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Abstract

In this paper, Schauder fixed point theorem, Gelfand-Shilov principles combined with
semigroup theory are used to prove the existence of mild and strong solutions for
nonlinear fractional integrodifferential equations of Sobolev type with nonlocal
conditions in Banach spaces. To illustrate our abstract results, an example is given.
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1 Introduction

We are concerned with the nonlocal nonlinear fractional problem

@(Bu(t)) +Au(t) =f (t, W(2)) + / tg(t, s, W(s)) ds, (1.1)
dte o
b
uw(0) + Y exulty) = uo, (12)
k=1

where %, 0 < a <1 is the Riemann-Liouville fractional derivative, 0 <t <--- <, < g,
C1;...,Cp arereal numbers, Band A are linear closed operators with domains contained in a
Banach space X and ranges contained in a Banach space Y, W(¢) = (B1(£)u(%), . .., B-(£)u(z)),
{Bi(¢):i=1,...,r,t €I=1[0,a]} is a family of linear closed operators defined on dense sets
S1,...,8, D D(A) D D(B) respectively in X into X, f: I x X" — Y and g: A x X" — Y are
given abstract functions. Here A = {(s,£): 0 <s <t <a}.

Fractional differential equations have attracted many authors [1, 6-8, 21, 24, 25, 30].
This is mostly because it efficiently describes many phenomena arising in engineering,
physics, economics and science. In fact, we can find several applications in viscoelasticity,
electrochemistry, electromagnetic, etc. For example, Machado [22] gave a novel method
for the design of fractional order digital controllers.

Following Gelfand and Shilov [20], we define the fractional integral of order & > 0 as

6 (0) = ﬁ / (6 - 51 (s) ds,
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also, the (Riemann-Liouville) fractional derivative of the function f of order 0 <« <1 as

o _ 1 d ! —a
aD[ (t) = ma /ﬂ (t—s) f(S) dS,

where f is an abstract continuous function on the interval [a, b] and I'(«) is the Gamma
function, see also [14, 24].

The existence results to evolution equations with nonlocal conditions in a Banach space
was studied first by Byszewski [9, 10]; subsequently, many authors were pointed to the
same field, see for instance [2—4, 11-13, 19, 28].

Deng [15] indicated that using the nonlocal condition u(0) + &(u) = u to describe, for
instance, the diffusion phenomenon of a small amount of gas in a transparent tube can
give a better result than using the usual local Cauchy problem #(0) = 1. Let us observe
also that since Deng’s papers, the function / is considered

14
() =y culte), (1.3)
k=1

where ¢, k=1,2,...,p are given constantsand 0 < f;, < - - - < £, < a.

However, among the previous research on nonlocal Cauchy problems, few authors have
been concerned with mild solutions of fractional semilinear differential equations [23].

Recently, many authors have extended this work to various kinds of nonlinear evolu-
tion equations [2, 3, 5, 11, 12, 18]. Balachandran and Uchiyama [3] proved the existence of
mild and strong solutions of a nonlinear integrodifferential equation of Sobolev type with
nonlocal condition.

In this paper, motivated by [3, 13, 17, 19], we use Schauder fixed point theorem and the
semigroup theory to investigate the existence and uniqueness of mild and strong solutions
for nonlinear fractional integrodifferential equations of Sobolev type with nonlocal con-
ditions in Banach spaces, the solutions were obtained by using Gelfand-Shilov approach
in fractional calculus and are given in terms of some probability density functions such
that their Laplace transforms are indicated [17].

Our paper is organized as follows. Section 2 is devoted to the review of some essential
results. In Section 3, we state and prove our main results; the last section deals with giving
an example to illustrate the abstract results.

2 Preliminary results

In this section, we mention some results obtained by Balachandran [3], El-Borai [19] and
Pazy [26], which will be used to get our new results. Let X and Y be Banach spaces with
norm | - | and || - || respectively. The operator B: D(B) C X — Y satisfies the following
hypotheses:

(Hi1) B is bijective,
(Hy) B™':Y — D(B) is compact.

The above fact and the closed graph theorem imply the boundedness of the linear operator
AB7!:Y — Y. Further E = —AB™! generates a uniformly continuous semigroup Q(¢), t > 0
such that max;e; [|Q(2)|| < K, Q(t)h € D(A), |[EQ(t)h|| < X|k| for every h € X and all £ €
(0,a], see [29].
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Let A = [|BY|,c= Y% lecl and A = {(u1,..., ) s € X, 0y gl < T
It is supposed that

(Hs) f and g are continuous in ¢ on I, A respectively, and there exist constants M;, M, > 0
such that ||f (¢, W)|| <M, |lg(t,s, W)|| <My forallt €1, (s,£) € Aand W € A,.

Definition 2.1 By a strong solution of the nonlocal Cauchy problem (1.1), (1.2), we mean
a function u with values in X such that
(i) uisa continuous function in ¢ € I and u(t) € D(A),
(ii) % exists and is continuous on (0, 4], 0 < @ < 1, and u satisfies (1.1) on (0, 4]
and (1.2).

Remark 2.1 Let us take in the considered problem B is the identity, the inhomogeneous
part is equal to an abstract continuous function f(£), and the nonlocal condition is reduced

to the initial condition #(0) = uy, i.e.,

DY u(t) + Au(t) = f(2), (2.1)

u(0) = uy. (2.2)

According to El-Borai [17-19], we first apply the fractional integral on both sides of (2.1)
and then using (2.2), we apply the Laplace transform on the new integral equations by con-
sidering a suitable one-sided stable probability density whose Laplace transform is given.
Hence we can conclude that a solution of the problem (2.1)-(2.2) can be formally repre-
sented by

u(t) = /0 £2(0)Q(t%0)uo d6 + /o /0 0(t - )2, (0)Q((t - 9)*6)f (s)dO ds, (2.3)

where ¢, is a probability density function defined on (0, 00) such that its Laplace transform

is given by

f e, (0)do = Z F(i O<a<1lx>0.

0 =0 1+ )

For more details, we refer to Zhou et al. [27, 31], see also [14, 16].
Using Gelfand-Shilov principle [20], it is suitable to rewrite (1.1), (1.2) in the form

— L ‘ _ )1
Bu(t) = Bu(0) + r@ /o (t—n)
n
X [—Au(n) +f(n, W(n)) + /0 g(n,s, W(s)) dsi| dn, (2.4)

where I'(«) is the Gamma function.
According to [17-19], the equation (2.4) is equivalent to the integral equation

t n
Bu(t) = ¥(£)Bu(0) + /0 O(t - n)|:f(n, W(n)) + /(‘) g(n,s, W/(s)) ds] dn, t>0, (2.5)
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where
W) = f £ (0)Q(%6) db,
0
() = a/met“‘lga(G)Q(t“O)dH.
0

It is assumed that there exists an operator ¥ on D(y) = X given by the formula
» -1
¥ = [1 + chBI\IJ(tk)B:| ,
k=1

satisfying Y uo € D(B) and for k=1,...,p

73 n
W / Blo(t - n)[f(n, W(n)) + / g(n,s, W(s)) ds:| dn € D(B),
0 0

also
(Hy) KA|IBYuo||[A2K2ca® || By || + AKa*](M; + aM,) < T.
Further we assume

(Hs) There is a number y € (0,1) such that
K;
| Bty Q)| < 7 Wnl,
1

where t; € (0,4], t; € I, h € X and K] is a positive constant, i =1,...,r.
(He) The functions Bi(t)h, ..., B,(t)h are uniformly Holder continuous in t € I for every
element /2 in (), S;.

Suppose that {Q(t)} is a Co-semigroup of operators on X such that ||[B2Q(t;)B|| < Ce %%,
where § is a positive constant and C > 1. Noting that fooo L4(0)db =1 (see [14, p.4]).
If Y0 lele™®™ < &, then || Y4, cxB' ¥ (#)B|| <1, which achieves that ¥ exists on X.

3 Main results

The following is different from [3, 19, 26] and represents the new result.
Lemma 3.1 Ifu is a continuous solution of (2.5), then u satisfies the integral equation
u(t) = B () Byrug

p
- B U (@)BY
k=1

s

X /Otk Bt —s) [f(s, W(s)) + /(;

+ / Blo@t-s) [f(s, W(s)) + / g(s, n, W(n)) dn} ds. (3.1)
0 0

g(s,m W(n) dn] ds
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Proof Using (2.5) and (1.2), we get
p p p p
Y aBu(te) = Y cxW(t)Buo - Y kW (t)B Y culty)
k=1 k=1 k=1 k=1

p 174 s
(L - , W n, W dn | ds.
+k2=1:0k /0 (tx S)[f(s (s) + /0 g(s,n, W) n} s

Then

p p p p t
Z cru(ty) |:I + Z ckB_l\I/(tk)B] = Z cx B\ (#)Bug + Z c/(f ‘ Bld(t —s)
k=1 k=1 k=1 k=1 VO
X [f(s, W (s)) + /0 g(s,m, W) d'?:| ds.

Thus

p
W(£)Bu(0) = W(t) |:Bu0 - chBu(tk):|

k=1

14
= W(t)Buo - W()BY Y ccB™ W (t)Bug
k=1

p 17 s
- W(t)By Z ck/ ' B d(t; - s) [f(s, W (s)) + / g(sm, W) dn:| ds
o Jo 0

P
= W (£)Byrugy [1//-1 - ckB‘llIf(tk)B:|
k=1

Mm

— U (t)Byr ck/ ‘ Bld(# —s) [f(s, W(s)) + /0 g(s, n, W(r])) dnj| ds.

0

T
i

Hence the required result. d

Definition 3.1 A continuous solution of the integral equation (3.1) is called a mild solu-
tion of the nonlocal problem (1.1), (1.2) on I.

Theorem 3.2 If the assumptions (Hy)~(Hy) hold and W (t) = u(t), then the problem (1.1),
(1.2) has a mild solution on 1.

Proof Let Z = C(I,X) and Zp = {u € Z : u(t) € A;,t € I}. It is easy to see that Z is a
bounded closed convex subset of Z. We define a mapping ¢ : Zy — Zj by

(pu)(t) = B ()Byrug

p 173 s
_ Z B ()Byr / Bty —s) |:f(s, W(s)) + / g2(sm Wn) dn] ds
k=1 0 0

+ /tB—ldJ(t —s) |:f(s, Wi(s)) + /Sg(s, n, Wn)) dn] ds, tel.
0 0

Page 5 of 10
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Noting also that fooo 02,(0)dO =1 (see [14, p.4]), we have

ou)l)| < Ul + 1+ aM, ca
(pu)(®)| < KrMIBYuoll + (My + aMo)A* K ca® || By ||

+ My + aM>)\Ka® <.

We deduce that ¢ is continuous and maps Zj into itself. Moreover, ¢ maps Z, into a pre-
compact subset of Z;. Note that the set Zy(£) = {(pu)(t) : u € Zy} is precompact in X, for
every fixed ¢ € I. We shall show that ¢(Zy) = S = {pu : u € Zy} is an equicontinuous family
of functions. For 0 < s < £, we have

[(@u)(®) - (pu)(s)||
< [MIBYuoll + cA*Ka® (M + ady) | By |]|| W () — W(s)||

t
+ MMy + aMz)/ || O(t-n) || dn

+ MM + aMz)/o ||d>(t— n) — O(s - n)” dn.

The right-hand side of the above inequality is independent of u € Z; and tends to zero
as s — t as a consequence of the continuity of W(¢) and ®(¢) in the uniform operator
topology for ¢ > 0. It is clear that S is bounded in Z. Thus by Arzela-Ascoli’s theorem,
S is precompact. Hence by the Schauder fixed point theorem, ¢ has a fixed point in Z,
and any fixed point of ¢ is a mild solution of (1.1), (1.2) on I such that u(t) € X for all
tel g

Theorem 3.3 Assume that
(i) Conditions (H1)~(Hg) hold,
(ii) Y is a reflexive Banach space with norm || - ||,
(iii) there are numbers L1,L, > 0 and p,q € (0,1] such that

lf e, W) = f (62, W) || < Iy <|t1 — P+ ) |wi- W§|)'

i=1

“g(sl’ m W) _g(SZ’ m W) ” =< L2|Sl - 52|q

Jorall t1,t, €1, (s1,m), (s2,n) € A and all W, W € A, where w; = Biu and w; = Biu'.
Then the problem (1.1), (1.2) has a unique strong solution on 1.

Proof Applying Theorem 3.2, the problem (1.1), (1.2) has a mild solution u € C(I, A;).
Now, we shall show that u is a unique strong solution of the considered problem on 1.
According to (He), Y iy |w;i — w§| is uniformly Hoélder continuous in ¢ € I for ev-
ery element u in (), S; combined with (iii), which implies that t — f(z, W(¢)) and ¢t —
fot g(t,s, W(s)) ds are uniformly Hélder continuous on /.
Set

V() =f(t W)+ /0 g(t,s, W(s))ds.
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From (3.1), the solution u of the considered problem can be written in the form

r 7
u(t) = BYW(t)Byrug — B1W()By ch / kB—lcb(tk —s)V(s)ds
k=1 0
tB‘ICD —$)V(s)ds.
+/0 (t-s)V(s)ds

Noting that W and ¢ are bounded, using our assumptions, we observe that there exists a
unique function V € C(/, X) which satisfies the equation

d® (Bu(t))

T +Au(t) = V(¢).

Also as in [19, p.409], we deduce that
t
/ B ®(t —s)V(s)ds € D(E)
0
for all £ € I and Yuy € D(E). It follows that u(t) € D(E) for all t € I. O

4 Example

Consider the nonlinear integro-partial differential equation of fractional order

[ 41<am by(x)Diu(x,t)

] + Z aq(x)DIu(x,t)

ot
lgl<2m
t
=F(x,t, W) + / G(x,t,5, W(s)) ds, (4.1)
0
with nonlocal condition
p
u(x,0) + ) cxulx, i) = g(), (4.2)
k=1

where0<a51,0ftl<---<tp§a,xeR”,DZ=DZ}---DZZ,Dxi=Bix,qz(ql,...,qn) is

an n-dimensional multi-index, |q| =q1 + -+ + g, W = (wy,...,w,),

wiw,t)= Y by, (%, )DIu(x, 1) + /Q > cq @ )DIuly,t)dy,

lgl<2m-1 lgl<2m-1

and 2 is an open subset of R”. Let L,(R") be the set of all square integrable functions on R”.
We denote by C™(R") the set of all continuous real-valued functions defined on R” which
have continuous partial derivatives of order less than or equal to m. By CJ'(R") we denote
the set of all functions f € C"(R") with compact supports. Let H”(R") be the completion
of CjJ'(R") with respect to the norm

Il = 22 /R D) dx.

lgl<m

Page 7 of 10
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It is supposed that

(i) The operator E = — ZI dl=2m eq(x)DZ is uniformly elliptic on R”. In other words, all the
coefficients e;, |q| = 2m are continuous and bounded on R”, and there is a positive number
¢ such that

(1™ Y e (w)ET > clE

lq|=2m

forallx € R” and all§ #0, & € R", where e, =agb,', 7 =& --- & and [E* = &7 +-- - +£7.

(ii) All the coefficients e;, |g| = 2m, satisfy a uniform Hélder condition on R”. Under
these conditions, the operator E with the domain of definition D(E) = H*"(R") generates
an analytic semigroup Q(t) defined on L,(R"), and it is well known that H*"(R") is dense
in Y = Ly(R"), see [17, p.438].

Lemma 4.1 The solution representation of (4.1), (4.2) can be written explicitly.

Proof Let {E,(x) : |q| < 2m} be a family of deterministic square matrices of order k and let
L(x,D) = {E;(x) : |q| = 2m}. We assume that

det{(-1)"L(x,0) = AI} =0

has roots which satisfy the inequality Re A < —§, 6 > 0 for all x € R” and for any real vector
0,07 ++--+02=1.1If O is a matrix of order m x n, then we introduce |0| = Zz}j byl

It is well known that there exists a fundamental matrix solution Z(x, y, £) which satisfies
the system

du(x,t)
at

L(x,D)u(x,t), t>0,x€R",

N
u(x, ty) + Zciu(x, L) =gx).

i=1

This fundamental matrix also satisfies the inequality

’DZZ(JC,J/, t)’ = I<lt_p1 exp(_1<2p2)!

1
where |g| < 2m, p; = —”;‘Z', p2 = iy | — yil* w1, & = 22 and K, K, are positive

constants. From [13, p.58], if the nonlocal function g(x) is an element in Hilbert space
H*"(R"), then we can write

Qg = [ 2Lx-3.000)ds.

It can be proved that

M
|PiQ®e] = 5 lell

where 0 < B8 <1, M is a positive constant, |g| <2m -1, >0 and ||g||2 = fR” gz(x) dx.
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([17]) The nonlocal Cauchy problems (4.1), (4.2) are equivalent to the integral equation
u(x, t) :/ La(0)Q(x — &,t%0)u(,0) d& do
0o Jrr

t oo _ )1 _ e
+a./o /o /Rne(t N*a(0)Q(x - &, (£ - n)*0)
X I:F(f,n, W) + /n G(&,m,5 W(s)) dsi| dg db dn,

0

where the explicit form of Q is given by

2
e*\x\ /4t

Qx,t) = m,

x> = x2 + x% + --- + 2. Applying Theorem 3.2, we achieve the proof of the existence of
mild solutions of the problems (4.1), (4.2). In addition, if the operators F and G satisfy the
following:

(iii) There are numbers L, Ly > 0 and 0 < p,q < 1 such that

3 /|F(x,t,Dgw)—F(x,s,DZW*)Fdx5L1(|t—s|1”+Z|w,-—wj|2dx)
RVI

Igl<2m-1 i=1

and

3 /|G(x,t,r),Df{W)—G(x,s,n,DzW/)|2dx§L2|t—s|q
lql<2m-17 K"

forallt,s €1, (t,n),(s,n) € A, W,W € A, and all x € R". Then applying Theorem 3.3, we
deduce that (4.1), (4.2) has a unique strong solution. O

5 Conclusion

In this article, a new solution representation for Sobolev type fractional evolution equa-
tion has been proved using Deng’s nonlocal condition, a suitable explicit form of the semi-
group has been discussed. Moreover, the existence result of mild solutions for nonlinear
fractional integrodifferential equations of Sobolev type with nonlocal conditions in Ba-
nach spaces has been established by using Arzela-Ascoli’s theorem and Schauder fixed
point theorem. Further, the uniformly Holder continuous condition has been applied for
the existence of strong solution.
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