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1. Introduction

In many fields of science, Biology, Economics,
Physics, Chemistry, etc, delay differential equations
(DDE for short) are of major interest. Besides
the well-posedness of these problems, the qualita-
tive behaviour of DDE includes many features as
for general differential equations, although most at-
tention has been paid to stability properties. In
any case, even when such results do not hold, it is
still useful the study of their long-time behaviour
(leading to meaningful situations as permanence,
extinction, chaotic phenomena, etc), in particular
the study of attractors. There exists a wide lit-
erature on this topic, see for instance the seminal
monographs [Hale, 1988, Hale & Lunel, 1993] and
the references therein, or some recent developments
in this field as multi-valued (semi)flows and/or

non-autonomous terms in the involved models (e.g.
[Caraballo et al., 2005, Caraballo et al., 2007b]).

On the other hand, it is a complex matter
to understand the structure of the attractor for a
general problem and its continuous behaviour, for
instance when changes in the model happen. This
also indicates somehow robustness of the model (cf.
[Hale et al., 1988, Hale & Raugel, 1989].  Many
papers are devoted to study continuity properties,
being the upper semi continuity one half of the
answer, and sometimes the most one can obtain
(e.g. cf. [Caraballo & Langa, 2003]). Indeed, the
continuity w.r.t. to variations in the original model
and the structure of attractors remain as open
problems (e.g. see [Carvalho & Langa, 2007,
Carvalho et al., 2007, Langa et al., 2007,
Efendiev et al., 2005, Gatti et al., 2006] for some
recent developments in different situations).
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The theory for dynamical systems associated
to DDE obtains similar results too, for instance
in the study of approximation of attractors
(e.g.  [Hines, 1995, Caraballo et al., 2007a]), or
when considering changes in the delay length
(cf. [Kloeden, 2006]). An early paper on
upper semi continuity for a retarded nonlin-
ear PDE is [Boutet de Monvel et al., 1997].
See also [Boutet de Monvel et al., 1998,
Chueshov et al., 2005] for the same question
but focused on inertial manifolds to deterministic
and stochastic problems.

Since a middle step between autonomous and
non-autonomous models is the appearance of pa-
rameters (also as approximation technique), it is
natural the study of these properties in parametric
systems. In [Marin-Rubio, 2008] the upper semi-
continuity of the attractors for dynamical systems
associated to DDE with a parametric dependence
and without uniqueness was studied.

Very recently, Li and Kloeden
[Li & Kloeden, 2004a] proved some continuity
results for attractors of problems corresponding
to different values of a parameter, using the
new concept of equi-attraction. This approach
translates the problem of the continuity of at-
tractors to another property;
seems an interesting option to throw light on
the question. That work was also adapted to
some different situations as a non-autonomous
framework with the cocycle formulation (cf.
[Li & Kloeden, 2004b]) or even in a multi-valued
context (cf. [Li & Kloeden, 2005]). The idea
was adapted in [Kloeden & Marin-Rubio, 2008]
to an abstract dynamical system related to DDE
problems, and applied to a simple DDE just to
illustrate its validity.

in any case, it

In this paper we consider a general class of
parameterized DDE which includes fixed and dis-
tributed delays. Each equation is stated in a dif-
ferent state space, and the existence of the global
attractor is ensured. Our goal is to study the be-
haviour of these attractors when varying the pa-
More exactly, we aim to establish con-
tinuity results without knowledge of the struc-
ture of the attractors, but in the same terms
as Li and Kloeden’s theory, relating to the con-
cept of equi-attraction. So, it may be consid-
ered the main example to justify and complement

rameter.

our contributions [Kloeden & Marin-Rubio, 2008,
Marin-Rubio, 2008].

The structure of the paper is as follows. In Sec.
2 the parametric family of DDEs and main hypothe-
ses are stated. In Sec. 3 some useful estimates and
main concepts of dynamical systems and attractor
theory are given. Existence of attractors for our
family of problems is proved here. Finally, in Sec.
4 the Li and Kloeden’s theory of equi-attraction is
recalled, adapted and applied to our model.

2. Statement of the parametric family of
DDEs

Let us introduce some notation which will be used
all through the paper.

For a given metric space (X,d), Bx(a,r) will
denote the open ball of X with center a and radius
r. In addition, denote the Hausdorff semi distance
and Hausdorff distance on X, respectively, by

H%(A,B) =supd(z,B), and
z€A
HX(AaB) = maX{H}k((Aa B)aH;((BvA)}

for any nonempty subsets A and B of X.
In R™ (m € N), we denote | - | the Euclidean

norm; and for any 7' > 0 we will denote (Cr, || - ||7)
the Banach space C(]—T,0];R™) endowed with
the norm |l¢llr = sup,ci_7[p(t)]. The usual

notation for delay function will be a sub-script:
x¢(s) = xz(t + s) where it has sense.

We consider a similar model to that in
[Marin-Rubio, 2008]. Concretely, let us state the
following assumptions.

Hypothesis 2.1. Let A C R be a closed interval,
and suppose that positive numbers 0 < T, < T,
and functions T, p € C(A; [Ty, T*]) are given.
Consider also the functions Fy, F1 €
CR™R™), and b : [— max, 0] x R™ — R™, mea-
surable w.r.t. its first variable and continuous w.r.t.
the second variable, mg, my € L' ((— max, 0);Ry),

and o, B> 0, and k1, ko > 0, such that
b(s,z)] < ma(s)|z] + mo(s),
Ve € R™, a.e. s € (— maxT, 0),
—alz[’ + 5,
kT + k3l

Vo € R™,
Vr € R™.

(x, Fo(x))
|Fi ()



Hypothesis 2.2 (Lipschitz character). There
exist positive constants Lg,, Lr,, and Ly such that
|Fj(x) — Fj(2')| < Lp|la — 2'| for all x, 2" € R™,
j=0,1, and |b(s,z) — b(s,2")| < Lp|z — 2’| for all
z, 7 €R™, a. e. s€ (—meXT, 0).

For convenience we introduce the following no-
tation
M) = max{p(A), 7(A)},

0
m; = max/ m;(s)ds for
Ao

i=0,1.

Under the above assumptions, consider (for
each A\ € A) the functional

f(A ) : Cyy, — R™
given by
fue) = Fo(e(0)) + Fi(e(—p(A)))

0
" / L Meeeds

and the family of DDE

() = f\ )
= Fy(z(t)) + Fi(z(t — p(N)))
0
b(s,z(t + s))ds. 2
Remark 2.3.

(a) More general functionals depending on the
parameter and/or more different delay terms can be
considered. However, for clarity in the presentation,
we prefer to restrict to this case.

(b) The parametric dependence of the problem
will be denoted by upper script (A) when necessary,
i.e. if no confusion is possible, we will just use the
notation z for any solution instead of z*).

3. Parameterized semi dynamical systems
and their attractors

Local existence of solutions for (2) is a well-known
result (cf. [Hale & Lunel, 1993]) thanks to the
continuity assumptions given in Hypothesis 2.1.
With a priori estimates from the following result
(proved in [Marin-Rubio, 2008; Lem.4], see also
[Caraballo et al., 2005; Lem.34]) we obtain global
(and not only local) solutions but no uniqueness.
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Lemma 3.1. Under the Hypothesis 2.1, consider a
local solution = to (2) with initial data in Cyy, de-
fined on an interval [0,T,). Then, there exist posi-
tive values A, B, and 0 such that x satisfies for all
t<Ty:

t
ez (1) < \1’(0)|2+/0 e**(A+ Bllas|iy, )ds. (3)

Proof. By the Hypothesis 2.1 and the Young in-
equality with suitable constants € and &, it is not
difficult to obtain

d
Ell‘(f)l2 < =6l (t)]* + A+ Bllzliy, »
with
]€2 2 ]€2
A=26+L14 70 B=Ziom, (4)

and § given by e+& = 2a—d, whence (3) follows. W

Although for the results in [Marin-Rubio, 2008]
(multi-valued) it was enough to fulfill model (2)
with the Hypothesis 2.1, here we will need a more
restrictive structure (semi dynamical systems in a
single-valued sense), and uniqueness is required. It
is well-known that Hypothesis 2.2 provides unique-
ness of solution for the DDE.

Definition 3.2. A map §: Ry x X — X is called
a semi dynamical system (SDS for short) if for each
fixed t > 0, S(t,-) : X — X is continuous, and it
has a semi-group structure in time, i.e.

(a) S(0,-) = Id (identity map)

(b) For any pair ¢, t2 > 0 and for all z € X,

S(tl —i—tg,x) = S(tl,S(tQ,x)).

Next proposition follows from standard contin-
uation results (cf. [Hale & Lunel, 1993; Ch.2]).

Proposition 3.3. Under Hypotheses 2.1 and 2.2,
the following map defines a semi dynamical system.:

S(/\) : R+ X CM)\ — CM/\
(tv) = SEtY) =

with x the global solution of (2) with xy = .

The goal of our study is the following object.
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Definition 3.4. A nonempty compact subset A of

X is called a global attractor of a semi dynamical

system S if it is invariant, i.e. S(¢,A) = A for all

t € Ry, and attracts bounded subsets B of X, i.e.
lim H*(S(t,B), A) =0,

t——+o0

where S(t, B) = e S(t,b).

The following two notions suffice in order to
have a global attractor (e.g. cf. [Hale, 1988;
Ch.3,Sec.4] or [Robinson, 2001; Ch.10]).

Definition 3.5. A semi dynamical system S
Ry x X — X is called pointwise dissipative if there
exists a bounded set B C X such that it attracts
the dynamics starting at all single points, i.e.
lim H*(S(t,z),B)=0 VzeX.

t—-+o0
It is called asymptotically compact if for any
bounded set B C X and any sequences {t,} with
tn — 400 and {™M} C B, the set {S(tn, )} is
relatively compact in X.

Pointwise dissipativity can be obtained using

ideas from Wang & Xu [Wang & Xu, 2003]
and  Ball [Ball, 2004] already wused in
[Caraballo et al., 2007b], but here for finite

delay (see also Theorem 8 in [Marin-Rubio, 2008]).

Theorem 3.6. Assume that Hypotheses 2.1 and
2.2 hold, and
o > ko +my. (5)

Then there exist values A, B, and § as in Lemma
3.1 satisfying § > B. Moreover, the semi dynamical
system SO is pointwise attracted by the set

A
B ={w € Oy« [Wllh, <K = s=5), (6)

T x 0y My —
that is, tl}gloo HCMA (S*V(t, ), By") =0 for all ¢ €
Cu, -

Although the proof is very similar to that of
[Marin-Rubio, 2008; Th.8], it is included here for
the sake of clarity, since it will be used below in
other results.

Proof. The function g : (0,2«) — R given by ¢g(d) =
2

0—2mq — 20’?—35, which represents § — B from Lemma

3.1, has its maximum value g(2a—ks) = 2(a—mq —
k2) > 0. This proves the first claim.

For the second part, we proceed in two steps.

Step 1: For any R > 1, Bg,, (0,vRK), is
positively invariant for the semi dynamical system
SM associated to Eq. (2).

If not, there must be an initial data v with
4[5, < RK and a solution x of (2) with zo = ¢
and a first time ¢; such that ||:Utl|ﬁwA = RK, i.e.
|z(t1)|? = RK.

But from (3) we deduce that

t1
e MRK + / e 9= (A + BRK)ds
0
A+ BRK

]

et <

= e MRK + (1 —e o),

Observe that

A+ BRK _ R(A+ BK)
5 5

= RK,
which is a contradiction with |z(¢1)|> = RK.

Step 2: The closed ball B(())‘) = BC}M}\ (0,VK)
attracts any solution of (2).

Consider a solution z(-) with initial data ¢ €
Cu, with ||1/JH%\A = ( > K (otherwise, the claim
holds by Step 1).

Thanks to Step 1 we have that |z(t)| < ¢ for

all t > 0. Therefore, there exists limsup |z(t)|* = o.
t—+o00
So,

Ve > 03T1(5,A) >0 : |z(t)|> < o+eVt>Ti(e,N),

and th”%\/h <o+e Vt>Ti(e,\)+ My (7)
Take now T5(e) such that

A+ B¢

5t
e "(+ ;

(e_‘STQ(a) — e_6t> <e Vt>Ts(e).

(8)
So, for any t > Ty(e) + Ti(e,\) + My, from (3),
splitting the integral in two parts,

e < e |x(0)

t*TQ(E) 5 5
+/ e U=)(A + Bz}, )ds
0

t
+ / e U=)(A + Blla|l3, )ds,
t—TQ(E)



applying (8) to the first two addends (thanks to
Step 1), and (7) to the last addend, we obtain for
all ¢t > TQ(E) + T1(€, )\) + M, :

A+ B

Passing through the limit when € goes to zero, we
deduce that

2<A—|—BO’

o = limsup |z(t)]* < 5

t—+o0

in other words, o < ﬁ = K, which finishes the
proof. [ |

Remark 3.7. In Step 2, T1 depends on A. In princi-
ple they are not uniformly bounded in A, which will
have importance in Proposition 4.13 below.

The following result is an immediate conse-
quence of the Ascoli-Arzela theorem, and its proof
is similar to [Caraballo et al., 2005; Prop.10] or
[Caraballo et al., 2007b; Prop.2].

Proposition 3.8. Let be given T > 0 and a con-
tinuous functional h : C7 — R™ which is bounded
(i.e. the image of a bounded set is also bounded),
and such that the DDE z'(t) = h(x) generates a
semi dynamical system S. If S satisfies the follow-
ing boundedness condition,

VR >0 3M(R) > 0 such that
S(t, Ber (0, R)) € Bop (0, M(R)),

then S is asymptotically compact.

We can combine the above results to conclude
the existence of attractors for the semi dynamical
systems {SWM 7} ep.

Theorem 3.9. Assume that Hypotheses 2.1 and
2.2 and (5) hold. Then, for each A € A, (2) gener-
ates a semi dynamical system S® : Ry x Oy —
Cr, , which possesses a global attractor AW which
satisfies a uniform bound (for all \) on the Eu-
clidean projected space R™ :

[l <K,  VyeA®,

where the constant K is given in Theorem 3.6.
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Proof. The pointwise dissipativity of each S?) al-
ready proved in Theorem 3.6 is fulfilled with the
asymptotic compactness since the uniform bound-
edness condition required in Proposition 3.8 holds
from Step 1 in the same theorem.

Finally, the value K of the radius of the point-
wise attracting ball, that contains the attractor, is
independent of X as (6) and (4) show. [ |

4. Continuous dependence of the attractors
on the parameter

Our aim now is to show a result of continu-
ous dependence for the obtained attractors A®
in Theorem 3.9. Recently, Li and Kloeden
[Li & Kloeden, 2004a, Li & Kloeden, 2005] have
developed a theory to show equivalent conditions
to continuity of parametric attractors (for single
valued and multi-valued frameworks respectively).
However, it is necessary to adapt these concepts
to our framework since the delay affects the phase-
space for each A\. We will recover some results in
this sense from [Kloeden & Marin-Rubio, 2008].

4.1. On the Li and Kloeden’s
attraction theory

equi-

Definition 4.1. Let {SM},c be a family of semi
dynamical systems on X. We say that

(a) {SW} is equi-dissipative on X if there
exists a bounded subset U of X so that for any
bounded subset B C X, there exists a Tp € Ry
independent of A € A such that

SN(tB)ycU,  t>Tg;

(b) {SM} is eventually equi-compact
(or  uniformly compact for large ¢ in
[Li & Kloeden, 2004al) if for any bounded subset
B of X, there exists a Tp € R, independent
of A € A, such that UyeaSW(t, B) is relatively
compact for any ¢t > Tp.

The following theorem was proved by Li and
Kloeden [Li & Kloeden, 2004a; Th.2.9].

Theorem 4.2. Suppose that {SM}yer is equi-
dissipative and eventually equi-compact and that
AN s the global attractor of S® for A € A. In
addition, suppose that the following conditions are
satisfied:
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(A1) For any t € R, fized, SN (t, ) is jointly
continuous in (x,\) on X x A.

(A2) SV (t, z) is equi-continuous in X for (t, )
in any bounded subset of Ry x X.
Then AW is continuous in X\ with respect to the
Hausdorff distance if and only if {ANM} is equi-
attracting, i.e. for any bounded subset B of X and
any € > 0, there is a 7 = 7(B,e) > 0 independent
of A such that H (SN (t, B), AN) < ¢ for allt > T
and for all A € A.

Remark 4/.3. The above equivalence also holds if
(A2) is replaced by:

(A2) SW(t,z) is equi-continuous in A for ¢ in
any bounded subset of Ry and x in any bounded
subset of (Jyc, AW.

Finally, we recall an additional continuity
notion, which will be useful for the following result
(cf. [Li & Kloeden, 2004a; Th.2.7]) and below:

(A3) For any bounded subset B of X and
T >0, SW (t, ) is uniformly continuous in z € B
uniformly w.r.t. A€ A and t <7 ie.

Ve>030>0: x,y€B,dzy) <9I
= d(SW(t,z), 8NV (t,y)) <&, VE<T,\ € A.

Theorem 4.4. Suppose that {SM}zcn is equi-
dissipative, eventually equi-compact, and the as-
sumptions (A1) and (A3) given above hold.

Then, if {AM} is continuous in A, it is also
uniformly Lyapunov stable, i.e. for anye > 0, there
exists 6 > 0 (independent of \) such that for all
e A, ifd(z, AN) < 5, then d(SWV(t,z), AV) < ¢
forallt e Ry.

4.2. FEmbedding on a common state space
for DDEs and equi-concepts

In order to apply Li and Kloeden’s results to
our parametric problem (2) and their attrac-
tors AN we need to do some adaptations.
We reproduce here main required results from
[Kloeden & Marin-Rubio, 2008].

Firstly, it is required a common state space for
all the problems independently of the parameter.
This means to extend the semi dynamical systems
SW R, x Cwm, — C,, to another SDS.

Theorem 4.5. [cf. [Kloeden & Marin-Rubio, 2008;
Th.6]] Let ST : Ry x C; — C; be a family of semi
dynamical system, with 7 € [Ty, T*]. Then, St
defines a semi dynamical system on Cr=, where

SO(t,9)(s) == x(t +5,0), se[~T*,0], being
¢(t) te [7T*7 0]7
SO(t,¢|(r,0)(0)

Moreover, if S s jointly continuous w.r.t.
(t,¢) € Ry x Cy, so it is ST,

z(t, ¢) := .
>0,

It is clear that we can apply the above result to
our familAy of SDS SV . We will denote the extended
by SDS SV : Ry x Chy, — Chy,.

Remark 4.6. When there is a DDE generating the
SDS, as it is the case here, it is easy to check that
S™ is the SDS associated to the DDE with right
hand side F' € C(Cp+; R™) defined as

F(¢) = F(lu,).

The existence of attractors AW for SM also
guaranties the existence of attractors AM) for the
extended SDS SW as an application of the following
abstract result (cf. [Kloeden & Marin-Rubio, 2008;
Th.7]).

Theorem 4.7. Suppose that a semi dynamical sys-
tem S(7) : Ry x C; — C; has a global attractor
A Then, the extended semi dynamical system
S given in Theorem 4.5 possesses a global attrac-
tor, denoted .Z(T), and it has the following charac-
terization:

A = {1/1 € Cpx : 3 entire trajectory @gﬂ of s

in AT with (s) = ¢(s) Vs € [-T*, 01},

where ¢(t) is the projection in R™ of the entire so-
lution éET) defined by ¢(t) = @gT)(O) for all t €
R.

On the other hand, to apply Theorem 4.2, we
need to know how equi-concepts are translated from
the extended SDS to the original ones.

The equi-dissipative notion is not difficult to
relate between the original and the extended SDS,
passing through the projected trajectories in R™.



Lemma 4.8. [cf. [Kloeden & Marin-Rubio, 2008;
Lem.8]] A family of SDS {8, 7 € [T\, T*]} is equi-
dissipative if and only if there exists a bounded sub-
set U of R™ such that for every bounded subset B
of R™ there exists a Tp € Ry, which is independent
of T, such that

SO, B|_0)(0) CU Vt>Tpgand 7€ [T, T7,
where

B:={pecCr:¢(s)eB Vse[-T"0]}.
Remark 4.9. As a consequence of the Ascoli-Arzela
theorem, coming from a DDE, the equi-dissipativity
and the compactness of the SDS after an elapsed
time 7™ implies the eventual equi-compactness.

So, it only rests to know how to translate
the equi-attraction property. One sensible at-
tempt to translate in an abstract situation the equi-
attraction property to the original SDS is the fol-
lowing:

For every £ > 0 and bounded subset B of Cp«
there exists T; g € Ry independent of 7 € [T}, T*]
such that

HE, (SOt ¢l(r ), A7) <€
forall t>T.5, ¢cB, mell,T"]. (9)

The next result was proved in
[Kloeden & Marin-Rubio, 2008; Th.11].

Theorem 4.10. Consider S : Ry x Cr — C;
for 7 € [T, T*], a family of semi dynamical
systems, with attractors AT equi-dissipative and
equi-attracting in the sense of (9), and satisfying
the following condition:

(A3’) For any bounded subset B of Cp« and T > 0,
ST (t,x) is uniformly continuous in x € Bli—r0;
uniformly w.r.t. 7 and t < T, i.e.

Ve>0, 46 >0 :
r,y € B, ||z][—r0] — Ylj=roll- <90
= HST(tvx‘[fT,O]) - S(T)(tay [77,0])“7 <g,
Vit <T,7 € [Ty, T"]. (10)

Then A is equi-attracting.
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4.3. Equi-properties for the DDE model

The following result gives the required continuity
notions to apply the above results.

Let us introduce for commodity the following
notation:

min{7(\),7(\)},
max{7(\),7(\)}.

Lemma 4.11. Assume Hypotheses 2.1 and 2.2 and
(5) hold. Then,

(a) For any ¢ € Cy, and ¢ € Cyy,, the func-
tional f given in (1) satisfies:

< L |e(0) = (0)|+Lp [o(—p(X) — (—=p(N))|

- —my v
+Lym} ylle = Pllmg . |b(s,&(s))|ds,

AN

mi)\/ =
M;\:)\/ -

where £ s ¢ or ¥ depending on which is the maxi-
mum and minimum between () and T(\').

(b) Properties (A1) and (A2’) hold for the semi

dynamical systems SO,

Proof. Taking into account the definition of f in
(1), one deduces

IFO @) — F(N, )
= |Fo(p(0)) = Fo(1(0))

+F1(p(=p(N))) = Fr(p(=p(X)))
0

0
+/T()\) b(s,np(s))ds—/T(X) b(s,w(s))ds‘

L |¢(0) = 4(0)]
+Lp [p(=p(N) = P(=p(X))]

0
[ el ~ bls.v(s)) s

WY

—m3
+
_MT

WY

IN

[b(s,€(s))|ds. (12)

So, one obtains (11).

Now, we proceed to check (A1) and (A2’).

Consider two functions ¢, ¥ € Cp+« and the
respective solutions z(t) = S™ (t,¢)(0) and y(t) =
SV (1,)(0).

Denote z(t) = z(t) — y(t) for t > —T*. Using
(12) and the uniform estimate obtained in Step 1
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in Theorem 3.6, we know that there exists a con-
stant C, depending on max(||¢| 7+, [|]7+) and b
such that

|2(1)]

< =01+ [ {Ek) - 3(6)
+Lm (s = p(A) = y(s — p(X))]
L3yl = gl
+CIr(3) = T(V)| bds

< O+ [ {Erlss) - v
L, [J2(s = p(V) = yls = p(V))
(s = p(N) = y(s = p(\))]
+Lym yllws = ysllmg |,
+CIr(3) = T(V)| bds

< |2(0)]

t
(L + Ly + LyT") / s — yslz-ds
0

+LF1/ |y §—=p

+Clr(\) — T(N)]|t.

If we consider a fixed interval of time [0, 7],
thanks to the continuity of p, 7, and the solution y
(therefore, it is uniformly continuous on [0, 7)), it
is posible to take a value e = e(A\, N, p, 7, T, y) > 0,
as small as desired, such that

—y(s = p(\))lds

2] < 200+ (Lr +C) et (13)

t
+(LF0 + Lp —l—LbT*)/ HZSHT*dS.
0

Now, property (Al) is a consequence of the Gron-
wall lemma manipulating (13) to change |z(¢)| by
[E10] e

In order to obtain (A2) we have to pro-
ceed more carefully. We cannot obtain an equi-
continuous bound for the term |y(s — p(\)) — y(s —
p(X))] if we deal now not only with a fixed solution
and a unique initial data but with a bounded set of
initial data. However, we observe (cf. Remark 4.3)
that it is enough to prove (A2) for the bounded set
composed by the union of all attractors, which is,
by the uniform bound, the differential equation, and

the Ascoli-Arzela theorem an equi-continuous set of
functions. This circumvents the difficulty, and one
obtains (A2’). [ |

Remark 4.12. Following the proof of (A1) above,
one deduces that property (A3’) given in Theorem
4.10 (see (10)) also holds.

Proposition 4.13. Under the assumptions of
Lemma 4.11, {SMY\cp is equi-dissipative.

Proof. We can complete the uniform bound ob-
tained in Theorem 3.9 in order to gain the equi-
dissipativity.

We have to prove that there exists a bounded
set U C Cp«, such that for any closed ball B =
Be,.. (0, R) C Cr~, there exists a time Tg > 0, in-
dependent of A, such that for all ¢ > Tg, one has
SN(¢,B) c U for all X € A,

Just consider € > 0 arbitrary, and the value K
given in Theorem 3.6.

For any A € A, thanks to the existence of the
attractor A®, and therefore, that of AW, there
exists a time T7(e, A\, B) (w.l.o.g. bigger than T* =
max M) ) such that

SV, B) € Be,. (0, (K +¢)'/?)
Vit>Ti(e,\B).  (14)

We have to prove that Tj(e, -, B), as function of A,
is bounded in A. Suppose the opposite, then there
exist sequences {\,} and {1)(™} C B such that

lim Ti(e,\p,B) =

n—-+00

+o0, and (15)

30, < Ti(2, A, B) =[SO (0, ™) |2 > K + .

By the compactness of A, there exist a value
A and a subsequence {\,} C {A\,} such that
lim, 400 Ay = A. We will see that (15) comes in
contradiction with (14) using this particular value
A.

Observe that the uniform bound (Step 1 in
Theorem 3.6) of solutions for the DDE’s, the fi-
nite delay of all the involved DDE, and the fact
that all f(\,-) are bounded maps, provide compact-
ness: after the time 7% = maxy My, the set {o(™}
with gp(”) = g()‘")(T *,w(”)), is relatively compact.
There exists a subsequence {0} c {¢©(™} with
o) — ¢ in Cp-.



Now we make the most of property (Al) in
a fixed finite interval since we have \,, — A and
") — . We know by (14) that the solution with
initial data ¢ satisfies ||a:¥;) |2.. < K+¢ (for certain
value 0 < £’ < ¢).

Consider the finite time interval [0,7] with
T = Ti(e,\,B) — T* (since we have let an elapsed
time T* to get ©(™)). By (Al), the solutions with
initial data <p(”,), ZE% ) stay close of :U% )
enough. In other words,

if n’ is big

(An,) |

dn'(e —€') |zp,

o <K+ (e+¢€)/2
vn' >n'(e —€').

Once again, the positive invariance of any ball
proved in Step 1 in Theorem 3.6 points out that
this contradicts (15). [ |

The main result of this section is the following.

Theorem 4.14. Assume that Hypotheses 2.1 and
2.2 and (5) hold. Then,

(a) Equi-attraction of the attractors {ANM} in
the sense of (9) is equivalent to the continuity of the
attractors {AM}.

(b) If {AMY is continuous in A, then this family
1s also uniformly Lyapunov stable in the sense given
in Theorem 4.4.

Proof. Firstly, we have to check the required con-
ditions for Theorem 4.2. These were proved
in Lemma 4.11 (recall Remark 4.3 to substitute
(A2) by (A2’)), Proposition 4.13, and by the uni-
form bound in Theorem 3.9, which provides equi-
compactness (cf. Remark 4.9).

The second statement is a consequence of The-
orem 4.4 and Theorem 4.10. [ |

Acknowledgements

The author would like to thank the referees for their
helpful comments that improved the presentation of
the paper.

This work was partially supported by MICINN
(Spain) Grant MTM2008-00088 and Junta de An-
dalucia Grant PO7-FQM-02468.

Continuity of attractors for parametric DDE 9

References

Ball, J. M. [2004] “Global attractors for damped
semilinear wave equations,” Discrete Contin.

Dyn. Syst. 10, 31-52.

Boutet de Monvel, L., Chueshov, I. & Rezounenko,
A. V. [1997] “Long-time behaviour of strong so-
lutions of retarded nonlinear P.D.E.s.,” Comm.
Partial Differential Equations 22, 1453-1474.

Boutet de Monvel, L., Chueshov, I. & Re-
zounenko, A. V. [1998] “Inertial manifolds for
retarded semilinear parabolic equations,” Non-
linear Anal. 34, 907-925.

Caraballo, T., Kloeden, P. & Marin-Rubio, P.
[2007] “Numerical and finite delay approxima-
tions of attractors for logistic differential-integral

equations with infinite delay,” Discrete Contin.
Dyn. Syst. Ser. A 19, 177-196.

Caraballo, T. & Langa, J. A. [2003] “On the
upper semicontinuity of cocycle attractors for
non-autonomous and random dynamical sys-
tems,” Dyn. Contin. Discrete Impuls. Syst. Ser.
A Math. Anal. 10, 491-513.

Caraballo, T., Marin-Rubio, P. & Valero, J. [2005]
“Autonomous and non-autonomous attractors
for differential equations with delays,” J. Dif-
ferential Equations 208, 9—41.

Caraballo, T., Marin-Rubio, P. & Valero, J. [2007]
“Attractors for differential equations with un-
bounded delays,” J. Differential Equations 239,
311-342.

Carvalho, A. N. & Langa, J. A. [2007] “Non-
autonomous perturbation of autonomous semi-
linear differential equations: continuity of local
stable and unstable manifolds,” J. Differential
Equations 233, 622-653.

Carvalho, A. N., Langa, J. A., Robinson, J. &
Sudrez, A. [2007] “Characterization of non-
autonomous attractors of a perturbed infinite-
dimensional gradient system,” J. Differential
Equations 236, 570-603.

Chueshov, 1., Scheutzow, M. & Schmalfufy, B.
[2005] Continuity properties of inertial manifolds



10 P. Marin-Rubio

for stochastic retarded semilinear parabolic equa-
tions, In “Interacting Stochastic Systems” (J-
D. Deuschel, A. Greven (eds)), Springer, Berlin-
Heidelberg-New York, 353-375.

Efendiev, M., Zelik, S. & Miranville, A. [2005]
“Exponential attractors and finite-dimensional
reduction for non-autonomous dynamical sys-
tems,” Proc. Roy. Soc. Edinburgh Sect. A 135,
703-730.

Gatti, S., Grasselli, M., Miranville, A. & Pata, V.
[2006] “A construction of a robust family of ex-
ponential attractors,” Proc. Amer. Math. Soc.
134, 117-127.

Hale, J. K. [1988] Asymptotic Behavior of Dissipa-
tive Systems (Amer. Math. Soc., Providence).

Hale, J. K. & Lunel, S. M. V. [1993] Introduction
to Functional-Differential Equations (Applied

Mathematical Sciences, New York: Springer-
Verlag).

Hale, J. K. & Raugel, G. [1989] “Lower semiconti-
nuity of attractors of gradient systems and appli-
cations,” Ann. Math. Pura Appl. 154, 281-326.

Hale, J. K., Lin X. B. & Raugel, G. [1988] “Upper
semicontinuity of attractors for approximations
of semigroups and partial differential equations,”
Math. Comp. 50, 89-123.

Hines, G. [1995] “Upper semicontinuity of the at-
tractor with respect to parameter dependent de-
lays,” J. Differential Equations 123, 56-92.

Kloeden, P. E. [2006] “Upper semi continuity of at-
tractors of retarded delay differential equations
in the delay,” Bulletin Aus. Math. Soc. 73, 299—
306.

Kloeden, P. E. & Marin-Rubio, P. [2008] “Equi-
Attraction and the continuous dependence of at-
tractors on time delays,” Discrete Contin. Dyn.
Syst. Ser. B 9, 581-593.

Langa, J. A., Robinson, J., Suarez, A. & Vidal-
Lépez, A. [2007] “The stability of attractors for
non-autonomous perturbations of gradient-like
systems,” J. Differential Equations 234, 607—
625.

Li, D. S. & Kloeden, P. E. [2004] “Equi-attraction
and the continuous dependence of attractors on
parameters,” Glasgow Math. J. 46, 131-141.

Li, D. S. & Kloeden, P. E. [2004] “Equi-attraction
and the continuous dependence of pullback at-
tractors on parameters,” Stochastics and Dy-
namics 4, 373-384.

Li, D. S. & Kloeden, P. E. [2005] “Equi-attraction
and continuous dependence of strong attractors
of set-valued dynamical systems on parameters,”
Set-Valued Anal. 13, 405-416.

Marin-Rubio, P. [2008] “Attractors for paramet-
ric delay differential equations without unique-
ness and their upper semicontinuous behaviour,”
Nonlinear Analysis 68, 3166-3174.

Robinson, J. C. [2001] Infinite-Dimensional Dy-
namical Systems (Cambridge University Press,
Cambridge).

Wang, L. & Xu, D. [2003] “Asymptotic behavior of
a class of reaction-diffusion equations with de-
lays,” J. Math. Anal. Appl. 281, 439-453.



