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1. Introduction

Motivated by the developments in [14], in this work, we study the existence
and uniqueness of a mild solution for the problem:

W(t) = Au(t) + f(tult),u(y(t), t#£t, i=1,...,N, (L1)

u(ty) = gj(uloj(u(t))))), j=1,....N, (1.2)

up = ¢ € C([-p,0]; X), (1.3)

where A : D(A) C X — X is the generator of an analytic semigroup of
bounded linear operators (T'(t))¢>0 on a Banach space (X, || - ||), 0 =ty <

t1 < ta < -+ <ty < tny1 = a are pre-fixed numbers, and ¢; : X — X,
fi0,a]x X xX — X,v:[0,a] — [-p,a] and 0; : X — [-p,a],i=1,...,N,
are functions specified be later.

The study of state-dependent delay equations is motivated by applica-
tions and theory. For the related ODEs on finite-dimensional spaces, we cite
the early works by Driver [4,5], Aiello et al. [1], the survey by Hartung et al.
[7] and the references in there. For the case PDEs with state-dependent de-
lay, we mention [8,9,18,19] and the recent works by Krisztin and Rezounenko
[11], Yunfei et al. [16], Kosovalic et al. [12], and Hernandez et al. [10].

Concerning the theory of impulsive differential equations, their motiva-
tions and developments, we cite the books by Bainov and Covachev [2] and
Lakshmikantham et al. [13] for the case of ordinary differential equations
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on finite-dimensional space and Benchohra et al. [3] for abstract differential
equations and partial differential equations.

To the best of our knowledge, the papers by Hakl et al. [6] and Li and
Wu [14] are the unique works treating on differential equations with state-
dependent delayed impulses. As pointed in these papers, the study of this type
of problems is motivated by applications arising in disease control, financial
options, population dynamics, and control theory among some fields.

The problem of the existence and “uniqueness” of solutions for (1.1)—
(1.3) is not trivial, since the function u +— g;(u(o;(u(t]")))) is (in general) not
Lipschitz. By noting that

Fu(oi(u(t;"))) = v(ea(et)) 1< A+ Pley,ooloides,) lu—vll,  (1.4)
when the involved functions are Lipschitz, we work on spaces of sectionally
Lipschitz functions, a hard problem in the framework of semigroup theory.
We also note that the Lipschizianity of T'(-)g;(u(o;(u(t])))) not depends on
the Lipschizianity of u(-), an extra difficulty in our studies.

In Theorem 2.1, we prove the existence and uniqueness of solutions using
the Banach principle. The existence of a mild solutions via the Schauder’s
fixed point theorem is established and proved in Theorem 2.2. In the last
section, an example is presented. Next, we include some notations and results.

Let (Z,| - I|z) and (W, || - |lw) be Banach spaces. We denote by L(Z, W)
the space of bounded linear operators from Z into W endowed with operator
norm denoted by || - [|z(zw) and we write £(Z) and || - ||z(z) if Z = W.
Moreover, if X = Z = W, we write simply || - || for the norms | - ||x and
Il - llz(x). In addition, B,(z,Z2) ={y € Z:||y — z [[z< r}.

Let J C R be a bounded interval. The spaces C(J, Z) and Cr;,(J, Z) and

their norms denoted by || - |lo(s,z) and || - [|¢,,,(s,z) are the usual. We only

note that | - [lc,,, (12 is given by || - [lc,,, 2= - llewz) +ew, w2,
s5)—C(t

where [C]CLip(J;Z) = Supt,sEJ,tyés W

The notation PC(Z) is used for the space formed by all the bounded
functions w : [0,a] — Z, such that u(-) is continuous at ¢ # ¢;, u(t; ) = u(t;)
and u(t]) exists for all i = 1,..., N, provided with the norm || u ||pc(z)=
max;=o,1,..N || % |[c((t,tis);2)- In addition, PCr;,(Z) represents the space
of functions u € PC(Z), such that Uy ra) € Crip((ti, tix1]; Z) for all 4 =
0,1,... N, endowed with the norm

| wllpeyiy(2)=maxi—o,1,...~ || Uity e54010 €L (i tisaliz)-

We use the symbol BPC(Z) for the set of all the functions u : [—p, a] —
Z, such that v _ . € C([-p,t1]; Z) and v, , € PC(Z). In addition, con-
sider BPCr;,(Z) the space formed by all the functions u : [—p,a] — Z, such
that u € BPC(Z), w_, . € CLip([-p.0]; Z) and v, , € PCp;ip(Z), endowed
with the norm || w [spc,.,(2y= max{|| v, |, @20 @ = —1,0,..., N},

1]

where I_; = [—p, 0].

Foru € BPC(Z) andi € {—1,0,1,--- , N}, we denote by 4; the function
u; € C([ti,t“_l]; Z) given by ﬂz(t) = U(t) for t € (ti;ti+1] and ﬂz(t) = u(tj)
for t = t;. For B C BPC(Z) and i € {-1,0,1,--- ,N}, B, is the set B; =
{@; : u € B}. We note the next Ascoli-Arzela-type criteria.
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Lemma 1.1. A set B C BPC(Z) is relatively compact in BPC(Z) if and only
if each set B; is relatively compact in C([t;,tiy1], Z).

2. Existence of Solutions

Definition 2.1. A function v € BPC(X) is called a mild solution of the prob-
lem (1.1)—(1.3) if ug = ¢, u(t]) = gi(u(o;(u(t])))) for all i = 1,..., N and

u(t) = T(t)e(0) +/O T(t —=7)f (7 u(r), u(y(7)))dr, t€0,t],

ult) = T(t — ti)gi(u(oi(u(t])))) +/t Tt =7)f(r,u(r), u(y(7)))dr,

Vit e (ti,tiJrl], i=1,...,N.

Definition 2.2. A function v € BPC(X) is called a classical solution of (1.1)—

(1.3) if up = ¢, u(t]") = gi(u(o;(u(t])))) for all i = 1,..., N and u(-) satisfy

(1.1).

In this section, we assume that (W,]|| - ||w) is a Banach space contin-
uously embedded in (X, || - ||), such that AT(-) € L*°([0,a]; L(W, X)). In
addition, Cy € R is such that || T'(¢) ||[< Cy for all ¢ € [0,a]. To prove our
results, we introduce the following conditions.

H, v € CLip([0,a]; [-p, a]), thereis a function k : {1,..., N} — {-1,0,...,
N}, such that y(1;) C Iy(;) and k(i) < for all 4. Next, for convenience,
we write [v]c,,, in place [v]c, ., ((0,a]:[~p.a))-

There is a function ¢ : {1,..., N} — {=1,0,1,..., N}, such that ¢(i) <

i and 0; € C(X, Iy;)) for alli € {1,..., N}. Next, we write [04]c,,, in

place [Ji]cLip(X;]q(i)).

HYx gi € CrLip(X; W) and Cx.w(g:) =l gi llex;w)< oo for all i € {1,...,
N}. Next, Lz w(g;) denotes the Lipschitz constant of g;(-), Lz w(g) =
max;—1,.. N Lzw(g;) and Czw(9) = max;—1,. nCzw(g:)-

He f € CLip([0,a] x X x X;X) and Cx(f) = f llc(o,axxxx;x)< 0.

Next, L; denotes the Lipschitz constant of f(-).

Notations 1. We consider b; = ;41 —t;, b = max;—1,. N b, ic : W — X is

the inclusion map , Ax,w = max{|| AT(-) [|L((0,5,c(w,x)): Coll ic [|cow,x) }

and
Px,w = AxwCxw(g) + Co(Cx(f) +bLy)
+ [TCOe0)] ey (0.a:x) + [Pleri, (-p.01:x)-

The next useful result follows from the proof of [10, Lemma 1]. The

proof is omitted.

Lemma 2.1. Assume that the conditions H, and H,, are satisfied, u,v €

BPCLip(X) and ug = vo. Then, u(v(-)) € PCLip(X), [u(v()]pcp,x) <

[U]B'PCL”J(X) [FY]CL1p and

| u(oi(u(t))) —v(oi(vtI) IS (1 + [lspe,.,x)(oidow,) | u—v llpecx) -
(2.1)
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Theorem 2.1. Assume that the conditions H,, H,,, HgYX, and H¢ are satis-
fied, T(-)p(0) € CLip([0,a]; X) and ¢ € CLip([—p,0]; X). Then, there exists
a unique classical solution u € BPCr,(X) of (1.1)—(1.3) provided that

2C0bLy (3+ [low, )+ Axwlxw(g)(1+4 max lojlo,, Pxw) <1 (2.2)

Proof. First of all, we consider the polynomial P : R — R given by the
following:

P(z) = @xw + (CobLs (3 + [V]cy,,) + Axwlxw(g) — Dz
+AX,WLX,W(9) miax[ai]cupx? (23)

From (2.2) and noting that CobLy(3+[v]c,,,) + Ax.wLxw(g) <1, we
infer that P(-) has a root 0 < R;. We select now 0 < R, such that P(R) < 0.
From the fact that P(R) < 0, we note that

(I)X7W + CobLf(l + [’}/]CMP)R <R, (24)
AX’WLX’W(Q)(l + Ri:I{laXN[Ji]CMP) + QCobLf < 1. (25)

Let S(R) be the space S(R) = {u € BPCLip(X); uo = ¢, [u),, IpcL.,x) <
R}, endowed with the metric d(u,v) =| v — v [pex) and I' : S(R) —
BPC(X) be the map given by (Tu)g = ¢ :

Tu(t) = T(t)¢(0) +/O T(t —7)f(s,uls),u(v(s)))ds, te0,t],

Tu(t) = T(t — t:)gi(u(oi(u(t])))) +/ T(t —s)f(s,uls),u(v(s)))ds,

t;
te (tivti-i-l]) 1=1,...,N.

To prove that I is a S(R)-valued function, for ¢t € (t;,t;41), i € {1,...,
N} and h > 0 such that ¢t + h € (t;,¢;+1], we have that

|| Tu(t + h) — Tu(t) ||

t—ti+h
SL' | AT(s)gi(u(os(u(t?)))) | ds

—t;

ti+h
+/t [T+ h—s) |l f(s,uls),u(r(s))) || ds

i

[ TG 9 1 765+t 4 1)t + )

—f(s,u(s), u(v(s))) || ds
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<N AT () |l (p0.0:c(w,x)) Cx,w(g)h + CoCx (f)h
t

+ [ NTE=s) | L1+ [ulpper.,x) + [(Y()]ew., di:x))hds,

ti
and hence, [(T'w)|, oy, (r:x) < @x,w+CobLs(1+[v]cy,, )R < R. Inasimilar
way, we prove that
[(Fu)|[07t1]]CLip([O,tl];X) < [T(')Qp(o)]CLip([Oﬂ];X)
+Co(Cx(f)+bLy +bLs(1+ [’Y]cup))R <R.
From the above remarks and (2.4), we infer that [(I'u)|, . lpc,.,(x) < R,
which implies that T' is a S(R)-valued function.

On the other hand, from (2.1), for u,v € S(R), ¢ = 1,...,N, and
t € (i tita], we get

[| Tu(t) — To(?) ||
< T(t 1) leawx) Lxw(9) || uloi(u(t))) — vios(v(t))) |
t
+/t_ 1T =) I Ly [ () = v() llew:x) +uly(:)) =v(r()) llow:x))ds
< (Co |l ic Il eew.x)y Lx,w(9) (1 + [lspey,, x)[oiley.,) + 2CobLy) d(u,v).
In addition, for ¢ € [0,¢1], we note that || Tu(t) — T'v(t) ||< 2CobLsd(u, v).
From the above:

d<Fua FU) S (AX,WLX,W(g) (1 + R . aXN[Ui]CLip> + 200bLf) d(u7 U)a

=1

which implies that I'(+) is a contraction and there exists a unique mild solution
u € S(R) of (1.1)—(1.3).

We prove now that u(-) is a classical solution. Let @;, i > 1, be defined
as in the introduction. It is easy to see that w;(-) is the mild solution of the
problem:

w'(t) = Aw(t) + f(t,u(t),u(y(t))), t€IL=[titit1], (2.6)
w(ti) = gi(u(oi(u(t!)))). (2.7)
Since f(-,u(-),u(y(+))) is Lipschitz on I; and the semigroup is analytic, from
[17], it is easy to infer that w; is a classical solution of (2.6)—(2.7) on I;. The
same argument proves that g is a classical solution of (2.6) on [0, ] with

the initial condition u(0) = ¢(0). From the above remarks, we obtain that
u € BPCrp(X) is a classical solution of (1.1)—(1.3). O

Next, using the ideas in the proof of Theorem 2.1, we discuss briefly
the case in which the functions f(-), ¢;(-) are unbounded and (or) locally
Lipschitz. To begin, we include the next conditions.

Hg‘,/x Each function g; is continuous from X into W, which takes bounded
sets into bounded sets, and there is Lx w(g:,-) € C(R;R), such that ||
9i(x)—g:(y) lw< Lx,w(gi,7) || x—y || for all z,y € B,.(0, X) and every
r > 0. Next, Lx w(g,r) = max;=—1 ...~ Lx w(gi,7) and Cx w(g,r) =
max;=1...~ Cx wl(gi,7), where Cx w(g:,7) = g los,.(0,x);w)-



42 Page 6 of 10 K. A. G. Azevedo MJOM

Hy f(-) is continuous from I x X into X, which takes bounded sets into
bounded sets, and there is Ly(-) € C(R;R), such that || f(t,z) —
fsy) I Ler)(| t=s | + [ @ —y |) for all 2,y € B.(0,X),
t,s € [0,a] and every r > 0. Next, for » > 0, we use the notation
Cx(f,r) = [ lleo,ax B,.0,x):x)-

Notations 2. For r > 0, we define ®x w (r) = Ax,wCx,w(g,7)+CoCx (f,7)+
CobLy(r) + [T()e(0)] ey ((0,a1:) + [)cmiy (—p01:%)-

The proof of Proposition 2.1 below follows from the proof of Theo-
rem 2.1.

Proposition 2.1. Let conditions H,, H,,, HZYX and H¢ hold. Suppose that
T(-)p(0) belongs to Crip([0,al; X), ¢ € CLip([—p,0]; X), and there is r > 0,
such that || ¢ ||c(—po;x)< 7 and (2.2) is valid with Ly(r), ®x w(r) and
Lx w/(g,r) in place Ly, ®x w and Lx w/(g), also Co(]| ©(0) || +bCx (f,r)) +
Cx w(r)Cx w(g,r) < r. Then, there exists a unique classical solution u €

BPCLi,(X) of (1.1)-(1.3).

To complete this section, we study the existence of solution using the
Schauder’s fixed point Theorem. The next lemma follows arguing as in the
proof of [15, Proposition 4.2.1].

Lemma 2.2. Let o E (0,1), £ € Loo([b, c; X), and v : [b,c] — X be the func-
tion defined by v( fb (t—s)&(s)ds. Then, [v]ce(b,a;x) < & o ([b,e);x)
(c—b)t~ Q(Co—&— aisay) andveca([b,c];X).

Theorem 2.2. Assume that the conditions H., and Hy, are satisfied, there is
a Banach space (Y, - [ly) = (X, || - ||), such that || T'(t) — I ||z(yv,x)— 0
ast — 0, g; € C(X;Y) for alli, f € C([0,a] x X x X;X), the functions
gi(+), f(-) are bounded, and (T'(t))i>0 is compact. Then, there exists a mild
solution of the problem (1.1)—(1.3).

Proof. Let Cx y(9) = maxi=1,..~ || gi llcx;y), Cx(f) =] f llcqo.axxxx:x)
and a € (0,1). Let BPC,(X) = {u € BPC(X) : up = ¢} endowed with the
metric d(u,v) =[| u — v |[gpe(x) and T': BPC,(X) — BPC(X) be defined as
in the proof of Theorem 2.1. It is easy to prove that I' is continuous. Next,
we show that I' is completely continuous.

Let i € {1,...,N}. From Lemma 2.2, for t € (¢;,t;11), h > 0 with
t+ h € (t;,tiy1], we get the following:

I Tult + k) = Tu(t) [|<| (T +h—t;) = T(t = t:))gs (uloi(u(t;"))))
t+h
+ 1l T(t+h—s)f(s u(s), u(y(s)))ds

— [ T =5 u.ur)as |
SI(TE+h—t:) =Tt —t:)) llcevx) Cxv(9)

+ Cx(f)a'™™ (Co + (IC_)) he,
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which implies that the set of functions {(I'u)|, : u € BPCy(X)} is right
equicontinuous at t € (t;,t;41), since || (T(t+h —t;) = T(t —t;)) |lz(v,x)— 0
as b — 0. A similar argument proves that {(I'u), : u € BPC,(X)} is
left equicontinuous at t € (t;,¢;41]. From the above, we allows us to infer
that {(T'u), :u € BPC,(X)} is equicontinuous on ;. In addition, for u €
BPC,(X) and 0 < h < §, we note that

| Tu(t; + h) — Du(ts) [|=]| (T(h) — D)gi(u(o:(u(t?)))) |

ti+h
[T b= 9 (s, u(s)ulr(5)) | ds

t;

<IT() = Tl Cxrlo) + Cx(at= (Co+ s ) e,

which proves that TB7/3‘C\<[,/(X)Z. = {(fﬂ)l tu € BPC,(X)} is right equicon-
tinuous at ¢;. From the above, it follows that {(T'w), : v € BPC,(X)} is
equicontinuous on [t;, t;+1]-

We prove now that {(ﬁz)l(t) cu € BPC,(X)} is relatively compact in X
for all t € [t;,t;+1]. Since the semigroup is compact, (Y, || - |ly) — (X,] - |
and g;(-) is bounded with values in Y, we have that U = {g; (u(aj(u(t;')))) :
u € BPC,(X),j =1,...,N} is relatively compact in X. For ¢t € (¢;,t;41]
and 0 < € <t —t;, we note that

(Tu)i(t) = T(t — t:)g: (u(os (u(t]))))

HTE) [ T = e = )7 uls)ulas))is

ti

+/t T(t — ) f(s,u(s),u(y(s)))ds

—€

€Tt —t;)U+T(e)Co(t — e —:)Cx (f)B1(0, X) +eCoCx (f)B1(0, X),

so that, {(Tw);(t) : u € BPC,(X)} C K.+D., where K. is relatively compact
and the diameter of D. converges to zero as ¢ — 0. This proves that the

set TBPC,(X)(t) is relatively compact in X. Moreover, IBPC,(X),(t;) =

{gi(u(o;(u(t])))) : u € BPC,(X)} is relatively compact in X. From the above

—_~—

remarks, we have that (I'BPC,(X)); is relatively compact in C([t;, t;1]; X).

In a similar way, we prove that (I'BPCy(X))1 = {(I'u)|,, , 1 u € BPC,(X))}
is relatively compact in C([0,¢]; X).

From the above remarks and Lemma 1.1, it follows that I' is completely
continuous and noting that the functions f(-) and g;(-) are bounded, we infer
that there exists r > 0, such that I'(BPC,(X)) C B,(0, BPC,(X)). Thus,
I' is completely continuous from B, (0, BPC,(X)) into B,.(0, BPC,(X)), and
there exists a mild solution v € B,.(0, BPC,(X)) of (1.1)—~(1.3). O
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3. Example

Consider the following problem motivated by equations arising in population
dynamics:
wp(t, ) = Uge () () + qu(t,z)(1 — u(y(t),x)), x € Q, t € (ti,tit1], (3.1)
ut!, z) = au(o;(u(t))), x), (3.2)
u(,z) = p(0,2), 0¢€[-p,0, (3.3)

We note that, in this problem, the impulses depending on the state can be
justified by a control population decision.

To treat this problem, we take X = C'(Q; R), where  C R"™ is bounded
and A : D(A) C X — X is the realization of the second-order derivative
in X. We assume that o,a; € R, H, and H,, are satisfied, T(-)p(0) €
CrLip([0,a]; X) and ¢ € Cr;p([—p,0]; X). We define g; : X — X and f :
[0,a] x X X X = X by [(t,2,y)(&) = ax(§)(1-y(§)) and g;(t, 2)(§) = ax(S).
It is trivial to see that

It w1, 90) = f(s,22,92) | < Ta [ (L+7) [ 20— ||+ g2 — g2 |,
Hf(twy)l <lafr(l+r),
l9i(x) —gi(y) | < [ailllz =y, | Agi(z) <[ ci [l Az |,

|
|
|
for all t,s € [0,a], z,y € B,-(0; X), and z € D(A).

Proposition 3.1. Suppose that there is v >|| ¢ |lc(—p,0);x), such that the
inequality (2.2) is verified and

Co(ll e(0) | +b| | (1+2r)) +Axw (i_r?axN | o |) <7

Then, there exists a unique classical solution u € BPCr,(X) of (3.1)-(3.3).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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