b] and this solution is given by (43).

(ii) Let n — 1 < « < m, if either of the conditions (36) holds, then the problem (42)-(29)

has a unique solution x (t) € C'?Wnlnl [a, ] and this solution is given by (43).
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