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1 Introduction
This article deal with the existence of mild solutions to the initial value problem (IVP)

for a class of semilinear evolution equations with fractional order of the form

{ DPu(t) + Au(t) = f(t, u(t)), te],

4(0) = (1.1)

where D? is the standard Caputo’s derivative of order 0 < < 1, J = [0, 1],
A:D(A) C X — X is a linear closed densely defined operator, -A is the infinitesimal
generator of a Cy-semigroup 7(£)(t > 0) of operators on X, f : ] x X — X is continuous
and u is an element of the Banach space X.

Differential equations of fractional order have recently proved to be valuable tools in
the modeling of many phenomena in various fields of science and engineering. Indeed,
we can find numerous applications in viscoelasticity, electrochemistry, control, porous
media, electromagnetism, etc. (see [1-5]). There has been a significant development in
the study of fractional differential equations and inclusions in recent years; see the
monograph of Kilbas [6], Lakshmikantham [7], Podlubny [4], and the survey by Agar-
wal [8]. For some recent contributions on fractional differential equations, see [9-15]
and the references therein.

Very recently some basic theory for the initial value problems of fractional differen-
tial equations involving Riemann-Liouville differential operator of order 0 <g < 1 has
been discussed by Lakshmikantham and Vatsala [16-18].

Among the previous research, only a few be concerned with evolution equations of
fractional order under noncompactness conditions. for some recent and deeper results
on fractional differential equations under noncompactness conditions, see [19,20]. In
this article, we prove the existence of mild solutions for the IVP (1.1) under
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noncompactness measure condition of nonlinear term f. For the details of the defini-
tion and properties of the measure of noncompactness, see [21].

The rest of this article is organized as follows: In Section 2, we recall briefly some
basic definitions, lemmas and preliminary facts which are used throughout this article.
The existence theorems of mild solutions for the IVP (1.1) and their proofs are

arranged in Section 3.

2 Preliminaries
In this section, we introduce preliminary facts which are used in what follows.

Let ([B XX, ||'||u3(>’<)) be the Banach space of all linear bounded operators on X.
Throughout this article, let -A be the infinitesimal generators of a Cy-semigroup T(¢)(¢
> 0) of bounded linear operators on X. Clearly

M:= Stlg) ”T(t) ”[B(x) < o0. (2.1)

Let P be a cone in X which define a partial ordering in X by x < y if and only if y -
xe€ P.If x <yand x = y, we write x <y.

P is said to be normal if there exists a positive constant N such that # < x < y implies
[lx]l < Nlyll, where 8 denotes the zero element of X.

Denote by C(J, X) the Banach space of all continuous functions x:J — X with
norm lIxllc = 3:33 ||x(t) ” Set Pc := {x e C(J,X):x(t) >0 fort e ]}, then P is a cone

in space C(J, X) , and so, C(J, X) is partially ordered by Pc: u < v if and only if v - u
€ Pg,ie., u(t) < v(t) forte J.
Now let @4 be the Mainardi function:

R
p() = nXO: nl (—n+1—p)° @2
then
$g(t) = 0forall t > 0; (2.3)
/Qﬂ(t)dt= 1; (2.4)
0
r I'(1+n)
TP dt = , 0, 1]. 2.5
O/t swac= D e o) @5)
For the details we refer to [20-22].
We set
Sp(t) = / Qp()T (rtf) dr, (2.6)
0

Ps(t) = /ﬂrtbﬁ(r)T (rt?)dr. (2.7)
0



Fan and Mu Advances in Difference Equations 2012, 2012:49 Page 3 of 10
http://www.advancesindifferenceequations.com/content/2012/1/49

Then we have the following result.
Lemma 2.1 [23,24]. Let Sg and Pg be the operators defined, respectively, by (2.6)
and (2.7). Then

() |Sp()ul| <M lull;

Ps(t)ul <M lull for all 4 € X and ¢ > 0.

B

rpg+1)

(if) The operators Sg(t)(t = 0) and Pg(t)(t = 0) are strongly continuous.

Definition 2.2. A Cy-semigroup R(£)(¢ = 0) in X is said to be positive, if order
inequality R(£)x > 6 holds for each x > 0, x € X and ¢ > 0.

Remark 2.3. According to (2.6), (2.7) and Definition 2.2, if T(¢)(t = 0) is positive,
then Sg(t) and Pg(t) are also positive.

Definition 2.4 [25,26]. Let Sg and Pg be operators defined, respectively, by (2.6)
and (2.7).

Then a continuous function u : J] — X satisfying for any ¢ € [0, 1] the equation

t

u(t) = Sp(t)uo + / (t— S)ﬂil[Pﬂ(t —5)f (s, u(s))ds, (2.8)

0

is called a mild solution of the problem (1.1).
Lemma 2.5. Let T(¢)(¢ > 0) is positive, Sg and Pg be the operators defined, respec-
tively, by (2.6) and (2.7), v, w € C(J, X), f e C(J x X, X) and

(1) v(t) = Sp(1)v(0) +({t(t —5)P TPy (¢ = s)f (s, v(s))ds,

(2) w(t) > Sp(t)w(0) +/(t—s)ﬁ_lﬂDﬂ(t—s)f(s,w(s))ds, 0<t<1,0<t<1,

one of the foregoing inequalities being strict. Suppose further that f{¢, x) is nonde-
creasing in x for each ¢ and

v(0) < w(0). (2.9)
Then we have
v(t) <w(t), 0<t=<1. (2.10)

Proof. Suppose that the conclusion (2.10) is not true. Then, because of the continu-
ity of the functions involved and (2.9), it follows that there exists a t; such that 0 <¢; <
1 and

v(t1) =w(th), v(t) <w(t), 0<t<t. (2.11)
Since v(0) <w(0) and Sg(t) is positive, so

Sp(t)v(0) < Sp()w(0), 0<t=<t. (2.12)
Similarly, using the nondecreasing nature of fand (2.11), we obtain

P (t1 —s)f(s,v(s)) < Pg(ti —s)f(ssw(s)), 0<s<t. (2.13)
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Without loss of generality, let us suppose that the inequality (2) is strict, according to
(2.12) and (2.13) we get

w(t1) > Sp(t1)w(0) + / (tx —s)ﬁfl[P,g(tl — 5)f (s, w(s))ds
0

> Sg(t1)v(0) + / (t1 — s)ﬁ_l[P,g(tl —8)f (s, v(s))ds
0

> v(t1),

which is a contradiction in view of (2.11). Hence the conclusion (2.10) is valid and
the proof is complete.

Let a(-) denotes the Kuratowski measure of noncompactness of the bounded set. For
any B C C(J, X) and t € ], set B(t) = {u(t) : u € B} C X. If B is bounded in C(J, X),
then B(t) is bounded in X, and o(B(t)) < o(B).

Lemma 2.6 [27]. Let D ¢ X be bounded. Then there exists a countable set D, € D,
such that o(D) < 2a(Dy).

Lemma 2.7 [28]. Let H C C(J, X) is bounded and equicontinuous. Then

a(H) = «(H(])) = maxa(H(t)).
Lemma 2.8 [28]. Let H be a countable set of strongly measurable function x: ] — X

such that there exists an g € L(J, [0, +o0)) such that ||x(¢)|| < g(¢) a.e. t € ] for all x €
H. Then a(H(t)) € L(J,[0,+c0)) and

o /x(t)dt xeHp | < 2/a(H(t))dt.

J J

Lemma 2.9 [29]. Suppose b > 0, ¢ > 0 and a(¢) is a nonnegative function locally
integrable on 0 < ¢ <T (some T < ), and suppose x(¢) is nonnegative and locally

integrable on 0 < t <T with
t
x(t) <a(t)+b f (t — 5)7 ' x(s)ds
0

on this interval; then

x(t) < a(r) + f [Z (brr((";)) s)"qla(s):| ds, 0<t<T.

Lemma 2.10 [21]. Let X be a Banach space and Q is a bounded convex closed set in
X, Q: Q — Q be condensing. Then Q has a fixed point in Q.

3 Main Results
Theorem 3.1. Let X be an ordered Banach space, whose positive cone P is normal,

f e C( x X, X). Suppose that the following conditions are satisfied:

Page 4 of 10
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(H1) T(t)(t = 0) is equicontinuous, i.e., T(£) is continuous in the uniform operator

topology for ¢ > 0.

(H2) There exists a constant L > 0, F?g’iﬁ) < 1 such that

a(f(t,D)) < La(D), foranyteJand D C B,,

where B, = {u e C(J,X)} : ullc <7} ..
(H3) There exists a function u(t) € L™(J,R") such that

If(tu)| < mw(r), foralltejandueX.

Then the IVP (1.1) has a mild solution in C (J, X) .
Proof. Let

Q={ueC( X): lulc <R},

where

el (g, re
R>M ' .
> (||u0||+ FB+1) )

Define the operator Q : Q — C(J, X) by
(Qu)(t) — Sp(t)uo + / (t— S)ﬂil[Pﬁ(t — s)f (s, u(s))ds. (3.1)
0

It is obvious that the mild solution of the IVP (1.1) is equivalent to the fixed point of
Q. Then we proceed in two steps.

Step 1. Q: Q — Q.

In view of (2.1), (H3) and Lemma 2.1, we have for u e Q and t € J,

l(Qu©)] = [Ss(0)uo] + /(t—S)’sflﬂDﬂ(t—S)f(S,u(S))dS
0

< Mol + F(ff ) / (0 — )P p(s)ds

<M (||Uo|| + ”?P;Nj’f)”)
<R,
that is
IQullc < R.
S0 Q: Q- Q.

Step 2. Q : Q — Q is condensing.

First, by using analog argument performed in [30], one can prove Q({) is equicon-
tinuous, we omit it here.

For any B € ), by Lemma 2.6, there exists a countable set B; = {u,} € B, such that

a(Q(B)) < 2 (Q(By)). (3.2)

Page 5 of 10
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Since Q(B;) € Q(L) is equicontinuous, in view of Lemma 2.7
@ (Q(BY)) = maxa (Q(B1)(Y) 63

For t € J, according to Lemma 2.1, Lemma 2.8 and (H2), we have

@ (Q(B1)(1) = ( Sﬁ(t)uo+/(t—5)ﬁ Py (t — $)f (s un(s))ds
( f(t — 5)P 7 P (t — 5)f (s, un(s))ds
Z/U—ﬂﬂl (Pat = )f (s un()})ds
0
= F(2;\4+/31) f (=) e (f(s Br(s))) ds
0
2MLB t 51
< a(B) [ (t—s)"" ds
rp+1) 0[
2ML
= rg+ )P
So, we can conclude that
@ (@QBO) = 0 @B 54

Thus, a combination of (3.2), (3.3), and (3.4) gives that

a(Q(B)) < F&NiL a(B). (3.5)

1)
From (H2), Q : Q — Q is condensing.
Finally, Lemma 2.10 guarantees that Q has a fixed point in Q.
Now we discuss the existence of minimal and maximal mild solutions for IVP (1.1).
Theorem 3.2. Let X be an ordered Banach space, whose positive cone P is normal
with normal constant N, T(f)x >6 holds for each x >0, xe X and ¢t > 0,
feC(d x X X).If conditions (H1)-(H3) and the following condition are satisfied:
(H4) t € ], uy < u, implies fit,uy) < fitus).
Then the IVP (1.1) has minimal and maximal mild solutions in C (J, X) .

Proof. Let

f<-v<gp<épi1<---8<¢&, n=12.,
where

leall <8 and  lim el = 0. (3.6)
Set

Q= {ueCy®): lulle < Ri},
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where

0 +8
R, >M[||u0||+8+ lieliey ]

rB+1)

We consider the following fractional evolution equation

{Dﬂu(t) +Au(t) = f(t, u(t)) +en, tej,
u(0) = ug + &p,

by Lemma 2.4, if u(t) is a mild solution of IVP (3.7), then
t
u(t) = Sp(t) (uo + &4) + f (t— s)ﬂ_l[P,g(t —5s) [f(s, u(s)) + en] ds.
0
It follows from (3.6), (3.8), (H3) and Lemma 2.1 that

M o S ;
Juo] < M (ol + )+ (029 +2) / (t—s5)flds
0

rg+1)

MB ([l re) + 6
< M (lluoll +8) + (F(ﬂfl)) )
< Rl.

Thus
llullc < Ry.

From the proof of Theorem 3.1, we know that the IVP (3.7) has a mild solution u

(t,gn) in Ql~
By (3.8), we know that

t

u(t, en) = Sp(t)u(0, n) + / (t =) 'Py(t —s) [f (s, u(s, &n)) + £a]ds,

0
where
u(0, &,) = Up + &p.
This yields

u(0,&,) <u(0,&4-1), n=2,3, ..

u(t, £2) = Sp(t)u(0, 82)+/(t—s)ﬁ_1ﬂ),§(t—s) [f (s, u(s, £2)) + e2] ds,
0

t

u(t, &1) =S,g(t)u(O,sl)+/(t—s)’s_lﬂ’,3(t—s) [f (s u(s e1)) +e1] ds

0

> S,g(t)u(O,sl)+/(t—s)’3_1ﬂ’,3(t—s) [f (s, u(s, e1)) + e2]ds.
0

(3.7)

(3.8)

Page 7 of 10
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Combining (H4) with Lemma 2.5, we have
u(t,e2) <u(ter), tel.
Hence
s<u(t,en) <u(t en—1) <--- < u(t e2) <uft er). (3.10)
Let
V(t) = {u(t, en):n=1,2, }, et)=a(V(t), tel.
From (3.9), (H2), Lemmas 2.1 and 2.8, we have

p(1) = a(V(1))

t

-« Sﬂ(t)u(o,en)+/(t—s)ﬁ_1ﬂ°ﬁ(t—s) [f (s u(s, en)) + &n] ds

0

<a /(t—s)ﬁ_l[Pﬁ(t—s) [f (s u(s, en)) + &n]ds
0

t

< zfa ({(t — Y IPa(t— ) [F(s uls en)) + sn]}) ds

0

IMB | _
slwﬂ+1)Z(r—ﬂﬂlaU@A49D%

IMB | _

This together with Lemma 2.9, we obtain that ¢(f) = 0 on J. This means that V(¢) is
precompact in X. On the other hand, from the proof of Theorem 3.1 we know that Q
(Q;) is equicontinuous, consequently, V is also equicontinuous. By Ascoli-Arzela theo-
rem, we can obtain that V is relatively compact in C(J, X) , and so, there exists a sub-
sequence of {u(te,)} which converges uniformly on J to some u* € C(J, X). In view of
(3.10), we see that {u(te,)} is non-increasing. Let {u(t, ,,)} converge to u*, for i >j, we
have u (t,&n,) < u(t, &), which implies that u* < u(te,). For any € > 0, there exists k
such that

Jut en) =] < -

Thus, for n > ny, we get u* <u(t,e,) <u (t, ank). This, together with the normality

of P, yields that

|u(t, en) —u*| < N |u(t en) —u*| <e
which implies that {u(te,)} itself converges to u#* uniformly on J. So, we have

f(t u(t en)) + & — f(t,u*(t)), n—>o0, te]. (3.11)
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On the other hand, we know that
(t =8PV ||Pa(t — 5) [f (s, uls en)) + &n] | < Mp (Ipellpe +8)(t—s)f7' (3.12)
B P ULS: En =) Lo(J,R+) . .

It follows from (3.9), (3.11), (3.12) and the Lebesgue dominated convergence theorem
that

t

u* = Sp(t)up + / (t = 5)P Py (t — 5)f (s, u*(s))ds.

0

Consequently, #* is a mild solution of the IVP (1.1).
Let u(t) be any solution of the IVP (1.1). It is obvious that

u(0) =up < up + &, =u(0, &,)
u(t) < Sg(t)uo + / (t— 5)571 Pg(t—s) [f(s, u(s)) + sn] ds,

0

u(t, en) = Sp(t)(uo + &n) + / (t— s)’sfl[P,g(t —s) [f(s, u(s, en)) + 8,,] ds.
0

By (H4) and Lemma 2.5, we deduce that
u(t) < u(t, en).

Let n — oo, we have
u(t) < u*(¢).

Thus #* is a maximal mild solution of the IVP (1.1).

Similar to the above proof, one can prove that the IVP (1.1) has a minimal mild solu-
tion in Q;, we omit it here.

The proof is complete.

Remark 3.3. In Theorem 3.2, we do not assume f(t,B,) = {f{it,u) : u € B,} is relatively
compact in X for any t € J and r > 0, therefore, Theorem 3.2 in this article is the
extension of the main result in [15, Theorem 2.1].
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