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ABSTRACT. We show that infinite-dimensional integro-differential equations
which involve an integral of the solution over the time interval since start-
ing can be formulated as non-autonomous delay differential equations with an
infinite delay. Moreover, when conditions guaranteeing uniqueness of solutions
do not hold, they generate a non-autonomous (possibly) multi-valued dynami-
cal system (MNDS). The pullback attractors here are defined with respect to a
universe of subsets of the state space with sub-exponetial growth, rather than
restricted to bounded sets. The theory of non-autonomous pullback attractors
is extended to such MNDS in a general setting and then applied to the original
integro-differential equations. Examples based on the logistic equations with
and without a diffusion term are considered.

1. Introduction. The main aim of this paper is to show that a wide class of
integro-differential partial differential equations can be analyzed within the frame-
work of non-autonomous dynamical systems, and the long-time behaviour of their
solutions can be investigated with the help of the theory of pullback attractors.

This theory is now well established as has been extensively developed over the
last one and a half decades. Pullback attractors have proven to be appropriate
concepts to describe the long—time behaviour of many dynamical systems arising
in science, especially those exhibiting non-autonomity (see, e.g. Caraballo et al.
[15], Cheban et al. [20], Chepyzhov and Vishik [21]), Chueshov [22], Crauel and
Flandoli [23], Flandoli and Schmalfufl [25], Kloeden [28], Kloeden and Schmalfufl
[29], Robinson [33], Schmalfuf} [34], amongst many others).

Integro-differential equations appear in various branches of science (e.g. in mod-
elling the growth of parasite population, in Lotka-Volterra predator-prey systems,
in reaction-diffusion models with memory, and their relevance is without doubt. In
general, the models containing in their equations some kind of delay terms are now
being studied extensively, since it is assumed that in many phenomena from reality,
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the principle of causality does not seem appropriate, and it is assumed that the past
history of the phenomena have a decisive influence in the future evolution of the
systems.

There are now many papers dealing with the asymptotic behaviour of ordinary or
partial differential equations within the framework of the pullback theory for non-
autonomous dynamical systems. In principle, as soon as we have an equation with
a non-constant delay term, the problem becomes non-autonomous. However, we
have not found in the literature any papers concerning its applications to integro-
differential equations of the form

% = Au+ F(u) +/0 G(t, s,u(s))ds, (1)

where, for instance, A is a linear operator and F', G are nonlinear, in an infinite
dimensional Banach state space H. On the other hand, for a finite dimensional
state space, we are aware only of some indirectly related papers (see below).

The integral term, essentially a memory term, in equation (1) means that it is
in effect a differential equation with unbounded (infinite) delay. Caraballo et al.
[10, 16] used such a formulation when the space H is finite dimensional for logistic—
like equations involving an integral over the entire negative time axis of a function
of the solution. The following observation shows that equation (1) can also be
formulated as a differential equation with infinite delay. Considering only the last
term in the equation and denoting by u; the segment solution defined for s < 0 as
ut(s) = u(t+ ), a change of variables gives

t 0
/ G(t,s,u(s))ds = / G(t,t+ s,u(t + s))ds
0

—t

0
= [ Gtet+ s uls)ds = Gt
—t
where G is defined in a suitable phase space C., a Banach subspace of C'(—o0,0; H)
satisfying appropriate additional assumptions (e.g. the lim; ., o u(t)e?* exists for
a suitable weight 7). In other words, G : R x R x C., — H is defined as

0
G(t,¢) = /4 G(t, t+ s, P(s))ds.

Then, equation (1) can be written as

% — Au+ F(u) + Gt u)

and even the term F'(u) can be included in the delay term by setting
F(t,ur) = F(u(0)) + G(t, ur)

and then our model becomes

% = Au+ F(t, u). (2)
An analogous situation holds when the Banach space H is infinite dimensional, but
leads to an abstract functional partial differential equation.

Although we could carry out our investigation working directly with equation (1),
we prefer to develop a general abstract theory for equation (2), and then analyze
our motivating model as a particular case, since our results then also apply to many
other situations.
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We will assume very weak assumptions on the operators in our model so that
uniqueness of solutions will be not guaranteed from the very beginning. For this rea-
son we need the theory of multi-valued (or set-valued) non-autonomous dynamical
systems.

The structure of the paper is the following. We recall the definition of a non-
autonomous set-valued dynamical system in the next section and, then, in section 3
we present the definition and properties of pullback attractors of such systems along
with statements of theorems, which will be proved in the appendix, for their exis-
tence. The pullback attractors here are defined with respect to a universe of subsets
of the state space with sub-exponential growth, rather than restricted to bounded
sets. In section 4 we show that general class of infinite-dimensional non-autonomous
differential equations with infinite delay generate such a non-autonomous set-valued
dynamical system which establish the existence of a pullback attractor under cer-
tain structural conditions. Two examples are given in section 5, both with a logistic
structure with an integral term, one with and one without an additional diffusion
term. An appendix contains proofs of theorems presented earlier in the paper as
well as some results that were used earlier.

2. Non-autonomous set-valued dynamical systems. First we recall some ba-
sic definitions for set—valued non-autonomous dynamical systems and establish a
sufficient condition for the existence of a pullback attractor for these systems. For
a more general random context the reader is referred to [8]

Let X = (X,dx) denote a Polish space, let 2% be the set of all subsets of X and
let P, (X) be the set of all non-empty closed subsets of the space X. A mapping D
:t € R — D(t) € 2% is called a multi-function or set-valued mapping. We denote
by C(X) the set of all multi-functions D : t € R — D(t) € 2% with closed and
non-empty images and use the notation D = {D(t) : t € R} for any element in
C(X).

A multi-valued map U : R2 x X — P.(X), where R? := {(t,s) € R? : ¢ > s}, is
called a multi-valued non—autonomous dynamical system (MNDS) [12, 13, 14] if

i) U(s,s,) =idx(-) for all s € R,

ii) Ut,r,2) CU(t,s,U(s,T,x)) forall 7 <s<t xe&X (process property),
where U(t,7,V) := Ug,evU(t, 7, z0) for any non—empty set V C X.

Moreover, an MNDS is said to be strict if

iii) Ut,m,x) =U(t,s,U(s,7,2)) forall 7<s<tandzeX,
and to be upper—semicontinuous at xzq if

iv)  for every neighborhood U in X of the set U(t,T,x0) there exists § > 0 such
that U(t,T,y) € U whenever dx(xg,y) < 0.

Finally, U(¢,7,) is said to be upper—semicontinuous, if it is upper—semicontinuous
at every xp in X.

We note that, if the mapping U (¢, 7, ) is upper—semicontinuous at g, then for
all € > 0 there exists 0 (¢) > 0 such that
distx (U (t,7,y),U (t,7,20)) <¥¢,
for any y satisfying dx (y,20) < ¢ (g), where disty denotes the Hausdorff semi-
distance which is defined for two non-empty sets A, B as

distx (A, B) = sup inf dx(z,y).
zcAYEB
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The converse is true when U (¢, T, x) is compact, see Aubin and Cellina [2].

3. Pullback attractors for MINDS. We will now establish a sufficient condition
ensuring the existence of pullback attractors with respect to a universe of sets (as
in [15]). When this universe consists of bounded sets, the results have already been
proved in [12].

A multi-valued mapping D= {D(t) : t € R} is said to be negatively, strictly, or
positively invariant (resp.) for the MNDS U if

D(t) C, =, D (resp.)U(t,7,D(7)) for (t,7) € R3.

Let D be the family of multi-valued mappings with values in C(X). We say that a
family KeDis pullback D-attracting if for every DeD

hrf distx(U(t,t —7,D(t — 7)), K(t)) =0, for all t € R.

B € D is said to be pullback D-absorbing if for every D € D and every t € R, there
exists T := T'(t, D) > 0 such that

U(t,t—7,D(t—7)) C B(t) forallT>T. (3)

The following definition provides the main objective of this article. For this we
need a particular set system called a universe (see Schmalfuf} [34]): Let D be a set
of multi—valued mappzngs in C(X) satisfying the inclusion closure property: suppose

that D € D and let D’ be a multi-valued mapping in C(X) such that D'(t) C D(t)
fort € R, then D' eD.

Definition 3.1. A family A € D is said to be a global pullback D-attractor for the
MNDS U if it satisfies:

i): A(t) is compact for any t € R;

ii): A is pullback D-attracting;

iii): A is negatively invariant.

A is said to be a strict global pullback D-attractor if the invariance property in
the third item is strict.

As usual, the main tool to prove the existence of an attractor is the concept of
pullback-omega-limit set. For a multi—valued mappings D we define the pullback-
omega-limit set as the t—dependent set A(D,t) given by

=N yva, D(t—s)).

T>0s5>T

This set is closed, but it may be empty. It can be proved that y € A(ﬁ, t) if and
only if there exist ¢, — +oo and y,, € U (t,t — t, D (t — t,)) such that
lim y, =v.

n——+00

We then have the following lemma, which is a generalization of Theorem 6 and
Lemma 8 in Caraballo et al. [12] to the case in which we consider a general universe
D instead of just the bounded sets of X. The proof is given in the appendix.
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Lemma 3.2. Assume the MNDS U(t,T,-) is upper-semicontinuous for (t,7) € R2,.
Let B be a multi-valued mapping such that the MNDS is asymptotically compact
with respect to E, i.e., for every sequence t, — 400, t € R, every sequence y, €
U(t,t —t,, B(t —t,)) is pre-compact.

Then, for t € R, the pullback—omega—limit set A (E,t) s non—empty, compact,

and
limdistx (U(t,t =7, B (t = 7)), A (E, t)) —0, (4)
A (E, t) cU (t, A (E,T)) , for all (t,7) € R2. (5)

We can now present a sufficient condition ensuring the existence of pullback
attractor. The proof of this theorem is also given in the appendix.

Theorem 3.3. Assume the hypotheses in Lemma 3.2. In addition, suppose that
B € D is pullback D—-absorbing. Then, the set A given by

At):=A (f}, t)

is a pullback D-attractor. Moreover, A is the unique element from D with these
properties.
In addition, if U is a strict MNDS then A is strictly invariant.

4. MINDS generated by infinite-delay partial differential equations. In
this section we consider the following evolution equation
which includes, in particular, our integro-differential model (1).

Here we suppose that A is the generator of a Cy contraction semigroup (eAt)tZO
on a separable Banach space (H, || - ||) such that

|eAtz|| < ||z[e”t, for some a >0 and every t >0,

and assume the operators e* are compact for ¢ > 0. The non-linear term f depends

on t and on a delay term y;, which is defined as follows:
For a function y(-) : R —H, and any t € R, we define y; : (—o00,0] — H as
yi(s) =yt +s), se(—o0,0].

When we equip (6) with an initial value in order to have a an initial value problem,
we need to set

y(t) = o(t), for t<0, (7)
where ¢ : (—00,0] — H is a suitable function. Thus, if y(-) denotes a solution to
(6) such that (7) holds, then y; denotes

| ylt+s) forse[-t0]

yils) = { p(s+t)  s<—t
where t > 0.
Before describing the assumptions on f, we first introduce the function space

Cy={u€C((—00,0;H): lim wu(r)e’ exists},

where v > «, and set [[ul|, := sup,¢
Banach space [26, p.15].

—o0,01 €7 [lu(T)|| < oo. This is a separable
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Our objective now is to show the existence of a pullback attractor for the dy-
namical system generated by (6).

In what follows we assume that there exist two non—negative functions ¢; : R —
R, i = 1,2, such that t — ¢;(¢) is integrable with respect to every finite interval
(a,b) and sub—exponentially growing for ¢t — +oo. We also suppose that co satisfies

1t
lim —/ co(T + 8)dT = C2(s) € R, forall seR.
t—doo ¢ 0

Finally, we suppose that ¢ € C and that
fRxC,—-H
is a continuous function for which
1f (O < er(t) + 2@l fort € R and ¢ € C. (8)
Notice that we do not assume that f is Lipschitz continuous.
We now prove that for every ¢ € C, (6) possesses at least one mild solution.

Definition 4.1. For a given ¢ € Cy, a function [to,T] 3 t — y:(-) := y:(-;t0, @) €
C, is said to be a mild solution of (6) with initial function ¢ at time to (< T), if

_ [ Aot g(0) 4 [T AT T f(r gy ydr s € [ (t — o), 0]
Yi(s) = { ¢(s+t—to) : s < —(t—to), ®)
for all ¢ € [to, T

Note that in the last definition we express that the mild solution has the state
space Cy, not H. Alternatively, we can define a mild solution to (6) with state
space H, setting s = 0, by

<t)={ ACTG(0) + [ AT f (7 )dr b2t
4 ¢(f—t0) ot <tp.
Briefly we can write that y(+; to, ¢) is a mild solution to the IVP
dy
=A t for t >t
(IVP),, 4 { a y+ f(t,ye), for t>to,
Yty = ¢-

We now introduce the following notation. Let y € C([to, T]; H) with y(to) = ¢(0)
and ¢ € C,. Then, for 7 € [t, T], we denote by y V4, - ¢ the mapping from R~ to
H defined by

_Joylto+T1+s) : se(—T,0]
Y Vior $s) 1= { (;(SJ(T + ) s < —T.

We observe that for such function y the integral in (9) is well defined.

Theorem 4.2. Suppose that the above assumptions on et and f are satisfied.
Then, for every interval [to, T, and any ¢ € C.,, the initial value problem (IVP)y, 4
possesses a mild solution in C..

The global existence follows by the a priori estimates established in Theorem 4.3
below, assuming that one has the local existence of solutions. The proof of local
existence, given in the Appendix, follows Pazy [32] Theorem 6.2.1.
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Theorem 4.3. Let y; be any mild solution of (6) on [to,T), T € Rt U {+oo}with
a initial function ¢ € C,,. Then y, satisfies the inequality

t t t
”ytH’y < e*a(t*to)fﬂo C2("’)d7'||¢||’y _|_/ e—ot=m)+[] Cz(Q)dqcl(T)dT' (10)
to
Proof. We have

IIytIIWSmaX( sup  [o(s +t —to)]le”, sup [l g(0)||e7
s<—(t—to) s€[—(t—to),0]

s+t
b [ e yT>dT||eVS).
s€[—(t—to),0] to

The first term on the right hand side of the last inequality is equal to

sup [|¢(s) |77 = e TV g
s<0

For the second term we have the estimate

sup et TOFIg0)[le7 < sup e T 6(0) |7
S€[—(t—t0),0] S€[—(t—t0),0]
<e ot sup 70 g(0)
s€[—(t—t0),0]

< e g(0)]].

The third term can be estimated as follows

s+t
sup I eA(tJrs_T)f(T, yr)dr|le”®
s€[—(t—t0),0] to
s+t
< s [ e e 0 4 o) e
s€[—(t—t0),0] Jto

t t
S/ e_a(t_T)cl(T)dTJF/ e ey () ly- | ydr.

t() t()

Collecting all these estimates we have that

t
[9e]ly <max <6_”(t_t°)ll¢llv,6_a(t_t°)ll¢(0)ll +/ e ey (r)dr

to
t
+ [ e el ar)

to
t
<e Dol + [ ) + el i
o

We obtain the desired inequality by the Gronwall lemma. O

Remark 1. A consequence of this theorem is that, in case of a finite maximal
interval of existence [to, tmaz) Of a solution, no explosions are allowed, i.e.

limsup ||y¢]|, < oo.
t’VTLO/.’L'
But the case of such a finite interval carrying a bounded solution can be excluded
similar to Pazy [32] Theorem 6.2.2 applying (8). Hence for every ¢ € C,, tg € R
every mild solution of (6) is global.
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4.1. Pullback attractors for the equation with infinite delay. Throughout
this subsection we assume the same conditions on A and f given at the beginning
of Section 4.

We define the multi-valued mapping U (¢, 7, ¢) to be the set of mild solutions (9)
in the sense of Definition 4.1 at time ¢ € R, that is, U(¢, 7, ¢) = U y;, where the union
is taken within the set of entire mild solutions (—oo,4+00) 3 t — y (7, ¢0) € C,
such that y,(+; 7, ¢) = ¢. We stress here that we know from above that every local
solution can be extended to a global solution.

Lemma 4.4. The map U is a strict MNDS. In particular, for any fized t € R we
have U(t,7,D (1)) € C(C,) if D € C(Cy).

Proof. Let us first prove that U(t,7,¢) C U(t,s,U(s,7,¢)) for all t > s > 7, and

all ¢ € C,. Let z € U(t,7,¢). Then there exists a solution y of (9) such that

z =y (= y(:;7,0)). Denote, for short, uy = y¢(-; 7, ¢). Hence us = ys(+;7,¢) (for

7 < s < t), and therefore wu solves Eq. (9) with the initial value y,(-; 7, ¢) at tg = s.
Indeed, for 6 € [—(t — s), 0] we have

t+0
u (0) = ye(0;7,9)) = e (0) + / M=) £ (0, yo ) do

T

_ eA(tfs+9)eA(sff)¢(0) + / eA(tferG)eA(sfcr)f(U’ yg)dO'

T

t+0
+/ A=) f(g, y,)do

= eA(t_S+9) {eA(S_T)¢(O) + eA(S_U)f(Uv yU)dU}

T

t+0
+ / A=) £, y, ) do

t+0
= Ay 05 g) + [N o7, )

S

and hence
u(0) = yi(0;5,ys (57, 9))  for 0 € [=(t —s),0].
On the other hand, if § € (—oo, —(t—s)), then us(0) = ys(t+60—s;7,¢) = ye(0; 7, @)
and hence u:(-) = y+(+; 8, ys(; 7, @)). This implies that
z=u € U(t,5,ys(57,0)) CU(L,5,U(s, 7, 9)),

and, consequently, U(t,7,¢) C U (t,s,U (s,7,¢)).

As for the other inclusion, let us consider z € U(t, s, U(s, 7, ¢)). Then, there exist
e U(s,r,¢) (ie. 2 =yl(57,0) and 22 € U(t, s, z') = U(t,s,yl(:;7,¢)) (ie.
22 =y2(-;5,yL(;7,¢))) such that 2 = y2(-;s,yL(; 7, 0)).

Now, by concatenating these solutions, we construct

" _{ Yo (57, 0) if 0<s,
T YrGisya(sTg) if s<o
It is not difficult to check that u; is a mild solution of (6), so z = uy = y(;7, @)
and, therefore, z € U(t, T, ¢).

We also note that U(t, 7, D(7)) belongs to C(C.) if De C(C,) where the proof
follows by the continuity of C, 3 ¢ — f(7,¢), (8) and the Lebesgue domination
theorem. O



ATTRACTORS FOR INTEGRO-DIFFERENTIAL PDE 9

For our analysis below, we will consider the system D given by the multi-valued
mapping D in C(C,) with D(t) C Bc, (0, o(t)), the closed ball with center zero and
radius o, with sub—exponential growth:

log™ o(t
i o8 e(t)

t—+oo t

=0.

This universe D is called the family of sub-exponentially growing multi—functions
in C(C,).
Of course, the properties of D given in Definition 3.1 hold.

Lemma 4.5. In addition to the previous assumptions, suppose that ¢3(t) < « for
all t € R. Then, the balls B(t) = Bc, (0, R(t)) with

0 t
R(t) := 2/ o7 ealits)ds ) (t+T7)dr = 2/ =0tz e2()ds e (Hydr (11)

— 00 — 00

form a family BeD. In addition, B is pullback D—absorbing in the sense of (3)
which is forward invariant, i.e.,

U(t,7,B(1)) C B(t)
for (t,7) € R

Remark 2. We note that R 3 ¢ — R(¢) is continuous because this function solves
the linear ordinary differential equation initial value problem

d 0
d—z = (—a+ca(t))r +2c¢1(t), r(0)=R(0)= 2/ e tf7 c2()ds ) (7)dr.
Moreover, by a similar analysis to the one in Caraballo et al. [11] for a random
situation, it follows that ¢ — R(t) is sub—exponentially growing.

Proof. The first part of the Lemma holds thanks to the previous remark. Let us
now prove that B(t) is pullback D-absorbing. Consider D € D, and pick ¢ € D.
Then, if we replace in the formula in Theorem 4.3 the parameter ty by t — s, we
obtain an estimate for y; := vy (-;t — s,¢) € U(t,t — s, D(t — s5)),
t
lilly < 7Ol 4 [ eI yar(12)
t

We prove now that the right-hand side of Eq. (12) tends to R(t) as s goes to +oo,
what means that there exists 7'(D, t) > 0 such that U(t, ¢t — s, D(t —s)) C B(t) for
all s > T(D, ).

First, since

t
l/ co(T)dT — a(t) < «
t

S —S
then there exists so(t) > 0 such that
1 t
o — —/ co(r)dr > >0, forall s> sp, for a certain e > 0,
S Ji—s

and, hence
o t
e~ tli 2T g ag s o oo

Therefore, for the first term on the right-hand side of Eq. (12) we have

. 1
e_o‘s"’-fthCZ(T)dT”(lSHv < QR(t)'
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On the other hand,
t . 1
/ e~ o=+ e @dag) (7ydr — §R(t) as s — +0o,
t—s
and because the integrand is positive we have
t
o 1
/ e~ o=+ e Ddag, (7)dr < §R(t) for all s > 0.
t—s

Consequently,
lyelly < R(t), for all s> so(t, D).

Finally, the forward invariance follows by replacing ||¢||, by R(7) in (10). Indeed,
if we take ¢ € B(7), then

t

e (37, 0)|] < e alt=T)+[] e2(a)da R +/ e alt=s)+ ]! e2(9)da ) (5)ds

T

< e—olt=7)+[! ea(a)dag / "ol eadag, (5)ds

— 00

IN

t
+/ emelt=a)t[lea)dac (g)ds
2/T emot=9)H]; e2(@)dac (g)ds

t
+ 2/ e—alt=s)+[] e2(9)dq (s)ds
= R(t).

The proof is therefore complete. O

Let us now prove that U is upper-semicontinuous.

Lemma 4.6. The mapping ¢ € C, — U(t, T, ¢) is upper-semicontinuous for fized
t>T.

Proof. We argue by contradiction. If we suppose that U(t,7,-) is not upper—
semicontinuous, then there exist a neighborhood M; . of U(t,T,¢), a sequence
{¢n :n €N}, ¢, = ¢ in C,, and elements y;* := y'(-; 7, ¢n) € U(t, T, ¢,) such that
yp & My . If we prove that lim, 4 yf/ =: ¢y for some subsequence (n') in N,
which is an element in U(t, 7, ¢g), then we will have obtained a contradiction. To
prove that y;' is relatively compact we apply the Ascoli-Arzela theorem. By the
properties of the sequence ¢,, (which is pre-compact in C,), it is sufficient to show
that yi*(s), s € [—(t — 7),0] is pre-compact. We note that by Theorem 4.3 the set
{y;" : n € N} is bounded in C., because {¢,, : n € N} is bounded in C,. Hence

sup ly¢ (s)]| < o0. (13)
neN,se[—(t—7),0]

A similar argument as that in the proof of Theorem 4.2 provides the relative com-
pactness of Z(s) := {y/"(s) : n € N}. In particular, {2+, (0) : n € N} is
pre—compact. As for the equicontinuity of {y;* : n € N} at s € (— (t — 1), 0] we use
the fact that r» — e4” is continuous in norm for r > 0.
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Following the idea of the proof of Theorem 4.2 to see equicontinuity at s = — (t — 7)
we have to study the following equation with r := s+t —7 >0

yP(s) = 4" () = M, (0) + / AT f(o 47y, do

Thanks to applying (8) and (13), the norm of the integral on the right-hand side is
small uniformly with respect to n if r is small enough.

To obtain the equicontinuity of the functions formed by the first expression on
the right-hand side we have to show that for every € > 0 there exists a 6 > 0 such
that for n € N and r < § we have that [|e4"¢,(0) — ¢,,(0)|| < . If not, there
would exist £ > 0, sequences n — +00,r, — 0 such that ||eA™ ¢, (0) — ¢, (0)|| > «.
Choosing n sufficiently large such that for r in [0,¢ — 7] the estimate

, €
e (6 (0) = S(O))I| < 5
holds, and we then have that
127 $1,(0) = Gn (0] <[l (¢ (0) = $(0))]| + [|le*™ $(0) — $(0)
+ [19n(0) = $(0)]]
<+t
4 4 4
for large n. This contradiction finishes the proof. O

Lemma 4.7. Assume the hypotheses in Lemma 4.5. The multi-valued dynamical
system U is pullback D—asymptotically compact with respect to B defined in Lemma
4.5.

Proof. Let z; = z:(; s, $) be the unique (mild) solution of

% =Az, t>s,
dt (14)
zs=¢cC,
which is given by
AHDG0) : be[-(t—s),0],
z(0) =
p@+t—s) : 0e(—o0,—(t—29)),
so that (since v > «)
supe™||z(0)]| < sup Y[t HDG0)|[+  sup €|p(0 +t - s)]|
0<0 —(t—5)<0<0 0<—(t—s)
< sup % UD)0)[+  sup [@(0 + 1 - s)|
—(t—s)<6<0 0<—(t—s)
< e |(0)]] + e g,
< e |g(0)]] + eI,
and
2]l < e |(0)]] + e * =[] (15)

Recall that we have to prove that for every sequence t,, — 400, and every sequence
y* e U(t,t —t,, B(t —t,)), it follows that {y"},>1 is pre-compact.
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Let y, denote a solution of (6) with initial value ¢ so that y, € U(7,t — s, ¢)
(for s > 0). Then there exists u, € C, such that y; = zr 4+ u,, where u, is a mild

solution of J
d—“ = Au+ f(t,ys),  w_s(0) =0 for 6 <0. (16)
=
Let t, — oo and ¢™ € B(t — t,). The solution of (6) associated to this initial
function, with ¢ — ¢, as initial time, is denoted by y? (in other words, y? :=
Y2 (-5t — tn, ¢™)). Thanks to Lemma 4.5, y? € B(7) and, in particular, y}* € B(t),
whence ||y2?||y < R(t). Let u™ be the solution of (16) with s = ¢, which can be

written as

t+0
w0 = [ A yin 0 (.0
t

—ty,
In a similar way as we did in the proof of Theorem 4.2 and taking into account the
previous calculations, it is not difficult to obtain an estimate of

lu™(t 4 s1) — u™(t + s2)], —T < s1 < 89 <0,

for an arbitrary 7' > 0, which gives us the equicontinuity of {u"(t 4+ ) : n € N}
on [—T,0]. Furthermore, we can prove the pre—compactness of {u"(¢t + s) : n € N}
for s € [-T,0]. Then, by the Ascoli-Arzela theorem there exist a subsequence {n’}
and a function ¢ : R~ — H which is the uniform limit of «™ (¢t+-) on every interval
[T, 0].

Remark 2, the properties of ¢1, ¢a, and the continuity of ¢ — R(t) allow us to obtain
an a priori estimate:

t+0
lu"(t + 0)] < / OO £ () dr

t—tn

]
- / O f(o + t,y7 ) ldo

—tn

0
< / == (1 (0 + 1) + ea(o + DIyl illy) do

—tn

0
< / e=O0=0) (c1 (0 + 1) + ea(0 + ) R(o + 1)) do

< e R(t), for #<0. (17)
From this inequality we can derive
0
[ (40 < / €T (261 (t+7) + ea(t+T)R(E+7))dr = R(t), 0 €R~. (18)

It follows from (18) that
sup |ug (6) 1™ < R(),

0e[—T,0]
and then
lim  sup [ (0)]|’® = sup [|v(0)||e?® < R(t), forall T > 0.
n'—00 e (_T,0] 9c[—T,0]
Hence

sup sup [[¢(0)[le”” < R(t)
T>00€[—T,0]

and this not only implies that ) belongs to C, but also that |||, < R(t).
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In addition u} (-) converges to 1 in C.. Indeed, to prove this statement we have
to check that for every € > 0 there exists N () such that

sup [uf’ (8) — p(0)]|e?® <e  for all n' > N(e). (19)
<0

Since we are assuming that v > «, then, for every € > 0 there exists T.(t) > 0 such
that -
e*('yfa)TaR(t) < 5
Since the convergence of u,’}/() to 7 holds in compact intervals, in order to prove

(19) we only need to check that

sup |[ul (s) —w(s)||e” <e  forall /> N(e).

s<—T.

But, thanks to (17),
[u?’ (0)[le"® < e R(t) for all § < 0.
This fact and the choice of T.(¢) implies

sup [[up’ (0’ < <.

0<—T. 2

Moreover,

sup [[Y(@)’ < lim  sup fup (6)]e"” < <
TE] n'—

0 ge[—T,—Ts]

for every T > T.(t). Hence the convergence of {u} (-)} to 1 takes place in C.,.
We then have yi = u} + 2], where 2} is the solution of (14) with initial function
¢". Since ¢™ € B(t — t,,) it follows from (15)
. ni
tnliHFloo ||Zt H’)’ - 07
so we can ensure the convergence of y,?, to ¢ in C, which is the conclusion of the
lemma. O

According to Theorem 3.3 and taking into account Lemmata 4.5, 4.6, 4.7, we
have already proved the following Theorem.

Theorem 4.8. Under the assumptions in Lemma 4.5, the MNDS generated by (6)
has a pullback D-attractor A in C(Cy).

Corollary 1. Suppose that ' > « such that the assumptions on [ given at the be-
ginning of Section 4 are satisfied with respect to~'. Then there exists a pullback D~ —
attractor A, where D consists of the sub—exponentially growing multi-functions

in C(Cy+). By the embedding
lully < ully,  forue Cy,
for ~' >~ > a there exists a Dy—pullback attractor A, such that A, C A.

Remark 3. It is really interesting to stress the relationship that there exists be-
tween the uniqueness of pullback attractors A, and the systems of attracted sets
D, . Observe that from the Definition 3.1 every pullback D, -attractor is an invariant
set. According to the Corollary 1, the D, /-attractor A,/ attracts the infinite number
of Dy-attractors A, for v/ > v > a, since A, € D, C D,.. However, for +' there
exists a unique attractor A,.. Indeed, A, does not have to attract the elements from
Dy
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5. Absorbing sets for some logistic-type delay equations. In this section
we will analyse some logistic-type equations with an additional integral term rep-
resenting the accumulative history of the solution since starting. We will prove the
existence of absorbing sets for the models and relegate the existence of pullback
attractors to a future investigation.

5.1. An ordinary integro-differential equation. We consider a logistic like
equation with memory term of the form

Cfl—f(t) =rz(t) (1 — K 'a(t) — ’y/o w(r —t)P(x(7)) dT) ) (20)

where r, K, v > 0 and w : R~ — R is continuous and satisfies

0
/ w(s)e™ " ds < 400

for some n > 0 and P € C(R,R) with P(z) > 0 when z > 0 with
Liz| < |P(@)| < Cala]™ + Cs

for certain constants Cy, Cy, L > 0 and m > 1.
Let us denote C,j‘ := Cy(R™,R™") the non-negative cone. We can rewrite equation
(20) as a differential equation with infinite delay

dx 0

E(t) = f(t, ) := ra(t) (1 — K 'a(t) - 7/

—t

w(s)P(x+(s)) ds) , (21)

which we can analyze using the methods in the paper [16] for the infinite delay
equation

L —r (1 - K /OOO w(s)P(z(t + 5)) d8> (22)

dt

with an initial condition being any function ¢ € C’j , the non-negative cone in C,,
since only non-negative solutions are relevant and C;r is positive invariant for an
appropriate 7 > 0. An appropriate initial condition for equation (21) is a ¢ € C’j
with ¢(0) = zp € RT.

Following [16], we note that the mapping (¢,¢) — f(t,¢) : Rt x C, — R is
continuous and bounded (i.e. maps bounded sets onto bounded sets) for any v >
0. The key step is to show these properties for the mapping

0
me:/u@wwm@.

—t
Indeed,

—t

w(s) [P = PO ds+ [ w(s)P(us) ds

—t—ot

0

M(t+6t,4) — M(t,¢) = /

—t

—0 as 6§ =0 and |[¢—¢|, — 0,
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since

[ welP@e)lds < _max  w) [ (@l + € ds

—t—5t s€[—t—1,—t —t—5t

<  max w(s) <C1 max |(s)e”*|™ + Cg) X

T osg[—t—1,—1] s€[—t—1,—t]
x ™V st

- m mA(E41)
< se[giuli,ft] w(s) (CLll9|7 + Ca) e ot

S e wis) (Gilligly +1)™ + C) emV ) gt
se[—t—1,—t

for all ¢ € C, with ||[¢ — ¢||y < 1 and

Jax |P(¥(s)) — P(¢(s))| — 0 as Jax 1b(s) — ¢(s)| — 0,

where

max [(s) — ¢(s)| < max [(d(s) — ¢(s))e?*|e"

se[—t,0] se[—t,0]

<l —=¢llye =0 as [ —gll, =0
for each fixed t > 0.

We can then apply Lemmas 22 and 25 in [16] to equation (21) to conclude that
it has at least one positive solution and that the positive cone C,‘YIr is positively
invariant under the solution mapping in a weak sense, because what we can ensure
is that at least one solution remains therein but, in general, some other solutions
can leave it.

We restrict attention to the non-negative cone CJ‘ and consider the set-valued
dynamical system generated by the solutions which intersect the positive cone. To
show the existence of an absorbing set we use the properties of P in the differential
relationship

0
%x(t)Q = 2rz(t)? (1 — K ta(t) — 'y/ w(s)P(x¢(s)) ds) , t>0,

—t
to obtain the differential inequality

d 1

Ea:(lt)z’ < 2ra(t)? (1 - ?r(t)) , t >0, (23)
for 2, € CF. From this we conclude that z(t) € [0, K + 1] after a finite time and,
by an argument similar to the one in Lemma 26 from [16], it follows the existence
of an absorbing set .

5.2. An integro-differential reaction-diffusion equation. In this subsection
we consider a reaction—diffusion version of the integro—differential equation (20),
namely

%(m,t) = Au(z,t) + ru(x, t) (1 — K tu(x,t) — 7/0 w(t — t)P(u(z, 7)) dT)

(24)
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on a bounded domain €2 in R? with smooth boundary 92 and the Dirichlet boundary
condition u|gpa = 0 and the non-negative initial condition u(x,0) = ug(z) > 0.

The crucial step here is to show there exists an absorbing set in L2(Q). For this
we use the following estimates for any existing positive solution.

d 2
L) = —2|Vu(t)|+2r/ u(z,t)? dz — —r/u(x,t)gda:

2r
< =2XJu(t)]3 + 2rfu(t)|3 — ?lu(t)lg

= 20\ — ()} ~ (o)

by the Poincaré inequality, where A\; > 0 1is the first eigenvalue of the Laplace
operator on {2 with the Dirichlet boundary condition. Then we use the inequality

2/3
@ = [ utepde < ([ uwoPac) 0l = oo
Q Q

to obtain
20722 u()]3 < lu(®)]3.
Finally, this leads to the inequality

d 9 9 2r 9
i)z = =20\ = r)fu(®)lz — WIU@)IQ
or
d T 8
Zplu®)l2 < =1 = 7)lu(®)]2 ~ WIU@)IQ

If r < A\q the zero solution is globally asymptotically stable, but if » > A; then it
follows that
KIQP2(r— A
r
Again, by a similar argument as the one in Lemma 26 from [16], we can obtain the
existence of an absorbing set.

6. Appendix. Proof of  Lemma 3.2 Consider a sequence
yn € U (t,t — t,, B(t — t,)) with ¢, — +o0. As U is pullback—asymptotically com-
pact with respect to B, there exists a converging subsequence and its limit y belongs
to A (E, t), so that A (E, t) is non—empty.

We now prove that A (E,t) is compact. For any sequence {y,} C A (E,t)
there exist ¢, — +oo and z, € U (t,t —t,, B(t —t,)), such that dx (yn, z,) < +.

Using again the pullback asymptotic compactness of U the existence of a convergigg
subsequence z,, — z € A (E,t) follows. Then, y,, — =z, so that A (E,t) is
compact.

We prove (4) by contradiction. If (4) does not hold, then there exist ¢ > 0 and
yn € U (t,t —ty, B(t —ty)) with ¢, — 400, such that

dist x (yn,A (E,t)) > €.
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As U is pullback—asymptotically compact with respect to E, it follows that there
exists a subsequence (relabelled again the same) y,, — y € A (E,t), which is not
possible.

Let us now prove that (5) holds. Fix (¢,7) € R2. Then, if y € A (E,t), there
exist sequences y, € U (t,t — (tp, — T),xy), o € B(t — (t, — 7)) with ¢, — +o0,
such that y,, — y. For t,, > ¢, the process property implies

Ut,t =ty +7,2,) CU T, U (T, t =ty +7,20)),
and then y, € U(t,7,2,), where z, € U(1,t —t, + 7,2,). As before, up to a
subsequence, z, — z € A (E,T). Since x — U (t,7,x) is upper—semicontinuous
with closed values, we have

yeU(t,T,2) C U(t,T,A(E,T)).

Proof of Theorem 3.3 First we need to prove that
lim distx(U(t,t —7,D(t—7)),A(t)) =0 for every D € D. (25)

T—+00
Indeed, thanks to (4), for every ¢ > 0 and ¢ € R, there exists T'(¢, ) such that for
T > T(t,e)
distx (U(t,t — 7, B(t — 7)), A(t) < e.
But, for every De D,
Ult—rt—7—T{t—7,D),D({t —7—T(t—7,D))) C B(t—1)
so that
distx (U(t,t —7,D(t — 7)), A(t)) < e
for 7 large.
The third property in Definition 3.1 follows from (5). Since

U(t,t —7,B(t — 7)) C B(t) for 7 >T(t,B),

we have the relation A(t) C B(t) for each ¢t € R, so that A € D. But this shows
that A is unique. Indeed suppose we have another pullback D-attractor A’, then
as
AtycU(t,t—1,A'(t—1))
and
lim distx (U(t,t — 7, A'(t — 7)), A(t)) = 0,

T—+00

we have that A'(t) C A(t). Exchanging A and A it follows that A = A’.
Finally, assume that U is a strict MNDS. Then,

Ut,r,A(r)) U (t,7,U(1,r — 1, A(r — 7)))
=U(t,r—7,A(r—7)), forall T>0.
As A pullback attracts itself, it follows that
liril distx (U(t,r — 1, A(r — 7)), A(t)) = 0,

and, consequently, given € > 0, there exists T'(¢, ¢, 7) > 0 such that, for 7 > T'(e, t,r)
distx (U(t,r — 1, A(r — 7)), A(t)) <&,
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and as U (t,r, A(r)) C U (t,r — 1, A(r — 7)), we have
distx (U(t,r, A(r)), A(t)) < g, for all € > 0,
so U(t,r, A(r)) C A(t), as required. O

Proof of local existence in Theorem 4.2 The proof follows Pazy [32] Theorem 6.2.1.
Let us fix some ¢ € C and ¢, tp € R.
Consider
B(R) = {y € C([to, T|; H) : y(to) = ¢(0), Sup 16(0) —y(s)Il < R}
s€|to,
B(R) is a convex and bounded set in C([to,T]; H). For any T > to (with T — ¢
small enough) we define the mapping 77 : B(R) — C([to, T]; H) by

t
Tl = A 0(0) + [ ATy vy so)dr, b 0, T,
to
We note that Tr(y) € 4C([to, T]; H) because 7 — || f(7,y Viy,» ®)|| € L1([to,T]). To
see that the operator 7p maps B(R) into itself, for appropriate R and T, we note
that
1 (r,y Vig r D)l < ca(r) + c2(r) SI[BP]GV(Q_T)H?J(% + o)l
oc|0,r

+ ca(r) sup e p(r + o)l
o0S—T

<eci(r) +e2r) sup |y(o)ll

0€[to,T]
+ea(r)e " sup @ 6(r + o),
o<—T
SO
£ (r,y Vio.r ) < c1(r) + ca(r) sup ly(o)ll + c2(r) |l (26)
o€(to,

The term sup ¢, 71 ly(0)| is bounded by |[¢]|, + R. In addition, [le*(—t0=")z|| <
e~ *(t=t%=7)||2|| so that, for small T — to > 0 (depending on r), we have T7(B(R))
C B(R).

In view of the continuity of C 5 { — f(¢,£) and (8) we obtain by the Lebesgue
domination theorem that 77 is continuous on B(R) with the topology of C([ty, T']; H).

To see that 77 is compact we first note that the sets
Zy={2=Tr(y)lt],y € BR)}, te€ [to,T]

are pre—compact. This is trivially true for ¢ = to. For ¢ > ty we introduce for
sufficiently small € > 0

t—e
T (y)[t] = A2 p(0) + / A=) £ (1 y Vi d)dT

to
t—e
= A Wg(0) 4 et [ AT v, o)
to
By (26) and the integrability conditions on ¢; and ¢o

t—e

sup || St —to—1—¢e)f(T,y Vipr ¢)dT||
yEB(R) Jito
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is finite for appropriate € > 0 so that 77 (B(R))[t] is pre-compact by the compactness
of e¢. Then for every ¢’ > 0 we have an € > 0 such that
t

1T~ Tl < [ ey Vi D)y < &

t—e
uniformly for y € B(R) so that Z; is totally bounded, hence pre-compact.

To apply the Arzela—Ascoli theorem we show that 7r(y) with y € B(R), is
equicontinuous. Notice that, for to > t1 > t,

172 (y)[t2] — Tr(y)[E]ll <ll(e™*2 — e)6(0)]

t1
* / A== — AG=D| || £(7,y V4, » &) || dr
0

to
+/ A=D1 (7, y Vi - ¢)ldr.
ty

Since S(t) = e“* is a compact operator for ¢+ > 0 we know that the mapping ¢ —
S(t) is norm-continuous for ¢ > 0. The Lebesgue domination theorem together with
(26) imply the equicontinuity for ¢ > to. Similar arguments hold for t; = t = .
Indeed, in the above formula the second term on the right hand side disappears for
t1 = 1p.

The Schauder theorem gives the existence of a fixed point of 77 which is a local
solution for (6). O
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