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Abstract

In this paper, we prove existence and uniqueness results for a mixed initial value
problem which contains Hadamard derivative and Riemann-Liouville fractional
integrals by using standard fixed point theorems. Examples illustrating the results are
also presented.
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1 Introduction

Fractional differential equations involving Riemann-Liouville, Caputo and Hadamard type
derivatives have been extensively studied by several researchers. The existing literature
on the topic is quite enriched now and covers its theoretical aspects and wide range of
applications. The tools of fractional calculus are effectively applied in modeling many en-
gineering and scientific processes and phenomena. Examples include physics, chemistry,
aerodynamics, electrodynamics of complex medium, polymer rheology, economics, con-
trol theory, signal and image processing, biophysics, blood flow phenomena, etc. [1-3].
For some recent developments on the topic, see [4—7] and the references therein.

Recently, Caputo and Fabrizio [8] introduced a new definition of fractional derivative
without singular kernel. For details and applications of this concept, see [9-11].

The Hadamard fractional derivative, introduced by Hadamard in 1892 [12], differs from
the Riemann-Liouville and Caputo derivatives in the sense that the kernel of the integral
(in the definition of Hadamard derivative) contains a logarithmic function of arbitrary
exponent. Details and properties of the Hadamard fractional derivative and integral can
be found in [2, 13-15]. For some recent works on the subject, we refer the reader to the
works [16-24].

In this paper, we consider a new class of mixed initial value problems involving
Hadamard derivative and Riemann-Liouville fractional integrals given by

D(x(t) = 0 1Pihi(t, x(2))) = g(t, x(8), Kx(t)), te]:=[LT],

D=0, 1.1)
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where D* denotes the Hadamard fractional derivative of order «, 0 < o <1, I? is the
Riemann-Liouville fractional integral of order ¢ > 0, ¢ € {81, B2, ..., B}, g € C(J x R%,R),
hi e CJ xR, R)with #(1,0) =0,i=1,2,...,m,and Kx(¢) = ffga(t, s)x(s) ds, (t,s) € CJ%,R)
with @o = sup{le(¢,s); (,5) € ] x J}.

Existence as well existence and uniqueness results are proved for the initial value prob-
lem (1.1) by using Krasnoselskii’s fixed point theorem, Banach’s fixed point theorem, and
Leray-Schauder nonlinear alternative. We emphasize that the results obtained in the given
setting are new and contribute significantly to the existing literature on Hadamard type
fractional differential equations. The paper concludes with illustrative examples.

2 Preliminaries
In this section, we introduce some notations and definitions of fractional calculus [1, 2]
and present a lemma needed for the proof of our main results.

Definition 2.1 ([2]) The Hadamard derivative of fractional order g for a function g :
[1,00) — R is defined as

1 a\" i, t\"" g
- 1 - - ) -1 y = 11
F(n—q)(tdt> /1<Ogs) . ds, n-l<qg<nn=[q]+

where [g] denotes the integer part of the real number g and log(-) = log,(-).

Dig(t) =

Definition 2.2 ([2]) The Hadamard fractional integral of order g for a function g is defined

L\ g(s)
qu(t)—ﬁq)\/; (10g;> Tds, q>0;

provided the integral exists.

as

Definition 2.3 The Riemann-Liouville fractional integral of order p > 0 of a continuous
function f : (0,00) — R is defined by

1 t
0= s [ €96 ds
HO= 5 ),
provided the right-hand side is point-wise defined on (1, c0).
The following lemma is obvious [2].

Lemma 2.1 Suppose that 0 <« <1, and functions g, h;, i =1,2,...,m satisfy problem (1.1).
Then the unique solution of the fractional integro-differential problem (1.1) is given by

t a-1 d m
x(t) = —— /1 <log é) g(s,x(s),[(x(s))?s + ;I‘Sihi(t,x(t)), te]. (2.1)

Let E = C(J,R) be the space of continuous real-valued functions defined on J = (1, T
endowed with the norm ||x|| = sup,; [x(£)|.
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3 Main results
The first existence result for the problem (1.1) will be proved by using the Krasnoselskii’s
fixed point theorem [25].

Lemma 3.1 (Krasnoselskii’s fixed point theorem) [25] Let M be a closed, bounded, convex,
and nonempty subset of a Banach space X. Let A, B be the operators such that (a) Ax + By €
M whenever x,y € M; (b) A is compact and continuous; (c) B is a contraction mapping.
Then there exists z € M such that z = Az + Bz.

Theorem 3.1 Assume that

(A1) There exist a constant Ly > 0, such that
‘hi(t,x(t)) - hi(t,y(t))} < L0|x(t) —y(t)|, forteJandx,yeR,i=1,2,...,m

(AZ) |g(t¢x:y)| =< v(t) + M(f)|y|, V(t!xvy) € ] X Rz’ vV, € C(],R+), dl’ld |hi(t:x)| =< Qi(t)J
V(t,x) e] xR, 0; € CJ,R"),i=1,2,...,m

Then the problem (1.1) has at least one solution on ] provided that

Lo Z F(ﬁl + 1)

Proof Setting SUpP;¢; |V(t)| = [vll, SUD¢s |/~’L(t)| = el SUp;¢; |9l(t)| =6, i=12,...,m, we
consider Bg = {x € C(J,R) : ||x|| < R}, where

" (T -nf o (log T) vy (logT)"
R><Zr(,3, 3160+ F Y ||>/(1—<po||u||[r(a) o +1)D

log T

ol Q
y=TJ, lg “duandgl)o”l/«”[% 0%:1 <L

We define the operators Q : Bg — E and T : Bg — E by

_ - ' _q)Bi-ly,.
Qx(t)—;r G /1 (t—9)P " hi(s,x(s)) ds, te], 3.1)
1 [t ot d
Tx(t) = m/} <log§> g(s,x(s),](x(s))?s, te]. (3.2)

For any x,y € Bg, we have

- 1 ' Bi-1|y,.
|Qx(t) + Ty(t)| SET&«) /1 (t - )7 1 (s,x(5)) | ds

Ll d
m/ (1 g;) |g(s,x(s),Kx(s))|?s

m
Z f(t sﬁ’1’9 ‘ds
i=1

1

t t a-1 d
@) /1 (log;> (VO] + 15[ Kx(5)]) =
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(log T) (log T)*
_ZF(& ||l|| Mo )”””WO”“”R[F(a) F(a+1)]

<R

Next we will show that 7 is continuous and compact. The operator 7T is obviously con-
tinuous. Also, 7 is uniformly bounded on By as

(log T)*
[(a+1)

l o
1Txl < y_, loeT) }

Iv ||+||M||¢0R[F( e |

Let 71,72 € J with 71 < 72 and x € Br. We define sup, )</ g, x5, 1€(6:%,Y)| = g < 00. Then
we have

|Tx(12) - Tx(11)|

n )\ ds
‘r(on (102) eloronke)

k51 a1 d
F(a) 1 (1og%> g(s,x(s),](x(s))f

_ I+ el goR(T
- Mo +1)

Dl logr)” - (log )],

which is independent of x and tends to zero as 7, — 77 — 0. Thus, 7 is equicontinuous. So
T is relatively compact on Bg. Hence, by the Arzeld-Ascoli theorem, 7 is compact on Bg.
Now we show that Q is a contraction mapping. Let x,y € Bg. Then, for ¢ € J, we have

|Qx(t) - Qy(e)| < / (6= 9P o (5,2(5)) = h(5,9(5)) | ds

1"(/3;

m 1 t
Lolx -y —s)fitd
= Lollx =l - r(/s,-)/l(t 7 ds

T-1
< Lollx~ yllz(m -

Hence, by the given assumption, 7 is a contraction mapping.
Thus all the assumptions of Krasnoselskii fixed point theorem are satisfied, which im-
plies that the problem (1.1) has at least one solution on J. O

Theorem 3.2 Assume that h; : [1,T] x R - R, i =1,2,...,m, are continuous functions
satisfying the condition (A;). In addition we assume that

(A3) |g(t!x1y) —g(t;J_C,J_’” E Lllx_‘;d +L2|y_5/|7 Vt E/, L17L2 > 07 x,J_C,}/,}_/ € R

Then the problem (1.1) has a unique solution if

(T -1k (log T)~ y  (logT)*
A LOZ ﬁ,+1 1I‘(oz+1)JrLZ%[I‘(oz)+I’(oz+1)]<1

Proof Let us fix sup,; 71 1g(¢,0,0)| = N, sup,c(y 77 [1:(2,0)| = K, i =1,2,...,m and choose

r> %, where M = Zi 1 K (rTﬂlH + N(ll,o(iT} Then we show that FB, C B,, where B, =
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{x € C(J,R) : ||x|| < r} with the operator F: C([1, T],R) — C([1, T],R) defined by
(Fx)(t) = )/ (log ) S,x(s) Kx(s) — + Zlﬂl tx(t)) te]. (3.3)

For x € B,, we have

|(Fx)(2)|
- 1 ! Bi-1|p,.
= g | £ 0o s

1 t t a-1 d
T /1 (log;) |g(s,x(s),Kx(S))|?s}

ft:upﬂ{ iy 9 s 50) - s 0) 4 s 0 s
1 t t a-1 d
T fl <1°g;> (g (s x(s), Kx(s)) = g(5,0,0)] + |g(s,0, 0)|)?S}
Z (Lr+K)+(L N)ﬂ Loy ¥, (ogT)"
F(ﬂl 0 1r Tla+1) 2900 r@ " Tar)

=Ar+M<r,

which implies that FB, C B,.
Now, for x,y € C([1, T],R) and for each t € [1, T], we obtain

|(Fx)(2) - (Fy)(0)|

Bi-1
< o |30 [ o) e
1 t a-1 J
+m/; (logg) |g (s, %(s), Kx(s)) —g(s,y(s),](y(s))|?s}

(T-nk 7, dog I vy (logT)
: {L"Z FE+D T+ +L2¢°[W " T +1)””x_y"'

Therefore ||Fx— Fy|| < Allx—y||,and as A <1, F is a contraction. Thus, the conclusion of

the theorem follows by the contraction mapping principle (Banach fixed point theorem).
O

Our final existence result is based on the Leray-Schauder nonlinear alternative [26].

Lemma 3.2 (Nonlinear alternative for single valued maps [26]) Let E be a Banach space,
C a closed, convex subset of E, U an open subset of C and 0 € U. Suppose that F : U — C is
a continuous, compact (that is, F(U) is a relatively compact subset of C) map. Then either
(i) F has a fixed point in U, or
(ii) thereis a u € AU (the boundary of U in C) and X € (0,1) with u = LF(u).
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Theorem 3.3 Assume thatg: (1, T] x R? — R is a continuous function and the following
conditions hold:

(Hi) there exist functions p1,p2 € C([1, T],R*), and ¢ : R* — R* nondecreasing such that
\lg(6,%,9)| < 1) Y (X)) + p2 () |y| for each (¢,%,y) € [1, T] x R?;

(Hy) there exist functions q; € C([1, T],R*), and Q; : R* — R* nondecreasing such that
|7 (8, %) < qi(6)2(|x]) for each (t,x) € [1, T] xR, i=1,2,...,m;

(H3) there exists a number Mgy > 0 such that

(1 - Ip2llpol 7y + SEDS M,

)Pi
i rigm el 2 (Mo) + ||p1||wMo)“°iﬂ>

with

Iallgo| L + LTS
p2ligo MNa) Ta+1)
Then the boundary value problem (1.1) has at least one solution on [1, T].

Proof Consider the operator F defined by (3.3). It is easy to prove that F is continuous.
Next, we show that F maps bounded sets into bounded sets in C([1, 7], R). For a positive
number p, let B, = {x € C([1, T],R) : ||| < p} be a bounded set in C([1, T],R). Then, for

each x € B, we have

’(Fx)(t)‘ < Z %}31)/1 (t—s)ﬁ"_1|hi(s,x(s))’ds

F(oz)/ (og ) 2(s,x(5), Kx(s))|

—ZF(,B, ||ql||sz(p>+||p1||w(p)(°g D

Dla+1)
; ||p2||<pop[L  doe TS }
IMNa) TI'a+1)
Thus,
2 (T T)* log T)*
"FXH—Z(F(ﬂ ))||q,||9(r)+||p1||w(p)((f+)1)+||p2||¢op[r() (r(()f+)1)]

Now we show that F maps bounded sets into equicontinuous sets of C([1, T],R). Let
ti,ty € [1, T] with t; < t; and x € B,,, where B, is a bounded set of C([1, T],R). Then we
have

|(Fx)(t2) - (Fx)(tl)‘

3 /tz—s)ﬁllh(sx ds—i )/ tl—sﬁllh(s,())d

S

i-1 l 1 i=1

1 5] ¢ a-1 J
+’m /1 <1og;2> g(s,x(s),](x(s))?s
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1 i 4 a-1 s
"t /. (log;) g(s,x(s),l(x(s))?‘

< Z ||qi_[|(§; {/Itl[(tz A _s)ﬁi—l] ds+ /fz(tz _s)f1 ds}

4

[Ty (o) T

Ip1ll¥ (o) + lIp2ll@op(T —1)
')

g 6\
+ / (log 2) - ds‘.
51 N
Obviously the right-hand side of the above inequality tends to zero independently of x €

B, asty —t; — 0. Therefore it follows by the Arzela-Ascoli theorem that F: C([1, T],R) —
C([1, T],R) is completely continuous.

The result will follow from the Leray-Schauder nonlinear alternative once we have
shown the boundedness of the set of all solutions to equations x = AFx for A € [0,1].

Let x be a solution. Then, for ¢ € [1, T'], following the computations used in proving that
F is bounded, we obtain

(T -1 (log T)°
|x(f)|—Zr(ﬁ 1a12(el) + o (1)
1 o
sttt L S
a+1)

Consequently, we get

(1- ||P2||<P0[I- + D) | 5
S T el Qu(lel) + ol () S22

In view of (A3), there exists My such that ||x|| # M. Let us set
u-= {x € C([l, T],IR) ]l < Mo + 1}.

Note that the operator F : U — C([1, T],R) is continuous and completely continuous.
From the choice of U, there is no x € dU such that x = AFx for some A € (0,1). Hence,
by the Leray-Schauder alternative, we deduce that F has a fixed point x € U which is a
solution of the problem (1.1). O

4 Examples
In this section, we illustrate the existence results obtained in Section 3 with the aid of

examples.

Example 4.1 Consider the following mixed Hadamard and Riemann-Liouville fractional
integro-differential equation with initial condition:

q=|>~

Zl llﬂl t X(t)))
(VE+logt)|x(t) (1 n log t) ft sin(rr log £)x(s) ds, te [Le%]; (4'1)

lx(t)|+3 3(s2+1)

%+
x(1) = 0.
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Here o = 1/4, B = 2/5, B = 3/5, B3 = 4/5, m =3, T = €2, and

et || 1 1
h(t,x) = — s ho(t,x) = — 1 s
1) ﬁ<1+|xl> (6) 4t(|x|+3+ )'x'

2(logt) 1 (Vt+logt)|x]
3

sin |x|, glt,x,y) = 3 + 13 +9(1 +logt),

h3(t,x) =

sin(rr log¢)
t,8) = ———.
¢(6:9) 3(s2+1)
With the given data, we find that ¢o = 1/6, |h;(t,x) — hi(t,y)| < (1/3)lx —y], i = 1,2,3,
lg(t, %, )| < (1/2) + 24/t + (1 + log¢)|y|, which satisfy (A;) and (A,) with Lo = (1/3), v(t) =
(1/2) + 24/t, and () = 1 + log t. Further, y = 5.059974208,

m .
T -1)%
Lo Z T=-D% _ 0.856880869 <1 and
LB +1)

ool 22—+ 802D T <00837503 < 1.
IMNa) TI'a+1)

Therefore, by Theorem 3.1, the problem (4.1) has at least one solution on 1, e%].

Example 4.2 Consider the initial value problem given by

D2 (x(t) - Y8 IPhy(t,x(£)))

_ 1 xX@®)+10jx()]y , 1 gt el Stx(s) 3
= v oo )+ o/ Toeetap 45+ L€ [Lel, (4-2)

x(1) = 0.

Here w =1/2, 1 =1/2, 82 =3/2,83=5/2, B4 =712, m=4, T = e, and

e—2t

1 1 2
h t, = — 1 ) h ty = i ’
() 20t<1+|x| . )|x| (6= 2 sin

_ 1 3 1 | %]
h3(t’x) = 5(2 +1n t) tan |x|: h4(t>x) = 10 <t + |x| );

(t.x9) 1 x% +10|x| 1 3
» Xy = +=y+ -
S T AT AR

el—st

@(t,s) = (1+8)A + |cos(rws/2)])

Using the given values, we find that g = 1/2, |4;(t, x) — h;(¢, y)| < (1/10)|x—y|,i=1,2,3,4,
lg(t, %, y)—g(t,%,¥)| < (1/10)|x—x|+(1/6)|y — |, which satisfy (A;) and (A3) with L, = (1/10),
L, = (1/10), and L, = (1/6). Since fol uV2e™ du = /7 erf(1), where erf(-) is the Gauss error
function, we have y = 4.06015694. Hence, we obtain A = 0.88873633 < 1. Therefore, by

Theorem 3.2, the problem (4.2) has a unique solution on [1, e].
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Example 4.3 Consider the following initial value problem of mixed Hadamard and
Riemann-Liouville fractional integro-differential equations:

Di (x(t) - Y0, IPihi(t,x()))

= L (B(e) + 1)+ & [ By ds, e (163, (4-3)
x(1) = 0.

Here @ =3/4, 81 =1/2, B, =3/4, B3 =5/4, B, =3/2,B5=7/4, m=5,T = e%, and

it = (—— * ), i=1,2,3,45
i+2logt/\24+i

1 <logt 1> yelt 1+ |sinmst|

— X+ )|+, t,s) =
1722\ 3 72 3 068 = — 2

g(t,x,y) =

With the given data, it is found that gy = 1/5, |g(t,%,y)| < (1/(1 + 2t2))((1/2)|x| + (1/2)) +
(€13) 1yl 1t %)| < (1/(i +21og £))(|x|/(24 +1)),i = 1,2,3,4,5. Clearly the conditions (H;)-
(H3) are satisfied with p1(£) = 1/(1 + 2£2), ¥ (Jx]) = (1/2)(|x] + 1), p2(£) = e7%/3, qi(t) = 1/(i +
2logt), 2i(|x]) = |x|/(24 +i),i=1,2,3,4,5. Moreover, y = 4.681329240, ||p1|l =1/3, ||p21l =
13, llgill = 1/i, i =1,2,3,4,5, l|pallpol a5 + “F"(i f};‘] ~ 0.3529974 < 1. Hence there exists a
positive number My > M, ~ 1.8885976. Therefore, by Theorem 3.3, the problem (4.3) has

3
at least one solution on [1,e2].
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