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FRACTIONAL INTEGRO-DIFFERENTIAL
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Abstract Within this paper, we consider the existence and uniqueness of
solutions for fractional integro-differential equations with state-dependent de-
lay on the Lipschitz continuous function space. Our results are obtained by
using the resolvent operator theory and the generalized Banach contraction
mapping principle. The regularity of solutions of fractional integro-differential
equations with state-dependent delay is also discussed. Finally, an example is
provided as an application.
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1. Introduction

In the process of modeling, the variation of things is not only related to the current
moment, but also to the past moment. Therefore, it is necessary to introduce the
time delay term, that is, the representation of the past state, which can reveal
important features concerning the evolution of the modeled phenomenon. This
kind of equation is called delay differential equation. In some applications, the time
delay term is affected by time variation, and the equation is called time-varying
delay differential equation. Besides that, if the delay term depends on unknown
variables, we call it state-dependent delay differential equation.

In recent years, the differential equation with state-dependent delay is one of
the research hotspot of functional differential equations, such as the maturity of
biological population, the incubation period of virus, the lag effect of drug efficacy
and so on. We can refer to [3,5,8,15,17,18,26,27,33] and references therein. The
earliest research on differential equations with state-dependent delay can be traced
back to an 1806 paper of Poisson in [29], but what really attracts attention is the
two body problem in electric power science, which discussed by Driver in the 1960s.
For more details we refer the reader to [9-11].
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Compared with the ordinary delay differential equation, the differential equation
with state-dependent delay does not have smoothness. But it can further accurately
describe some properties of the system, which makes the research results more
valuable in application. See literatures [1,21]. The time-varying delay differential
equation is usually regarded as a linear approximation of the differential equation
with state-dependent delay. Therefore, the dynamics and analytical properties of
the latter are more complicated.

In practical application, the following model with state-dependent delay was
often used in population dynamics, see [4,7,13,14],

2(t, ) = DNz(t,s)+ L (t,/o k(t,s)z (s — &(s,2(s,),5)) ds) , te]0,a,

z(t,) loe=0,
Z(s,c) = (,O(S,C), s € [_pv 0}7

where Q2 C R"™ is open, bounded and has smooth boundary. A is the Laplacian
operator in the sense of distributions. £ is continuous function. ¢ € Q and k €
C([0,a] x [0,a];R).

In [6], Cooke and Huang interpreted the local stability of the single bottle-
neck network by applying the formal linearization result for equation with state-
dependent delay,

0
dut)/dt = f(u, [ dn(s)glun(=r(u) + ).
—ro
where f : C([-r,0];R") x R" — R", g : R — R" are continuously differentiable.
7: C([-r,0);R™) = [0,71](ro+71 < r) is continuous, and 7 is the bounded variation
on [—ro,0].

Recently, E. Herndndez and J. Wu in [20] discussed the existence and unique-
ness of C1T® strict solutions for the following abstract integro-differential equa-
tions with state-dependent delay by means of the Banach contraction principle in
Crip([—p, a]; X) space,

u'(t) = Au(t) + F(t,u(t),/o K(t,m)u(o(r,u(r)))dr), tel0,al,
uo = ¢ € C([-p, 0]; X),

where X is a Banach space, —A : D(A) C X — X is the generator of the analytic
semigroup of the bounded linear operator {T'(t) : ¢ > 0}. K is an operator valued
map and F', o are suitable functions.

Fractional calculus models are of universal application in population dynamics,
electrical dynamics of the composite medium, memory and genetic properties of
many materials. For further account we refer to [23,25,31,32,35]. It is of great
significance in real life to investigate the fractional equations with state-dependent
delay. Examples include oil exploration, 3D printing and so on. Therefore, the
fractional equation with state-dependent delay has become the focus of many re-
searchers.

However, so far, we have not found the results of fractional integro-differential
equations with state-dependent delay in Lipschitz function space. To close the gap,
motivated by the above works, the purpose of this paper is to extend the idea of



Existence, uniqueness and regularity ... 625

the literature [22] to the following fractional integro-differential system with state-
dependent delay,

‘Dix(t) + Ax(t) = Z (t, xy(t,2,), (Gz) (1)), 0<t<T, (1.1)
xo=¢ € Bx =C([-r0;X), —-r<t<O0, (1.2)

where D1 is the generalized fractional derivative of order ¢ € (0, 1) in Caputo sense.
—A: D(A) C X — X is the generator of the analytic semigroup of the bounded
linear operator {T'(¢t) : ¢ > 0} on Banach space X. G is defined as (Gz)(t) =
fot a(t, s, xﬂ(syms))ds, a is continuous function. p and Z are continuous functions to
be specified later. For any continuous function z, we employ z; to represent the
element in Bx, which is defined as z(0) = z(t + 0),0 € [-r,0], ¢t € [0, T]. Here x;
shows that the historical state until time ¢.

The mapping x —— Ty(,zy) 18 generally not Lipschitz, which is the main ob-
struction to get the results of form (1.1)-(1.2) in space C([—r, T]; X). The innovation
of [22] is to give the results of the existence and uniqueness of the solutions on Lips-
chitz function space for a highly nontrivial problem in the framework of semigroups.
The main approach is Banach contraction mapping principle that forms the core of
the proof of Theorem 2.1 in [22].

Compared with the integer order in [22], this article mainly highlights two as-
pects. On the one hand, the integer order is extended to the fractional order by
the theory of resolvent operator. In the process of proving Theorem 3.1, similarly
to [22], we would like to get Qq(-)¢(0) is Lipschitz continuous on the whole interval
[0, T] but that is beyond our reach at this point. To deal with this problem, we first
obtain the internally closed Lipschitz continuity, and then Q,(-)¢(0) is Lipschitz
continuous if the initial value ¢(0) is sufficiently smooth. On the other hand, the
global solutions are achieved and the relevant coefficient conditions are weakened by
applying the generalized Banach contraction mapping principle, rather than the lo-
cal solutions. In addition, we prove the existence of the strict solution of the system
(1.1)-(1.2) by using a necessary and sufficient condition of the strict solution.

The structure of the paper is as follows. Section 2 reviews some symbols, def-
initions and lemmas. Section 3 proves the existence and uniqueness of the mild
solution of the system (1.1)-(1.2) on Cp,([—7,T); X) by the principle of general-
ized Banach contraction mapping. Section 4 gives the results of the strict solution
of (1.1)-(1.2). The last section illustrates the feasibility of the results through an
example.

2. Preliminaries
Let E and F be Banach spaces, R and N be the sets of real numbers and positive

integers. C([0,T]; E) and Cpr;,([0,T]; E) are function spaces, consisting respec-
tively of the continuous functions and Lipschitz continuous functions. C([0,T]; E)

is equipped with the supremum norm ||z|[¢(jo,7);2) = sup |[|2(s)]]. CrLip([0,7T]; E)
s€[0,T]
is endowed with the norm ||z||c,,,(j0,71:5) = |Zllc(o,m;2) + [Zlcw., (0,77 E), Where
z(t) — z(s
[zlcy., (o.m:m) = sup llz(8) = z(s)] < oo.

t,s€[0,T],t#s | t—s |
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Similarly, Cr;,([0,T] x E; F) is endowed with the norm

Izl cpiom1x 57y = I2llco,mx B:F) + [Zlow, (0,11x B;7) s
where [z]c,,, (j0.1)x B:F) = {Sup% (t, ), (s,y) €[0, T] x E, }
Let L(E; F) be the space which is bounded linear operators from E to F L' =
L(E; E) for short. The set B,.(¢; E) :={£ € C([0,T]; E); 1§ — ¢|| <}, Where (b is
the origin and r is the radius.

Throughout the rest of the article, let —A : D(A) C X — X be the generator
of the analytic semigroup of the bounded linear operator {T'(¢) : ¢ > 0} on Banach
space X. Assume that 0 € p(A), where p(A) is the resolvent of A. The space
X1 = D(A) is endowed with the norm ||z||x, = |Az||. Moreover, the fractional
power A¥ 0 < k < 1 can be defined as a closed linear operator on the domain
D(AF). The semigroup {7T'(t) : t > 0} has the following properties:

i) There exists a constant M > 1 such that M := sup |T(¢) |< oc.
0<t<oo

(
( i) For any 0 < ¢ < T and 0 < k < 1, there is a constant M}, such that [|A*T(t) <
k

? .
During the following discuss, we give some concepts needed in this text.

Definition 2.1. ( [28]) Let g € L'([0,a]; X). The Riemann-Liouville integral of
the order v € (0, +00) is characterized as

Ct— 1) g(r
J(Yg(t):/o =) g(m) F)(,y) 9 )dT, t € [0,al,

where I' is the Gamma function.

Definition 2.2. ( [28]) Let m —1 <y < m, m € N, and g € C™([0,a]; X). The
Caputo fractional derivative of order + is given by

t — Fym——1 (m) T
CDgg(t)Z/O t %(m_j) ()dT, t € [0,al.

The integrals in the above definitions can be understood in the sense of Bochner.

Definition 2.3. A function z € C([—r,T]; X) is said to be a mild solution of the
system (1.1)-(1.2) if

Qq(t)9(0) —I—/O (t—s)1" 'R, (t —5)Z (s Ty(sw.) (GT)(s )) ds, t €1[0,T7,
o(t), te[-r0],

x(t) =

(2.1)

where
/ &(0)T(t16)d8, Ry( —q/ 0¢,(0)T(t16)de,

. JRp r 1
s A W

:1

&, is the probability density function defined on (0, c0), i.e., 0 < 6 < 00, () > 0,
and [~ &, (0)d0 = 1.
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Remark 2.1. It is checked that

I'l+v)

v — —qu —
/0 0v¢,(6)do /0 0™, (6)dé T+ q0)’ for all v € [0, 1].

Remark 2.2. In the process of solving the fractional equations, we obtain the well-
posedness of the homogeneous equations by using the resolvent operators theory.
In general, the solution given in terms of the probability density is a special form
of the solution that given by a family of resolvent operators. Therefore, the above
mentioned operators {Qq(t);t > 0} and {R,(t);t > 0} are also a family of resolvent
operators in [2] and [24].

Lemma 2.1. ( [34]) Assume the bounded linear operator {T'(t),t > 0} is the ana-
lytic semigroup and has a generator A on (X, ||+ ||x). The following statements are
valid:

(i) for any fixed t > 0, the operators Q,(t) and Ry(t) are bounded linear,

1Qq(@)all < Mljzll,  [[Rq(t)z| <

——||z||, Vz e X;

(i) for any fizred t > 0, the operators Qq(t) and Ry(t) are strongly continuous;
(i) for any 0 <t < T, ||AQ4(t)z|| < M||Az||, Vo € D(A);
() for any 0 <t < T, ||ARy(t)z|| < ¢Mit~9z|, Vz € X.

3. Existence and uniqueness of mild solutions

In this section, we prove the existence and uniqueness of the solutions of (1.1)-(1.2),
based on assumptions and lemmas as follows.

Now, we assume that (F, || ||g) and (F, | - ||r) are Banach spaces. (E, |- ||g) —
(Fy)l - lp) = (X, || - [|x), where the notation (E,| - ||g) — (X,]| - ||x) is used to
indicate that (E, | - ||g) is continuously embedded into (X, || - || x).

Lemma 3.1. ([19]) Letz, y € Crip([—1, T E), x0 = yo = ¢, and p € Cr;p([0,T] %
Bg;[0,T)). If for any 0 <t < T, u(t,z;) <T and u(t,y.) <T, one has
(i) (), Tugay) € CLip([0,T];BE);
(i1) [z)lop,o.rim ) < max{[zle,,, (o.1:m); [Plow, (—rom
(itt) (200l Crin (0,778 )
< [z0lowyomim e oy o mx s (L [F0lo, (0.r1m0)
() 1T z0y) = Yty loor)e)
< (L+ oleww omip Wl ow, o.m1x8 s:10,71) % 2 = ylleqor;m)-
Lemma 3.2. Suppose that x € E. For any e > 0, Q4(-)x € Cpip([e, T]; E).

Proof. Since x € E and {T'(t),t > 0} is the analytic semigroup, for any 0 < € <
t < T, the result shows that

[Qq(t + h)z — Qq(t)z|| = H/Ooo EO)[T((t+ h)16) — T(tqé?)]deH

S t+h
/0 fq(e)[/t AT (790)xdr0]do
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t+h
< g, / 79 idr g
t

t+h
/ TqilARq(T)IdT
t

< gMilz|t™"h
< qMye™ |z h.

Thus Qq(-)x € CLip([e, T]; E). The proof is completed. O

Remark 3.1. By [ [24], Lemma 4.5], if ¢(0) is sufficiently smooth, that is, ¢(0) €
D(A™) with ng > 1, we have Q4(-)¢(0) € CL;p([0,T]; X). In fact, let A generates a
g-times resolvent family @Q,, then for any © € D(A™),ng > 1, one has

Qq(t)z = + (g4 * Qq) (1) Az
=2+ (gq * (1) Az + (g4 * (9q ¥ Qq)) (1) A%z
— ... + . e

=2+ ggr1 (AT + - + gin1)g+1 (A" T + (gng * Qq) (1) A

Thus,

Q(t)z = gy AT+ - + gu-1)g (DA™ T + (gng—1 * Q) (A"
n—1
= Z 9iq(O) AT + (gng—1 * Qq) (1) A™x.

j=1

By continuous differentiability of Q,(t)x, we can deduce that Q,(-)x is Lipschitz
continuous on [0, 7.

Remark 3.2. Recently, in [17], the authors studied the existence and uniqueness
of solutions as well as the local well-posedness for fractional differential equations
with state-dependent delay on the Lipschitz continuous space. The core point of [17]
and the present paper is that Q,(-)x € Cr;p([0,T]; X), for any € D(A™) (Qq4(-)x
means the same as the S, (-)z in [17]). However, the approaches of the two papers
are different. In [17], assuming that A is an almost sectorial operator, the authors
used resolvent operators of growth § with the Mittag-Leffler function to obtain
Sa()x € CLip([0,a]; X) for all x € D(A™), n is sufficiently large. But in this paper,
we only need to assume that A is an analytic semigroup to directly prove that
Qq()z € Crip([0,T]; X), for any € D(A™) with ng > 1.

The specific conclusions are deduced in this paper under the following assump-
tions:

(H1) The function a : D := {(¢,s) € [0,T] x [0,T] : 0< s <t <T} xBp - FE
is continuous and there are two constants L, > 0 and L} > 0 such that for any
(tiys;) € D,i=1,2, x,y € Bg, we have

la(ti, s1,2) — a(te, s2,yY)|lp < La (| t1 —t2 | + | 51— 82 | +]|z = ylls )
and

*
La - OgrngathT Ha(ta S,O)HE
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(H2) R, € LY([0,T); L(F,E)), Z € C([0,T] x Bg x E;F) and there is a non-
decreasing positive function P, € C([0,T]; R™) such that

1Z(t,z1,91) — Z(s,22,92)|| < P2(0)(| t — s | +]lz1 — 22llm + [lY1 — v2llE),

where for any ¢,s € [0,T], z; € Bs(¢;BEg), y; € Bs(0; E), i =1,2.

(H3) The function p € Cr;p([0,T] x Bg;[0,T]) and p(0,¢) = 0. There is a
constant r* > 0 such that 0 < pu(t,v) <t, for any ¢t € [0,7] and ¢ € B, (¢;Bg) C
Br.

For notational convenience, denote vy := [u]c, . ((0,7]x%B 5:[0,7])s V2 := LaT, v3 =
Lallolls, + L5

(H4) There exists ¢ > 0 such that

P (C(1+ QuiT) (Ar + AoC(1+O) + [Qu ()00, oz <
where

(2+@MT(1 + va + v3)
T2 +q) ’

(2 + q)MTq(l + ’U2)’U1
I'(2+q) ’

A= Ay = and (b(O) € FE.

Lemma 3.3. If the hypotheses (H1) and (HS8) hold, for any x € Cr;y([—r,T]; E),
we have (Gz)(-) € CL;yp([0,T]; E), where the operator G defined by

t
(Ga)(t) = / Aty 5, 2pe0n)ds,  a€ C(D x By E).
0

Proof. According to Lemma 3.1 (i)-(iii) and the condition (H3), for any = €
CrLip([-r,T); E) and 0 <t < T, we know

[Zucta0) = Pllwe

['T]CLip([fr,T];E) ‘ /’('(t7 xt) - U(vaO) |

[]op (—rT)m) 1 Crin (0,71%8 5500.17) (E+ l22 — 20]])

INIA A

[#lepp (=))W Cn (0,118 00,17 (1 + [y, (—rr1m)) T-

Hence, we have

qu(t,m) ||‘BE
Slzuz — llws + 10llse

S[#opy (rmi) [ ong(om1x8 500, (1 + 2w, (ormie) T+ [6lles-

In addition, for 0 <t < T and h > 0 with ¢t + h € [0, T}, we find
(Gz)(t + h) = (Gz)(1)] g
t
< /0 Ha(t +h, 8, Tps0.)) — alt, s, x#(S»zs))HE ds
t+h
[ s ) ds

t+h
<L.Th+ / la(t + b5, 2p(s,)) — alt + ho5,0)|| , ds
t
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t+h
4 [ lae+ bs,0)l s
t
<LTh+ Lo ([Z]cy., (1)) [ Cpey (0,7 %8 £500,7)

X(1+ 2]y, (—rrim)T + 19llws) b+ Lih
< (viva[ele, (-rmym) (1 + [@op, (- 11m) + v2 + v3) b

Therefore,

(Gz]ey,,(o0,11:8) < viv2(z]oy,, (—r1E) (1 + [Tloy,, (—rr)E) + V2 + Us.

The proof is completed. O

Lemma 3.4. Assume that the conditions (H1)-(H3) are satisfied, x € Crip([—7,T);
E), then Z (,@u(.a(), (G2)()) € Crip([0,T); F).

Proof. We know that

%20y — Bllw e < [@ow., (—rm1m) Bl (0,01 sx0,11) (1+ [#lew, (—re) T

for t € [0,7]. By condition (H2) and Lemma 3.3, for 0 < t < T, h > 0, and
t+he[0,T], we get

| Z(t + By &pirsnzgsn), (GE)(E + 1) = Z(t, 21,2, (G) (1)) ||
<P. ([#lep, (—nmym) [Wowg(o0.m1x8 50,0 (1 + (e, (-rri)T)
(W 12u s hzein) = Tuan | + [(Gz)(t+ h) = (G)()]])
([les(=rmum (1 + [#log, (—nrim)niT) (h+ [Fley, (—rrim)
X (1 +[2ley,, (-rrsE))v1h
torvaleley, (—nryiE) (L + 2oy, (—nrm))h + v2h + vsh)
<P ([]ews, (-rmim (L + [@lop, (-rim)onT) (2o, (-rrim)
X(1+ [Z]ep,, (rrE)) (1 +v2)v1 + 1 4 vg + v3) A

Therefore, we can conclude that Z (~,xm_)m<‘)), (Gx)()) € CrLip([0,T); F), and

20, (G)())

<P, ([t]ey, (e (1 + 2oy, (ormm)oT) (2o, (—rr:m)
X(l + [x]CLip([fr,T];E))(l + ’Ug)Ul + 1+ vy + U3> .

CLip([0,TT;F')

The proof is completed. O

Theorem 3.1. Suppose that the conditions (H1)-(H4) hold, and ¢ € Crp([—7,0);E).
If $(0) € D(A™) withng > 1, and Z(0,¢,0) = 0, the system (1.1)-(1.2) has a unique
mild solution x € Crip([—r,T]; E).

Proof. Let

K(T;¢) ={z € C([-n,T|; E) : 20 = ¢,z € CrLip([=r,T}; E), [x]cy,, ((—r1:E) < (T,
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where ( is in condition (H4). Consider the operator I : K(T';¢) — C([-r,T]; E)
defined by

t
Qq(t)9(0) —l—/ (t = 8) T 'Ryt — 8)Z (8, Tpu(s,0.), (Gz)(5)) ds, t € [0,T7;
0

¢(t)7 te [_Tv 0]
For x € K(T;(), Tx € C([-r,T); E), as is easily verified.

We divide our proof in two distinct parts.
Step 1. Prove that I' transforms K (7' ¢) into itself. Let x € K(T'; (), according to
Lemma 3.4, we have

Z( .y, (G)())

<P, ([t]ey,(—rmm (L + 2oy, (—rmim)nT) ([#lep, (—rrsm)
X(l —+ [x]CL,-p([—T,T];E))(l —+ UQ)Ul —+ 1 —+ vg + ’U3) .

By Lemma 3.2, we have Qq(-)#(0) € Crip(le,T]; E), for any ¢(0) € E. Since
#(0) € D(A™), ng > 1, it follows that Qq(-)¢#(0) € Cr;y([0,T); E). Thus, for
t€[0,7), h>0andt+h e [0,T], we obtain the estimate

[Ta(t + h) = Tz(t)] g

< [Qq()¢( )]CLLZ)( 0,T); h + H/ q 1R (t - S)Z (s + h’xlt(s-&-h,rerh)’

Tz(t) =

Crip([0,T];F)

(Ga)(s + b)) ds — / (L= ) Ry (= )7 (5,000, (G) (9)) s

h
< [QQ(')¢(O)]CMP([O,T];E) h+ /0 (t +h— S)q_l HRq(t +h— S)Z (Sa Ty(s,xs)s

(Gx)(s))] ds + /0 (t—s)1t ||Rq(t —5) [Z (s + 1y p(sthz, ), (GT) (s + h))

—Z (s Lp(s,as) (Gm )] ” ds
h
< [Qq(')@s(o)]cup([o,T];E) h+ A (t +h - s)qil HRq(t +h— S) [Z (8, Ty(s,xs)s

(62)(s)) = Z (0.6, ds + o (26t (GO (o101

I'l+gq

h
< [Qq(')¢(0)]c’“p([o7T];E) h+ /0 (t +h— s)q_l HRq(t +h— S) [Z (Sa Ty(s,xs)s

MT

(G)(5)) = Z (0,2 4(0,29), (G)(0)) ] || ds + m[z(w%mmw

(Gz)(Dlowy, (o.rimh

Mq
< [Qq(.)¢(0>]cL¢p([0,T];E) h + F(l + q) [Z(’ x#(-,m(,>)’ (Gx)('))]CLz‘p([O,T};F)
h MTH
-1
) /0 (t+h—s)" sds + T(1+q) [Z( @ e yr (G2)(D]owi o110 P
Mq

< [Qq(')‘?(o)]cLip([o,T];E) h+ [Z(., xu(.,z(_))a (G'T)('))]CLip([O,T];F)

I'(1+q)
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MT?
I'(1+q)

MT?
< [Qq(')¢(0)]0Lip([o,T];E) h+ m[z('v xu(.,z(_))a (G'r)('))]cLip([O,T];F)h

MT1
r'(l+gq)
< [Qq(’)@s(o)]cup([o,T];E

)
MT9P,
T

1
x / (1—2)7 " zdz - AT+ [ZC 2 (GE)(Dlow, (o.rimh
0

+ [Z(Ul‘u(.,z(_))a(Gx)('))}CLip([O,T];F)h

MTIP, (¢(1+ ¢)uiT)
(2+q)
((E(E)CMT) (CA+ A +v2)ur + 14wz +v3)h

(2+ MT?P; (¢(1+ QJuiT)
<[Qq()O) ¢y, (to.13:) P T : I(2+q)

h+ (CA+ )1 +vo)vr +1

+vs +v3)h+

€A+ +w2)

xv1 + 1+ vy + v3) h.

Consequently, from (H4), we can conclude that

Tzle, . (o118
(24 qMTIP, (C(1+ )i T)

< [Qq(')qs(o)]CLip([O,T];E) + F(? T q) (C(l + C)(l + U2)'U1

+1+ vz +v3)
<[Qq()e(0)e,, (0,17 + Pz (CL+QuiT) (A1 + A2((1+ ()

<¢,

where Ay = (2+q)MZE;$;;U2+UJ) Ay w_

On the other hand, (T'z)p = ¢ € Crip([—7,0]; E), for all t € [—r,0]. Thus, from
Lemma 3.1, we know

Izloy,, (—rr:E) < max{[lz]c, ., (0.1):8), [PlcL,(—ro:E) } < C

In summary, we deduce that I'z € Cp;p,([—r,T]; E).

Step 2. To prove that T is a contraction mapping on K(T;(). Let z,y € K(T;().
From the hypothesis (H2), Lemma 3.1 (iv) and Lemma 3.4, we find

[Ta(t) = Ty ()]
S/ (t = 8) IRt = $)I|Z (5, 20s,00): (G2)(5)) = Z (8, Yn(s,a) (Gy)(5))]| ds

0
ﬂ
(1+4q)

/ ||Cl STy Ty(r,a,) ) G(S,T, yu(‘r,yT))HCh—) ds

P, (¢(1+ i) / (t = )" (|@p(ss00)

<F(17+)P (C(1+C)U1T)/O(t—3)q_1

X (U4 Wlep, (=r1im) o (0,77 x5 230, [12(5) — y(s) || ds

+La/0 (I + Wlew, (—rrE) e, (0,715 gijo,) [|2(T) — (T)IIdT> ds
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qM
“I'(l+4q)
PG ) oL [ = o [ ler) - atlards
MO (1 + vp)te
- TI'(l+g9q)
where @ is denoted by ®; := P, ({(1+ ¢)v1T) (1 + Cv1).
Moreover,

T2 () — T?y(t)l|
qM®¢ gM®c |

= t —5)77 1 ||T2(s) — Ty(s)|| ds ) x(r
< B [ (= oy rats) — Tyt ds + 4 [ e- ot [
—Ty(7)|| drds

qM o 2 ‘ g-1 ° q—1
<(fing) wrew [amor [ st - stopldsds

2 t s
qMCI><> 2/ ,1/ 1
(= + t—s) — 51)7" s, ds|z —
() o) [t [ —sdsadslz =l

P (¢(1+ OuiT) (1 + Con) / (t - )7 |(s) — y(s)[ds

[z =y,

2 t
qMP¢ > 21/ -1
< | =——= 1+ wvy)°— t— )T sds||lx —y
(155) arewPt [ sptsnaso -
gMo; \* 1T(q)T(1 + q)
< | — 1+ 222 2T T ) 42q )| —
<(f5) Qe il )
MPOZ(1 + vp)?t*
S Tii29 [z =yl

Suppose that for any j € N, the following inequality is established
MI®L(1 + vp)7t/4
I'(1+jq)

IT72(t) — TIy(t)] < [ —yl-

Then, we obtain

D7+ (k) — Ty (1)

gM D, /t s : gM P, / ! -1
<= t—s)? Max(s) —Ty(s)||ds + =—— L, t—s)?
TiTq ), (t—s)" || T7a(s) y(s)|| T (t—s)

></0 |T7x(r) — DVy(r)|| drds

q(mc) qu?(l ; IJQV t<t — 5)7 sM0ds||lz — |
“T(1+q) TI(1+jq 0
i &J i s
+QM‘I)(La M](I)C(1+U2)j /t(t_s)q—l/ qudest—yH
Fl+q) T+j9) Jo 0
gM®, MI®L(1+v)? [! L ,
—r(1+fz) F(<1+jq) 0 (1 =277tz 10w~y
gM® Ly MI®L(1+v2)7 1
F(l+q) T+jg) 1+jq

1
/ (1 —2)971pdatlqy . ¢Utatt
0
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aM® MI®L(1+v2) T()D(1+ jo)
“T(l+q) T(+jg TA+(G+1)q)
gM®cvy MIOL(L+v2) T(q)T(2+5g) 1
Il+q T+jg TER+G+1e)1+ig
MIFLRI (1 4 v,) 1 MIHIRI oy (1 + vp)
- + - -
I+ (+ 1)) 1+jqg T+ +1)q)
x|l =yl
<Mj+1q)2+1(1 + wp)d 1+ 1)a
B I+ G +1)q)
Through mathematical induction, for any n = 1,2,--- , one has
M7 E(1+ vg)"t" |z —y|
I'(1+ ng)
M7 (1 4 )T
- I'(1+ ng)

t(jH)qHCC*yH

s g

t0+H09| 2 — | G+

ll =yl

1(I"2)(#) — (Ty) (D) <

[ =y,

which implies that I'™ is a contraction for sufficiently large n. By generalized
Banach contraction mapping principle, the operator I" has a unique fixed point
x € Crip([—r,T); E), which is the mild solution of the system (1.1)-(1.2). The proof
is completed. O

If the function Z in the assumption (H2) satisfies the uniform Lipschitz condi-

tion, the similar result holds.

(H2)" R, € L'([0,T); L(F,E)), Z € C([0,T] x Bg x E;F), and there exists a

Lipschitz constant P > 0 such that

12(t,1,91) = Z(s, 22, 42) [ < P(|t = s [ +]|z1 — 22w + 91— v2llR),

where for any ¢,s € [0,T], z; € Bg, y; € E,i=1,2.

(H4)" There exists ¢’ > 0 such that
A+ A+ < ¢

where

(2 + q)MTqP(l + v + Ug)
I'(2+q) ’

and ¢(0) € E.

Ay = [Qq(')¢(0>]cup([0,T];E) +

24 q¢)MTIP(1 4+ vy)vy

,
Ag = '(2+q)

Theorem 3.2. Assume that the conditions (H1), (H2)', (H3), (H4) are true, and
¢ € CrLip([-r,0]; E). If $(0) € D(A™) with ng > 1, and Z(0,,0) = 0, the system
(1.1)-(1.2) has a unique mild solution x € Cr;y([—r,T]; E).

Proof. Let

K(Tacl) = {I € C([f’n TLE) Fro = ¢,$ S CLip([irv T]7E)7 [‘T]CLip([—r,T];E) < Cl}v
where ¢’ is in condition (H4)", and I' be defined as in the proof of Theorem 3.1.
Step 1. According to the condition (H2)" and Lemma 3.3, for any « € Cp,([—7, T1;

E),

we find
Z (4 @ut.a): (G2)()) € Cuip(0, T F),
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and
[Z('7$H(»,m(.))7 (Gx)(.))]CLip([O,T];F)
<P ([#lep (1) (1 + (o, (—rrim) (1 + v2)vr + 1+ vg + v3) .

Step 2. To establish T'(K(T;¢’)) € K(T;¢’). Similar to the proof of Theorem 3.1,
from the condition (H4)’, we can get that

[Fx]cmp([o,T];E)

<[Qq()e(0)le,, (o.11:E) +
<AL+ A5 (1+ ()
<{',
where A = [Qq(')¢(0)]CLip([O,T];E) + (2+q)M?(;§;)+v2+v3), Al = (2+q)1V11~7(12f8+v2)v1.
Therefore, 'z € Crip([—r, T); E).

Step 3. The mapping I is a contraction on K(7T';{’) in the same way as the proof
of Theorem 3.1.

(2+ q)MT9P

T2+ q) "1+ ¢ +v2)vr + 1+ vg + v3)

For any n =1,2,---, we have
M™P™(1 4 ('v1)™(1 4 vg)t™
I'z)(t) — (Ty) )| < T —
[T™2)(t) — T"y) (@) < (1 + ng) |z —yll
M™P"™(14 ('v1)™(1 4 ve)" T4
< |z —yl|.
I'(1+ ng)

Thus, I'™ is a contraction on K(7T;(’), as n — oo. From the generalized Banach
contraction mapping principle, we know that the system (1.1)-(1.2) has the mild

solution x € Cr,([—r, T); E). The proof is completed. O
Remark 3.3. In the proof of Theorem 3.1 and Theorem 3.2, the conditions (H4)
and (H4)" are satisfied if some conditions are imposed on v1 := [u]c,,, (0,75 g3[0,77)
or T.

Remark 3.4. In [16, 18-22], the existence and uniqueness of local solutions for
integer order systems can be obtained by using the Banach contraction mapping
principle. In this paper, we use the principle of generalized Banach contraction
mapping to solve the existence and uniqueness of global solutions for fractional
order systems, rather than local solutions. In fact, we can also prove the existence
and uniqueness of local solutions for integer order systems by using the principle of
generalized Banach contraction mapping. In some sense, the conditions in [16,18-22]
can be optimized.

4. Existence of strict solutions

The remainder of this article focuses on how to obtain the existence of strict solu-
tions for the equations (1.1) and (1.2).

Definition 4.1. The function x € C([—r,T]; X) is called strict solutions of (1.1)-
(1.2) if °D%x € C([0,T}; X), z |p,ni€ C([0,T]; X) N C([0,T]; D(A)), = |[—r o= &,
and z satisfies the equation (1.1).
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Now, we introduce the necessary and sufficient conditions for the strict solutions

of (1.1)-(1.2).

Lemma 4.1. ( [24]) Let A generates a g-resolvent family {Q,(t) : t >0}, 0 < ¢ < 1,
#(0) € D(A) and Z € C([0,T] x Bg x E; F). Then the following three conclusions
are equivalent:

(i) for any 0 <t < T, the system (1.1)-(1.2) has a strict solution;

(i) for any 0 <t < T, H(t) € D(A), and H € C([0,T]; D(A)), where

1) = [ (=97 Ryft = )2 (5,240, (G2)(5)) d:

(i3) for any 0 <t < T, Qq * Z is differentiable.

Theorem 4.1. The assumptions of Theorem 3.1 remain valid and x € Cr;p([—r, T;
E) is the mild solution of (1.1)-(1.2) on [—r, T]. Then x(-) is the strict solution of

(1.1)-(1.2).

Proof. According to Lemma 4.1, we need to show that H(t) € D(A) and H €
C([0,T); D(A)). For 0 <t < T, we know

H(t) = / (t— )7 Ry(t — ) [Z (5,200 (G)(S)) — Z (12t

(Gr)(1))) ds + / (t = )T Ry (t = )7 (L), (G)(1)) ds
=:mq(t) + ma(t).

First, we prove mq(t) € D(A). From Lemma 2.1 (iv), Lemma 3.4 and the closedness
of A, for 0 <t < T, we have

|| (t—s)1"'AR G (t—9) [Z (s Tp(s,m,) (Gx)(s)) Z (t Tyt,zy), (Go)(t ))] H
SOMZ(,2 2 (G oimy (- 51 E = 5)2(t = 5)
Squ[Z('axu(.,mm)»( () ]CL’LP(OT F)-

Consequently, the function
s = (t—8)T AR (t — 5) [Z (8,2 p(s,0.), (GT)(8)) = Z (£, Tpt,0,), (G2)(1))]

is integrable on [0, t].
Obviously, the function

5= (t— )T AR (t — )7 (1, 212y, (G2)(1))

is also integrable, for 0 < s <t. This indicates that H(t) € D(A) for all ¢ € [0,T].
Next, we prove AH(t) is continuous.

AH(t) = /0 (t— s)q_lARq(t —3) [Z (s Ty(s,z)s (Gx)(s )) -7 (t,x#(t,zt),

(Gz)(t))] ds +/O (t =) ARy (t = $)Z (t. 2p(r,0,), (Go)()) ds
=t I1(t) + Ia(t).
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By the proof of Lemma 3.2, we know

I(t) = =(Qq(t) = D Z (t, 2 (1,2, (G2)(1)) -

Therefore, from Lemma 2.1 (ii) and (H2), it is easy to know that I2(¢) is continuous,
forall 0 <t <T.
Now, we estimate I;(t). Let 0 < h <T —t, one has

[ (t+h) — L)

H/ (t—5) T AR (t — 8) [Z (s + b Tp(ssnpern), (GT)(s + h)) — Z (t+ h,
Tp(tth,zein)s (GT)(t A+ h))} ds — /0 (t— s)qflARq(t —s) [Z (s, Tp(s,ms)s
(Gz)(3)) = Z (t, 2 p(s,00), (G)(2)) ] ds

< /Oh(t +h— s)qflARq(t +h—3s) [Z (S7IN(57I5)’ (G:c)(s)) —Z(t+ h,

/t(t = 8)1T ARy (t — 5)[Z (s + I,

ez @+ ) s+ | |

Tpsth,ayn) (GT) (s + h)) -7 (s Ty(s,m0)s ( ds|| + H/ (t—s)
ARy (t = ) [Z (t+ h Tp(trharn) (G)(E+ h)) = Z (t, (), (Go)())] ds||
=:k{(h) + k5 (h) + k5(h).
For ki (h), using Lemma 2.1 (iv) and Lemma 3.4, we get
155 (R

h
= / (t+h—s)"""ARy(t + h — s) [Z (35, 2(5,0.), (G)(5))

0

~Z (t+ by Tu(er o) (G)(t+ )] ds|

IN

h
b= AR+ b= 912 (GO0

x(t+h—s)ds||
SGMZ( ) (G2) (D)o, (0,10 hs

which implies that kf (h) —0ash—0".
Moreover, kb(h) — 0 as h — 0" by the following estimate

o H = AR = ) [2 (54 Bt (G 1)
~Z (5, Zp(s.20), (G)(5))] ds||

t
<ZCs oy (GE)ews, (or1im) ’/O (t — 5)T ARy (t — s)hds|| .

Similarly, k4(h) — 0 as h — 0. Consequently, AH(t) is continuous, which implies
that H € C([0,T]; D(A)).
To sum up, z(-) is a strict solution of (1.1)-(1.2). The proof is completed. O
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Theorem 4.2. The assumptions of Theorem 3.2 remain valid and x € Crip([—r, T';
E) is the mild solution of (1.1)-(1.2) on [—r, T]. Then x(-) is the strict solution of
(1.1)-(1.2).

The proof is analogous to that in Theorem 4.1. We omit further details.

5. Application

In this section, we present an example motivated from population dynamics, which
indicates how our results can be applied to concrete problems.
We consider

0

L 02
Dhi9) + 5p0lt0) = |

-

(s 4 (Oa((0)]),)ds + / sin(t — s)

></ T [( + m(Op2([L@)]), <) + 1] drds,

-7

Y(t,0) =(t,m) =
Y(0,<) = ¢(8,5),
(5.1)
where ¢t € [0,1], 6 € [-r,0], ¢ € [0,7], u; € C([0,1];[0,1]), ¢ = 1,2. Let Bx =
C([=r,0]; X), ¢ € Bx.

Let X = L?[0,7] and —A : D(A) € X — X be the operator Aw = w' with
domain D(A) := {w € X : w(0) = w(n) = 0,w” € X}. The operator A is given by

o0
E W s W ) Wry,

where w,,(t) = \/g sinnt, n = 1,2,--- , is the orthogonal set of eigenvectors of A.

A is the infinitesimal generator of an analytic semigroup {7T'(¢) : ¢ > 0} on X. For
every t >0, w e X,

1
Moreover, we hypothesize that x(t)(s) = ¥(t, <), u(t, ) = p1(t)p2(||v(¥)|]) and
Z:10,1] x Bx x X — X is given by

0 0

Z(t, 0. (G) (1))(s) = / 0(0)(s)d0 + / sin(t — s) / ¢ [5(0)(s) + 1] dfds.

—-Tr —-r

Then, with these settings, the equation (5.1) can be written the abstract form of
system (1.1)-(1.2).
Therefore, for 0 < t; <ty <1 and p,v € Bs(¢; Bx), we have

1Z(t2, 0, (Gp)(t2)) — Z(t1, v, (Gv)(t))]]
ta 0 0
sin(tg — s 20 s — 2y
H/T 0)do +/0 (t )[T [p(6) + 1] dod [T (9)do

—/O sin(t; — s) /0 e [v(6) + 1] dbds

-
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0

1 t2
<50l olla, o+ | [ vtz =) [ P po)asas
0 T

ts 0 ts 0
—/ sin(ty — s)/ e?%v(h)dAds / sin(ty — 8)/ e?%v(h)dods
0 -r 0

- /Otl sin(ty — $) /0 e*v(0)dads|| + (1%6727”)(

-Tr

"

cost; — costy)

—r 1 —r
<(1—e) o= vy, +5(1-e ) A+ lIglls +0) [t2 — tal,

which implies that the condition (H2) is satisfied with

1— 672r

P.(O) = —

(3+ [ llmx +9)-

In addition, through calculation, we get that condition (H1) is satisfied, where
L,=1(1-e"?") and L} = 1. We can choose the appropriate expressions of y (t)
and pa(t) such that wu(t, z;) < t.

Suppose that ¢(0) € D(A™) with n > 2 and some conditions are imposed on
v1 = [ (D2l C)ID]eL., (0,1 xB x30,1)) such that there exists a ¢ > 0, such that
the following inequality holds

-2 _ ,—2r
(S5 6 dolla) + 25 c 4 O ) (a4 4ac(1+0)
+ [Qq(')¢(0)]CLip([071];E)
<,
where
AL M (44 (= e+ [[]lmy)
1 — 3ﬁ ’
5Mui (24 (1 —e27))
Ay = :

3vm

Thus, the assumptions in Theorem 3.1 and Theorem 4.1 are satisfied. It follows
that there exist unique mild and strict solutions to problem (5.1) defined on [0, 1].
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