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Abstract

The existence of an attractor for a 2D-Navier-Stokes system with delay is proved.
The theory of pullback attractors is successfully applied to obtain the results since
the abstract functional framework considered turns out to be nonautonomous. How-
ever, on some occasions, the attractors may attract not only in the pullback sense
but in the forward one as well. Also, this formulation allows to treat, in a unified way,
terms containing various classes of delay features (constant, variable, distributed de-
lays, etc.). As a consequence, some results for the autonomous model are deduced
as particular cases of our general formulation.
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1 Introduction

Navier-Stokes equations have received very much attention over the last decades
due to their importance in the understanding of fluids motion and turbulence
(see [1], [10], [12], [15], [18], [26], amongst others). Very recently, in [7],[8] we
started an investigation involving Navier-Stokes models in which the forcing
term contains some hereditary features. These situations may appear, for in-
stance, when we want to control the system by applying a force which takes
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into account not only the present state of the system but the history of the
solutions.

No doubt at all, the asymptotic behaviour of dynamical systems is an inter-
esting and challenging problem, since it can provide useful information on
the future evolution of the system. This will be the main aim of this paper.
To this respect, some sufficient conditions ensuring the exponential behaviour
of solutions to a 2D-Navier-Stokes delay model were proved in [8]. Roughly
speaking, when the viscosity is large, there exists a unique stationary solution
to some models and this solution is exponentially stable (which means that
the global attractor for these situations becomes the unique stationary solu-
tion). However, when the viscosity is small it is expected something similar
to what happens in the non-delay framework, i.e., the existence of a com-
pact invariant attracting set (a global attractor for the associated semigroup).
But on this occasion, we need to be careful with our analysis since we have
to consider the semigroup in a different phase space. In fact, the dynamical
system needs to be defined in a phase space of trajectories (for a similar ap-
proach for nondelay models see [20]). To be more precise, our intention is to
consider an abstract functional model for the delay so that a wide range of
hereditary characteristics (constant or variable delay, distributed delay, etc)
can be treated in a unified way. Although for some particular cases, the re-
sulting abstract equation becomes autonomous (e.g. for constant delays) and
the standard technique for autonomous dynamical systems can be adapted to
solve the problem, most cases need of a nonautonomous model to describe the
system and, consequently, a nonautonomous technique is necessary to han-
dle the problem. Being possible various options to deal with the problem of
attractors for nonautonomous systems (kernel sections [10], skew-product for-
malism [24], etc.), for our particular situation we have preferred to choose that
of pullback attractor (see [9], [16], [17], [23]) which has also proved extremely
fruitful, particularly in the case of random dynamical systems (see [13], [14],
[23]). The main reason is that, although when one knows the explicit depen-
dence of the delay (e.g. as in the cases of variable or distributed delays) it
could be possible to construct the parameters set which is needed to have a
skew-product flow (or the symbols set in the theory of kernel sections), it is not
known how to construct them when one is trying to develop a general theory
concerning abstract delay terms, i.e. under a general functional formulation
(see [6] for more details). It is also worth pointing out that, after proving our
theory for the nonautonomous delay model, we will obtain similar results for
an autonomous version in a straightforward way.

As far as we know, not many papers have been published dealing with the
existence of attractors for partial differential equations with delay. We would
like to mention that, for instance, a linear partial differential equation contain-
ing a nonlinear autonomous term with finite delay is considered in [11], and a
class of retarded partial differential equations of second order with respect to



the time variable is analyzed in [3]. However, we do not know any work con-
cerning nonautonomous delay terms. Some results in the finite dimensional
context can be found in [6], [5] (see also Mallet-Paret and Sell [21], [22] for
some preliminary and interesting results on the structure of the attractors for
ordinary differential delay systems).

In Section 2, we will recall some preliminary results on the existence, unique-
ness and regularity of solutions of our model as well as some results on the
theory of pullback attractors. Section 3 is devoted to prove the existence of the
attractor of our nonautonomous delay models. In fact, under suitable uniform
assumptions we prove the existence of a pullback attractor. In addition, some
applications are exhibited (variable and distributed delays), and we also point
out how can be obtained corresponding results for the autonomous framework
as a particular case of our general model.

2 Preliminaries

In this section we will include some preliminaries on the existence and unique-
ness of solutions to our problem and recall some facts from the theory of
pullback attractors.

2.1 FEzistence and uniqueness of solutions

The general formulation for our model is the following. Let @ C R? be an open
bounded set with regular boundary I', and consider the following functional
2D—Navier-Stokes problem (for further details and notations see Lions [19]
and Temam [25]):

2
Qu _ vAu + Zu,@ =f—Vp+yg(t,u) in (7,+00) xQ,
ot i—1 81‘1

divu =0 in (7,4+00) X €,
u=0 on (7,+00) x I

u(r,x) = u(z), e,

u(t,z) = o(t —1,x),t € (1 —h,7) x€Q,

where v > 0 is the kinematic viscosity, u is the velocity field of the fluid, p the
pressure, 7 € R the initial time, ug the initial velocity field, f a nondelayed
external force field, g another external force with some hereditary characteris-



tics and ¢ the initial datum in the interval of time (—h,0), where h is a fixed
positive number.

To set our problem in the abstract framework, we consider the following usual
abstract spaces:

V={ue (CFQ): divu =0},
H = the closure of V in (L?(Q2))? with norm |-|, and inner product (-, -) where
for u,v € (L*(Q2))?,
2
(u,v) = Z/ u;(z)v;(x)de,
j=1"9

V' = the closure of V in (H3(2))? with norm ||-|| , and associated scalar product
((,-)), where for u,v € (Hg(2))?,

2 ou: Ov;
wM—ZA%%M

ij=1

It follows that V' C H = H' C V', where the injections are dense and compact.

Finally, we will use ||-||, for the norm in V’ and (-,-) for the duality pairing
between V' and V.

Now we define the trilinear form bon V x V x V by

2 .
b(u,v,w) = igl/guiZZJiwj dr Vu,v,weV.
GivenT > tand u: (1—h,T) — (L*(Q))?, for each t € (7,T) we denote by u;
the function defined on (—h, 0) by the relation u(s) = u(t+s),s € (—h,0). We
also denote Cy = C°([—h,0]; H), Cy = C°([—h,0;V), L3, = L*(—h,0; H)
and L = L?(—h,0; V).

Now, we establish suitable hypotheses on the term containing the delay. Let
g: R x Cyg — (L*(Q))? satisfy the following assumptions:

(I) VEeCy,t e R — g(t,&) € (L*(Q))? is measurable,
(I1) Vt € R, g(t,0) = 0,

(II) 3L, > 0st.Vt e R, VEnely

9(¢,€) — g(t, )| < Lg [I€ = nll¢, ,



(IV) 3mge > 0,C, > 0: Vm € [0,mg], 7 < t,u,v € C°([r — h,t]; H)

t t
[ e lgls,u) = gls, 0l ds < C2 [ e fu(s) = v(s)] ds.
T T—h

Observe that (I)-(III) imply that given u € C°([r — h,T]; H), the function
Gu it € [1,T] — (L*(2))? defined by g, (t) = g(t,u;) Vt € [7,T], is measurable
(see Bensoussan et al. [2]) and, in fact, belongs to L>(7,T; (L*(2))?). Then,
thanks to (IV), the mapping

G:uecC%r—nhT);H) — g, € L*(,T; (L*(Q))?)

has a unique extension to a mapping G which is uniformly continuous from
L*(t—h,T; H) into L?(,T; (L?(2))?). From now on, we will denote g(t, u;) =
G(u)(t) for each u € L*(t — h,T; H), and thus, Vt € [r,T], Yu,v € L*(1 —
h,T; H), we will have

¢ t
/7- lg(s,us) — g(s, vs)|?L2(Q))2 ds < C'g2 /Tih lu(s) — v(s)]*ds.

Assume now that ug € H, ¢ € L%, f € L} (R;V'), and g : R x Oy —
(L?(9Q))?* satisfies hypotheses (I)-(IV). For example, when the function g is
defined by ¢(t,¢) = G(¢(—p(t)) for a suitable differentiable delay function
p and a Lipschitz continuous mapping G : R?>— R?, the assumptions above
hold (see Caraballo & Real [7] for more details and examples). Set A : V —
V' as (Au,v) = ((u,v)), B : V xV — V' by (B(u,v),w) = b(u,v,w),
Vu,v,w € V, and B(u) = B(u,u). Denoting D(A) = (H*(Q))* NV, then
Au = —PAu,Vu € D(A), (P the ortho-projector from (L*(€2))? onto H). For
each 7 € R we consider the problem:

To find w € L*(7 — h,T; H)N L*(7, T; V)N L>(7,T; H) VT > T,
jtu(t) + vAu(t) + B(u(t)) = f(t) + g(t,uy) in D' (1, +00; V'), (1)
w(t) =g, u(t)=¢(t—71), te(r—h,71),

The following result can be proved as Theorem 2.3 in Caraballo & Real [§].

Theorem 1 Let us consider uy € H, ¢ € L%, f € L} (R; V'), and assume
that g : R x Cy — (L*(Q))? satisfies hypotheses (I)-(IV). Then, for each
TeR,

a) There exists a unique solution to (1) which, in addition, belongs to the
space C°([1,+00); H).

b) If f € L2 .(R; (L*(Q))?) and ug € V, then the solution u to (1) is a strong

loc



solution, that 1s,
u€ L*(1,T; D(A)NC([r,T); V) and v’ € L*(1,T; H) VT >7. (2)

In particular, if ¢ € Cy and ug = ¢(0), then u € CO([1 — h,+00); V).

2.2 Preliminaries on pullback attractors

We now discuss the theory of pullback attractors, as developed in Kloeden and
Stonier [16], Kloeden and Schmalfuss [17], and Crauel et al. [14]. As it is well
known, in the case of nonautonomous differential equations the initial time is
just as important as the final time, and the classical semigroup property of
autonomous dynamical systems is no longer available.

Instead of a family of one time-dependent maps S(f) we need to use a two-
parameter process U(t,7) on the complete metric space X (which in our case
will be C'y or H x L%) (cf. Sell [24]); U (¢, 7) ¢ uses to denote the value of the
solution at time ¢ which was equal to the initial value ¢ at time 7.

The semigroup property is replaced by the process composition property
Ut,n)U(r,r)=Ul(t,r) for all t>7>r,

and, obviously, the initial condition implies U(7,7) =Id. As with the semi-
group composition S(t)S(7) = S(t + 7), this just expresses the uniqueness of
solutions.

It is also possible to present the theory within the more general framework of
cocycle dynamical systems. In this case the second component of U is viewed
as an element of some parameter space J, so that the solution can be written as
U(t,p)¢, and a shift map 6, : J — J is defined so that the process composition
becomes the cocycle property,

U(t+7,p) =Ul(t,0.p)U(T,p).

However, when one tries to develop a theory which can include several kinds
of hereditary characteristics under a unified abstract formulation, what means
that we do not know a priori the explicit expression of the delay appearing in
the problem, the context of cocycle (or skew-product flows) may not be the
most appropriate to deal with the problem, since it is not known how to con-
struct the set J (the same happens with the construction of the symbols set if
one wishes to apply the theory of kernel sections as developed by Chepyzhov
and Vishik [10]). For this reason, we do not pursue this approach here, but
note that it has proved extremely fruitful, particularly in the case of random



dynamical systems. For various examples using this general setting, see Kloe-
den and Schmalfuss [17], or Sell [24]. For this reason, pullback attractors are
often referred to as ‘cocycle attractors’.

As in the standard theory of attractors, we seek an invariant attracting set.
However, since the equation is nonautonomous this set also depends on time.

Definition 2 Let U be a process on a complete metric space X. A family of
compact sets {A(t) her is said to be a (global) pullback attractor for U if, for
all T € R, it satisfies

i) U(t,7)A(T) = A(t) for allt > T, and

i) limg_o dist(U(t,t — s)D, A(t)) = 0, for all bounded subsets D of X.
The pullback attractor is said to be uniform if the attraction property is
uniform in time, i.e.

lim supdist(U(t,t — s)D, A(t)) =0, for all bounded subsets D C X.

57700 teR

Definition 3 A family of compact sets { A(t) }ier is said to be a (global) for-
ward attractor for U if, for all T € R, it satisfies

i) U(t,7)A(T) = A(t) for allt > T, and

i) limy_,o dist(U(t, 7) D, A(t)) = 0, for all bounded subsets D of X.
The forward attractor is said to be uniform if the attraction property is
uniform in time, i.e.

lim sup dist(U (t+7,7)D, A(t+7)) =0, for all bounded subsets D C X.

=00 rcR

The reader is referred to Cheban et al. [9] for a detailed analysis on the rela-
tionship between these concepts. We emphasize that the property of uniform
pullback attraction is equivalent to that of uniform forward attraction.

In the definition, dist(A, B) is the Hausdorff semidistance between A and B,
defined as

dist(A, B) = sup ing d(a,b), for A, B C X.

acA be

Property i) is a generalization of the invariance property for autonomous dy-
namical systems. The pullback attracting property ii) considers the state of
the system at time ¢ when the initial time t—s goes to —oo (see also Chepyzhov
and Vishik [10])

The notion of an attractor is closely related to that of an absorbing set.

Definition 4 The family {B(t)}ier is said to be (pullback) absorbing with
respect to the process U if, for allt € R and all D C X bounded, there exists



Tp(t) > 0 such that for all s > Tp(t)
Ult,t — s)D C B(1).

The absorption is said to be uniform if Tp(t) does not depend on the time
variable t.

Indeed, just as in the autonomous case, the existence of compact absorbing
sets is the crucial property in order to obtain pullback attractors. For the
following result see Crauel and Flandoli [13] or Schmalfuss [23].

Theorem 5 Let U(t,7) be a two-parameter process, and suppose U(t,T) :
X — X is continuous for all t > 7. If there exists a family of compact (pull-
back) absorbing sets { B(t) }ier, then there exists a pullback attractor { A(t) }ier,
and A(t) C B(t) for all t € R. Furthermore,

Aty = J An(t),
DCX
bounded

where

Ap(t)= () J U@ t—s)D.

neN s>n

Remark 6 [t is worth mentioning that the uniqueness of the pullback attrac-
tor, as defined above, does not hold in general (see Caraballo and Langa [4]).
However, the one given in the preceding theorem is minimal with respect to set
inclusion (see Crauel and Flandoli [13]). But, if we impose in the definition
of pullback attractor that the family {A(t)}ier is uniformly bounded (i.e. there
exists a bounded set B C X such that A(t) C B for allt € R) or we are
interested in finding uniformly bounded attractors, then the uniqueness of this
attractor follows immediately. A sufficient condition ensuring this is that the
family of compact absorbing sets in Theorem &5 is also uniformly bounded. Fi-
nally, there exists another possibility to ensure the uniqueness of the pullback
attractor which is related to the fact that the attractor is asked to belong to a
certain class of set valued functions which are attracted by the attractor (see

[9))-

3 Existence of the attractor

We denote by A; the first eigenvalue of the operator A.



3.1 Construction of the associated process

Now we will apply the theory in the previous section to prove the existence
of an attractor for our nonautonomous Navier-Stokes model with delay. To
this end, we consider g : R x Cg — (L*(Q2))? satisfying (I)-(IV) and assume
that ug € H, ¢ € L3, and f € L2 .(R;V’). Then, for each initial time 7 € R,
Theorem 1 ensures that problem (1) possesses a unique solution u(+; 7, (ug, ¢))

which belongs to the space L?(7,T;V)NL? (1 — h,7; H)NC°([r, T]; H) for all
T > 7. We can now proceed in two different forms to construct the evolution
process which can help us in the analysis of the long-time behaviour of our
model. On the one hand, we can define a process in the phase space Cy as
the family of mappings U(¢,7) : Cy — Cg given by

Ut, 7)o = w(-;7,(¢(0),9)), forany ¢ € Cy, and any 7 <t. (3)

However, it may seem that the product space M% = H x L?% can be more
convenient since this is the usual space where the initial data are taken. This
space is a Hilbert space with associated norm

0
[0, )3y, = ol + [ [6(s)* s, for (uo,6) € M
In this way, we can define the corresponding process as

S(t77_>(u07 ¢) = (u(t; T, (u07 ¢))7 ut('; T, (u()? ¢)))7 for (u07 (b) S MEI? T <t (4>

Although, due to the continuity of trajectories, it seems sensible to consider
only the first case, with a little more of additional work we will be able to
handle both situations at the same time. Of course, it is sensible to expect
that the attractors for both situations should be related. We will prove that
this is indeed the case.

Remark 7 Associated to the processes U(-,-) and S (-, -) we will consider the
family of mappings U(-,-) : M% — L% defined as

U(t,T)(u0,¢) = (-7, (ug, @), for (ug,d) € Mz, and T < t. (5)
Observe that

Ut,T)p = U(t, 7)(4(0),0) for anyt>7, and any ¢ € Cy. (6)
In this way, we then have that the process S(t,T) can be rewritten as

S(t,7)(uo, ) = (u(t; 7 (uo, 8)), U(t, 7)(uo, 0))- (7)

These facts will allow us to prove the estimates for the processes U and S in
a straightforward way by using the previously obtained ones for the process U .



To be more precise, let us consider the linear mapping

This map 1s obviously continuous from Cy into HX Cy and into M?%. Noticing
that for all (ug, d) € M% it holds that U(t,T)(ug, d) € Cy provided that t >
T+ h, we then can write

S(t,7)(uo, ¢) = j(U(t,7)(uo, ), for (uo,¢) € Mgyt > 7+ h.

Before proving that S (+,-) and U (-, -) are continuous processes, we need the
following result.

Lemma 8 Let (ug,®), (vo,v) € M be two couples of initial data for our
problem (1), and let 7 € R be an initial time. Denote by u(-) = u(-; 7, (ug, @))
and v(+) = u(+; 7, (vo,v)) the corresponding solutions to (1). Then, there exists
a constant c¢j > 0 which does not depend on the initial data and time, such
that

[u(t) = @) < (C2 ¢ = $lI7s + [uo — vol*) x
t
X exp (/ (€2 4+ Ju(s)]® +1) ds) vt (8)
Therefore, it also holds
lue = willz, < (C2116 = ¥l72 + luo — vol”) x

t
X exp (/ (C2+ ¢ lu(s)|* +1) ds), Vt>71+h. (9)

PROOF. It follows from (1) that

50— 0) +vA(— o) + Blu) — B(o) = g{t, ) ~ (t,0,).

If we set w = u — v, we deduce

S v () + (Bu) — Bo),w) = (g(t,w) — glt, ), w)
and 14
Sq wl* + v [|w]* = b(w, u,w) = (g(t, u) = g(t,vr),w),
and therefore
1d. 5 9
sqp Wl Tl < cofewl lull wll +1g(t, ue) — g(t, ve)] ]

1 1
2 2 2 2 2
< ol ull® + o ol + 5 Lo, we) — gt 0+ 5 o,

10



whence

Sl < (Il +1) bl + gt u) — o(t,m)P (10)
and
(@) = () < [ oG us) = gls, o) s+ [ (ch fuls) |2 + 1) fo(s) s
<02 [ Juls) = v)Pds+ [ (chlluts)l + 1) () ds
<C2 o -yl +/ (C2 + cf l[u(s)|* + 1) Jw(s) ds.
Consequently,

lw(t)]* < C2 ||o — ¥l 72 +luo — vol+ (2t 0 lu(s)|* +1) [w(s)|* ds, vt >
w _ggb @DL%[ Uy — Vo i ;o llu(s w(s s,Vt> 7.

The Gronwall lemma implies now for any ¢ > T,

w0 < (G216 = w25, + luo —wo*) exp ([ (C2+ el luts)| + 1) ).
We have therefore proved (8).

Assume now that ¢t > 74 h. Then ¢t + 6 > 7 for any 6 € [—h, 0] and it holds

t+6

[w(t +6)* < (CF 16— ¥Iz5, + luo — wol”) exp ( | (@) +1) ds>

<(02 2 2 t 02 /1 2 1)d

< (G310 = %, + luo = wol”) exp ([ (€5 + g lu(s)|” +1) ds)
and thus

2 (2 2 2 tcz " 2. 1\ q

leelles, < (G116 — 1%, + o — wof) exp ( | (CF + 5 Jlus)]|* + 1) ds ).
The proof is now complete.

Theorem 9 Under the previous assumptions, the mappings U(-,-) defined in
(3) and S(-,-) defined in (4) are processes. Moreover, U(t, ) : Cy — Cy and
S(t,7): M} — M} are continuous for any T < t.

PROOF. The uniqueness of solutions obviously implies that U(-,-) and S(-, -)
are processes. The continuity of both families of mappings follows from (8) and
(9). Indeed, assume that ¢,1 € Cy, and consider the solutions u(-), v(-) to
(1) corresponding to the initial data (¢(0), ¢), (¢(0),%), we deduce from (8)
that

ult) = o) < (C2h+1) 6 — vl exp ([ (C2+ chlu)IF + 1) ds), ez 7.

11



As, on the other hand,
u(t) —v(t) =t —71) =0t —71), for T—h<t<T,

it then holds that

ult) = o) < (C2h+1) o — vl e ([ (C2+lluls)|P+1)ds), vz 7—h,

whence

2 2 2 ¢ 2 1" 2
o~ l, < (€241) o — i, exp ([ (2 chlu()? + 1) s) ez,
what implies the continuity of U(t, 7).

As for the continuity of S(t,7), we consider the initial data (ug, @), (vo, ) €
M?% and their corresponding solutions u(-), v(+) as described in the previous
lemma. We first notice that if ¢ > 7 + h, we obtain from (9)

0
s = ey, = [, Jult +6) = v(t -+ ) ds
0
< sup |u(t + s) — v(t + s)|° b
—h

s€[—h,0]
< B (C2 16— 012 + o — wol?) exp ([ (C2 4+ Jus)|” + 1) ds
> g L 0 0 p i g 0 .
On the other hand, if 7 <t < 7 + h we immediately deduce
2 0 2
e = vl = | Jut+6) = ot +0)[* 9
< ((Con+1)ll6 = ¢l + D lug — vol*) x
t
X exp </ (092 + i lu(s)|” + 1) ds) :
Thus, we have for all t > 7
e = wellzs, < ((Coh+1) 16 = Wiz, + b fuo — wol*) x
t
X exp (/ (ng + ) lu(s)|)” + 1) ds) :

and the continuity of S(t, 7) follows immediately from (8) and this inequality.

Now, we will prove that, under suitable assumptions, there exists a family
of compact absorbing sets for the processes U(t,7) and S (-,-). Although we
could carry out our programme for more general nonautonomous terms f and
g, for the sake of clarity we prefer to consider an autonomous force f to develop

12



our theory. Later on, we will comment on how our results can be adapted to
deal with more general nonautonomous terms. It is remarkable that, in this
particular case (i.e. autonomous forcing term f) the absorbing family we will
construct does not depend on the time variable.

We will proceed in the following way. First, we will establish existence of
(uniformly bounded) absorbing families of sets in different phase spaces for
the family of mappings U (+,+). Then, taking into account the relationship
between U (-,-),U (-,-) and S (-,-) and the results in Lemma 11, we will be
able to construct appropriate families of compact pullback absorbing sets for
the processes U (-,-) and S (-,-) .

3.2 Euistence of absorbing families of sets in Cy and Mz

We first need a technical lemma which will be very helpful in our analysis. It
relates the absorption and attraction properties for the mapping U (+,+) with
those of U (-,-) and S (-,-) in such a way that, proving those for U yields to
similar properties for U and S.

Definition 10 The family of bounded sets { B(t) };cr in Cy is said to be (pull-
back) absorbing for U (-,-) in M% if for any given bounded set D C M?% and

any t € R, there exists T(t) > 0 such that for all s > Tx(t) it holds
U(t,t —s)D C B(t).

In the same sense, the family of bounded sets {B(t)}ier in Cy is said to be
(pullback) attracting for U (-,-) in M% if for any given bounded set D C M%
and any t € R 1t holds

lim distc,, (U(t,t —s)D, B(t)) = 0.

s§——+00

Lemma 11 Assume that the family of bounded sets {B(t)}ier in Cy is ab-
sorbing (resp. attracting) for U (-,-). Then,

(a) The family {B(t)}ier is absorbing (resp. attracting) for the process U (-, ).
(b) The family of bounded sets {j(B(t))}er in H x Cy is absorbing (resp.
attracting) for the process S (-,-).

1 Notice that the word absorbing used here should be interpreted in a generalized
sense, since U is not a process.

13



PROOF. (a) Let D C Cy be a bounded set, i.e. there exists d > 0 such that
[¢]lc,, < dforall ¢ € D. Let us consider the set D = j(D) = {(¢(0),9) :
¢ € D}. This set is bounded in M%, namely, it holds that

(w0, 9)|l5sz, < d* for any (uo,¢) € D,

where d? = (14 h)d?. Recalling now that U(t, t — s)¢ = U(t,t —s)(¢(0), ¢) for
any ¢ € D, and taking into account the absorbing property of U, it follows
immediately the absorption property for the process U. In fact, the absorption
time T () is the corresponding T4 (t) given in Definition 10 for the absorbing
property for the set D and the map U. The proof of the respective statement

on the attraction follows in the same way.

(b) Let us consider now a bounded set D € M. Then, there exists T (t) > h
such that

Ut,t —s) (D) C B(t) forall s> Tp(t).

Taking into account that
S(t,t—s) (D) =j(U(tt—s) (D)) for s>Tp(t),

it follows that

S(tit—s) (D) =j(Utt—s) (D)) Cj(B(t) for s>Tp(t).

The attraction result can be proved analogously.

Theorem 12 Assume that (1)-(IV) hold for any T < t with my > 0, and
f e (L*(Q))2. Then, if vAy > Cy, there exists a family {B(t)},.g of bounded
absorbing sets in Cy for the family of mappings {U(t, T):t > T1}. Moreover,
this family is given by B(t) = By for all t € R, where By C Cy is bounded.

PROOF. As D C M is bounded, then there exists d > 0 such that

luo|” + ||¢||i§i < d?, forall (ug,®) € D.

Let us take (ug, ¢) € D and 7 € R, and denote as usual u(-) = u (:; 7, (ug, ¢)) .
As v\ > C,, we can choose ¢ > 0 small enough such that 2v\; > 2C, + 0.
Then

L Pl = (o) + (g(t) )

2 dt
’f|2 g, 2 1 2
<l 7 _
2 Tl oe 4

C
|g(taut)|2+ ?g ul
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and,

d, o 2 T 2, | )

—_ < _

g [l + 2 fluf” < == (o 4+ Cy) [ul e lg(t, )] (11)
what implies

d o |f\ 5

U= +*\9(t ) = vy = (0 + Cy)) |ul”. (12)

Now, we can also choose m € (0, mg) such that 2vA; > 2C; + o + m. Then

d m m m d
S (e )P = mem fue)? + e L fu(t) (13)
P 2, 1 2
< +e™ (m = 2vA — (0 + Cy)) [u(t)|” + = lg(t,w)|” |,
o Cy
and, integrating between 7 and t (> 7),
mt mT t e |f| t e
e™ [u(t)]* — ™ Jul? < d+ |gsus]ds
+/ ™ (i — (20, — (0 + ) Juls)2 ds

m'(f' +c/ e |p(s — 7)[*ds

+ / e (m+ Cy — (2vA1 — (0 + Cy))) [uls)|* ds

6mt|f|2 0 2
C m/ 6)[2 .
=T + Cge _h‘¢< )
Thus,
mt 2
mt ¢ 2 < € |f‘ mTJQ 1 C
P < I oy,
and
lu(t)]> < |f’ —|—d2(1—|—C’) e~ ™™ forall t > 7. (14)

Now, if we take t > 7 + h, we have for 6 € [—h, 0]

lu(t +0)° < |f| +d2(1+(]) e~ mUtH0) gmr
2

§|f| d2mh(1_i_cf>7m15mﬂ-7
mao

whence

el < 20 i Dy emh (14 0 emien forall 2 7+
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If we now consider the time t—s instead of 7 (i.e. u(+) denotes now u (-;t — s, (ug, ¢)) ,
so that we can use more easily the definition of absorbing sets) we have

/17

Y pd?em™ (14 C,)e ™ for all t, and s > h.
mao

|0t =)o), = lule, <

and denoting by p? = % and p% = 2p2, it easily follows that there exists

T5(t)(= Tp) > h such that for all s > T5(t) and all (ug, ¢) € M, it holds
HU(t,t - s)(uo,gb)HC < pu, which means that the balls B(t) = B¢, (0, pn)
H

form an absorbing family of bounded sets for the mappings U (t, 7).

Corollary 13 Under the assumptions in Theorem 12, there exists a family
{B(t)},cr of bounded absorbing sets in Cy for the process U, which is given by
B(t) = By = B, (0, pr) for all t € R. Moreover, the family {B(t)}ier given
by B(t)=Bnu (0, pr) x Bz (0, hY2py) C M% for allt € R is absorbing for the
process S.

PROOF. The first part follows from the previous Theorem 12 and Lemma 11.
As for the second, observe that {j(B(t))}icr is a family of bounded absorbing
sets for S (+,-). On the other hand, as H¢||i%[ <h HaSHéH and

J(B(t)) ={(¢(0),) : ¢ € Be,(0,pm)},
it follows that
J(B(t)) € Bu(0, pur) x Bz, (0,h'?pyr) = B(t),

what implies that the family {B(t)}:cr is absorbing for the process S (-,-) .

Remark 14 If we assume that f € V', the previous results also hold true by
modifying slightly the proofs and substituting |f| by || fl, -

3.8 FEuxistence of an absorbing family of sets in Cy,

We now prove the existence of an absorbing family of sets in C'y, and a neces-
sary bound on the term ftf(ff | Au(s)|* ds. We proceed in a similar way as we
have already done in the previous subsection.

Theorem 15 Under the assumptions in Theorem 12, there exist positive con-
stants py, B1, B2 such that for any bounded set D C M% and for T the ab-
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sorbing time corresponding to the set By in Theorem 12, it follows

Hﬁux—sxmmmﬁw—ﬁgmxnu@+et s, (uo, 0))II* < 4%,

t+62 ~
/t+9 |AU(U§t - S, (U07¢>)’ do < 51 |92 - ‘91| + 32,

for all s > TD +1+4h,t €R,(ug,d) € D, and 1,65 € [—h,0].

PROOF. As in the proof of Theorem 12, let lj) C M3 be a bounded set,
i.e. there exists d > 0 such that ||(u0’¢)”M§1 < d for all (ug,¢) € D. Denote

u(-) = u(-to — s, (ug, ¢)) for (ug,¢) € D, where ty € R is a fixed number,
and let us take s > T}, where we have chosen the same o and m than in that
proof. We can then integrate in (11) between ¢t and t+1 for t > ¢y and s > TD.
We obtain

e+ P = O + (20 0+ ) [ o)
<’f| C/tl (r,u,)|* dr

g
|f| [ 9 t+1 :|
—+5 [ ur) ar
oL +0/ |dr+C’/ )2 dr
|f| +C/ r)[° dr + CyAT / l|w(r)|| dr,
t
and
1 t+1 9 ‘f'
(2 — (0 +2C,) A )/t ()| dr < +C/ P2 dr + [ut)]?
m+c/ a2, dr + 5
<MT4 ney
Therefore,
t+1 ) _
[ )P dr < v > 1, (15)
t
where )
Iy = ! I avne) ).
2w — (0 +2C) M\ \ o 9

On the other hand, we take the inner product with Au and obtain for r > ¢,

E d HuH +1/|Au\ + b(u, u, Au) < (f, Au) + (g(r,u,), Au) . (16)

17



Now we evaluate the terms. First, notice that
|(f; Au)| + [(g(r, ur), Au)| < IAUI (If1+ Ig(r ur)|)
~lAuf = (u|+mvu»0. (17)
Next,
b, u, Au)| < e fu] 2 Jul| | Auf*? (18)
<V JAuP + 5 fuf?

Thanks to (17)-(18), and the fact that ||| < A\;* |Ay| for ¢ € D(A), we can
deduce from Eq. (16)

2 2 2¢ 2 4
fHUH +v]Auf? < (|f| +L§||“THCH)+731|U| [Jul”, (19)

v
4
and

d 2 9 1

Sl ol < Y (7 + 22 2,,) + 2 f?

< V(117 + L203) + 23 P ).

v
4

Now, we can apply the uniform Gronwall lemma for s > T (see Temam [26]).
Then,

u(r)]|* < (as + as) e, for all r >ty + 1, provided s > T,

where
as = IV
ay =% (|f" + L3oh)
a; = 21,C31/3H]V7

and, consequently, if we take s > TD + 1+ h,

sup _[[u(to +6)|° < (as +az) e = 5, (20)
0ec[—h,0]

where the constants appearing in (20) are independent of the fixed time ¢, € R.
So, (20) holds true for all ¢, € R. Denoting from now on

u() =u(st = s, (u, 9)),

and, taking into account that part b) in Theorem 1 ensures that w(-) € Cy
for s > h, we indeed have

|uelle, < pv, forall t€R, provided s > Ty +1+h.

18



Finally we will obtain the bound on the term ﬁfgf |Au(r)|*dr. Indeed, from
(19) it follows

|Aul” < a4 ag ul* Jul* = == Jlul|*.

vdr
If we choose s > TE + 1+ h and 64,60, € [—h,0] with e.g. 65 > 0, we have
t+62 ) t+02 2 4
[ 1w dr < a8, = 01l +az [ fulr) P Ju(r)]* dr
46, t+61

1 2 1 2
— = [lut + 02)[|” + = [lu(t + 61)|]
v v
~9 ~4 1,
< (041 + Q/QPHPV) |6 — 91| + —py,
v
as desired.

Corollary 16 Under the assumptions in Theorem 12, there exist positive con-
stants py, 81, B2 such that for any bounded set D C Cy and for Tp = Tjp)

with Tjpy the absorbing time corresponding to the set By in Theorem 12, it
follows

UGt = )61, = llust = 5,507, = max ult+6: = 5.5 < o

t+02 ) 9
[, 1Au(oit = s, () do < |62 = 0]+

+61

forall s > Tp+ 14+ ht € Ri¢p € D, and 01,05 € [—h,0]. In particular,
the family {Bs(t)}ter, where Ba(t) = By = B, (0, pv), is absorbing for the
process U (+,-) .

Moreover, the family { Bs(t) }er, where Bs(t) = Be, (0, pv) X Brz (0, h'2py),
is absorbing for S (-,-).

PROOF. The proof follows the same lines as those of Corollary 13.
3.4 Existence of the pullback attractors

Now we can prove the following result.

Theorem 17 Under the assumptions in Theorem 12, there exist a unique
uniformly bounded pullback attractor { Ac,, (t) }ier for the process U(-,-) in Cy,
and a unique uniformly bounded pullback attractor { Ay (1) }er for S(-,-) in

Mgy, Futhermore, Ay (t) C H x Cy for all t € R and both attractors are
related by means of

Az (t) = j (Acy (t), forall t€R.
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PROOF. Let us consider the family { Bo(t) }+cr, where Ba(t) = By = By, (0; py)
for all ¢ € R. This is a family of bounded sets in Cy, which is also (uniformly)
absorbing for U (-,-). Take now By = j(B,). Then, using the previous nota-
tion, there exists Ti% =Tp, + 1+ h > 0 such that

U(t,t —s)By C By, forallt€R, andall s > T} .
Now, for each t € R, consider the set

UU t—SBQCBQCCV

s>T7
215,

Thus, {Bs(t)}er is a family of uniformly bounded sets in Cy which is (uni-
formly) absorbing for U (-, ).

If we prove that each Bj(t) is relatively compact in Cy, then { Bs(t) }+er (where
the closure is taken in Cp) is a family of compact absorbing set in Cy for
U (-,-). Consequently, it is also a family of compact (uniform) absorbing sets
for the process U (-, -) in Cy, and {j (W) }er is another family of compact
(uniform) absorbing sets for S (-,-) in M%, what ensures the existence of the
pullback attractors for the processes. The uniqueness of these attractors holds
since they are uniformly bounded (see Remark 6).

Let us now prove this compactness property. To this end, we will use the
Ascoli-Arzela theorem, in other words, we have to check

(A) Theset |J U(t,t—s)Bs is equicontinuous (i.e. Ve > 0,3 ¢ > 0 such that if
s>T
>Ty,

61— 6] < 6, then [U(t,t = 5) ( (6)) (0r) = U (11— 5) ( (9)) (6)] < 2.2 €
R, s > Téz,vgb € By.)

(B) For each 6 € [—h,0],

U U U(t,t —s) (j(¢)) () is a compact set in H.

s>T". PE€B2
2T5,

To prove (B) we need to check that, for any fixed § € [—h,0] and ¢t € R, the
set

{ult+6:0—5.5(0): 5>Th.0€ B

is relatively compact. But this holds since this set is bounded in V' (see The-
orem 15) and the injection V' C H is compact.
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Finally, in order to prove (A) we proceed by estimating

U(tt—5)(j (6)) (02) = U(t, t—S)(J(Qﬁ))(@z)]
= |u(t + 015t — 5,5(#)) — u(t + 05t — 5,5(0))|

for t € R, 01,05 € [—h,0],s > T% and ¢ € By. Then we obtain (denoting for
(¢)

- 5,
simplicity u(-;t — s, j

) by u(+) and assuming 0y > 6)

lu(t 4 601) — u(t + 05)| =

+01

t+60o
< |u/(r)| dr

t+61

t+02
Sy (v [Au(r)| + [B(u(r))| + [f] + |g(r,u)]) dr
< |f161 — s

t+-62
[ (1 Au)] + e Au)] ()] + Ly e, ) dr
< | f] 161 — 2]

b [ (4 e ) 4w + Ly )
21)

and, consequently, for t € R, s > T ;32

ult + 01) — u(t + 62)] < |f]10: — 6]
405
+ /Hel (v + ex fulr) ) |Au(r)] + Ly lu |, ) dr

t+02
< (1 + puLy) 101 = bl + [ 7 v+ capy) [ Au(r) dr
< (Ifl + puLy) |01 — 05
1/2 t4-02 9
F (vt cpy) 6 — Oy /He | Au(r)[? dr
< (|f] + puLy) |01 — 05
+ (v cipy) (B |01 — Os] + B2) |01 — 6] *

which implies the needed equicontinuity.

Finally, we will prove the interesting relationship that there exists between
the attractors {Ac,, (t)}er and {Apz (t)}ier. Observe that from the prop-
erties of the mapping j (), the results in Lemma 11 and Corollary 16, it is
straightforward to check that {j(Ac¢, (t))}+er is a uniformly bounded family
of compact sets in M7 which is pullback attracting for the process S(-,-),
and it is also invariant. Taking into account the uniqueness of the uniformly
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bounded attractors, it follows immediately that
Az (t) = j(Acy, (1)) forall t €R.

The proof is now complete.

Remark 18 As we have already mentioned, our analysis can be extended to
deal with more general nonautonomous f and g. The technique we have used in
the previous subsections can be performed to treat this case in a straightforward
way, although with additional difficulties in the computations. For instance, if
we assume that f € L} (R; L*(Q)?), and satisfies

loc

¢
/ ™| f(s)?ds < 400, forall teR, and m >0,

then, under assumptions (I1)-(IV) with mg > 0, and vA; > Cy, it is not dif-
ficult to check that there exists a family {B(t) }ier of bounded absorbing sets
in Cy for U(-,-). To be more precise, B(t) = Be, (0, pu(t)) where p%(t) =
2emhemt [t ™3| f(s)|*ds, for a positive but small enough m. Under these as-
sumptions, we can then prove similarly the existence of the nonautonomous
absorbing family in Cy,, and conclude with the existence of the pullback attrac-
tor. We leave the details to the reader.

3.5 An application: a forcing term with variable delay

Consider that operator ¢ is given by

g(t,u) = G(u(t = p(t))),

with G : R? — R? a function satisfying G(0) = 0 and such that there exists
L > 0 for which

|G(u) — G(v)|ge < Li|u — vl|ge, Yu,v € R?,

and p € CY(R), p(t) > 0 for all t € R, h = sup;g p(t) € (0,400) and
P« = supeg ' (t) < 1. This situation is within our framework and satisfies

our assumptions (Conditions (I)-(IV)) ensuring the existence and uniqueness
of solutions (see Caraballo & Real [7]). Moreover, (IV) is fulfilled by setting
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C2 = Lie™" /(1 — p,) for any mg > 0. Indeed, it follows for ¢ > 7

[ e lats. ) — gls,v)Pds = [ IGu(s — p(s)) — Glols — p(s)) P

T

t
< 13 [ e™us = p(s)) = v(s — pls))*ds
L%emh /tp(t)
1 — p.
L3emoh

1—p.

™ |u(o) — v(o)|[*do

T=p(7)

<

[ emuts) — o(@)ds, m e 0.my)

Observe that if vA; > Li/(1— p.)"/?, our result ensures the existence of
a pullback attractor Ac,, (t) C Cy for the process U(-,-) (and also another
pullback attractor Ay (¢) for S(-,-)). Indeed, we only need to check that
vA > Cy = Liem™h2/ (1 —p)Y? . But, if vA > Ly/ (1 —p,)"?, then for a
sufficiently small but positive mg, we have that vA; > Lie™"/2/ (1 — p,)*/? .
Notice that the analysis done in Caraballo and Real [8] ensures that if the
viscosity v is larger, i.e., if for instance, for certain positive constants k; and
ks (depending only on €2), it holds that

(2—p.) Ly k1| f) k2|f‘3

20\ >
v (1—py) v—MANTLi  v2(v—A\1L)3

then, there exists a unique stationary solution u., € V' to our problem and
every solution approaches this stationary solution exponentially fast. In other
words, Ac,, (t) consists of this unique stationary solution. Notice that in the
particular case p, = 0 (which means that the delay function p is not increasing)
we obtain an attractor for our model if ¥A\; > L, and this attractor becomes
a unique point if

blfl , kelfP

2v\ > 2L .
e ' v—ANTL1  v2(v—A1L)3

3.6 Remarks on the autonomous case

We are now interested in the following autonomous version of our problem

To find w € L2(0,T; H) N L2(—h, T; V) N L=(0,T; H) VT > 0, s.t.
Sult) + vAu(t) + B(u(t)) = £+ glu) in D0, +o0: V), (22)
u(0) = uo, u(t) =¢(t), te(=h,0),

where f € (L2(Q))?, and g : Cy — (L2(R2))” satisfies (II), (I1I) and (IV) in

Section 2. Owing to the fact that g does not explicitly depend on the time
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variable t, these conditions can be rewritten as follows:

(g1) 9(0) =0
(g2) there exists L, > 0 such that V¢,n e Cy

19(6) = g(m)| < Ly € = nlle,, »
(g3) Imy >0,C, > 0: Vm € [0,my],0 < t,u,v € C°([—h,t]; H)
t t
| emlgtus) = glv)Pds < G2 [ e Ju(s) = v(s)ds,
0 —h

For each initial function ¢ € Cy and taking as initial value uy = ¢(0), there ex-
ists a unique solution u(-; ¢) to problem (22) such that u € C°([—h, +o0); H).
Then, for any ¢t > 0 we can define an operator Uy(t) : Cg — Cy as

Uo(t)¢ = Ut(‘§¢)-

Bearing in mind the analysis done in the previous section, we can proceed
only on the phase space C'y since the existence of an attractor in C'y enables
us to obtain another one in M#%. In this sense, it is not difficult to prove,
in a similar fashion as we have done in the preceding subsections, that this
dynamical system Upy(-) possesses a global attractor in C'y. But, we note that,
considering this problem as a nonautonomous one and setting U(t, 7) for its
associated process, it holds that

U(t,7)=U(t—r,0), forall t>r,

and, consequently,
Up(t) =U(t,0), forall ¢>0,

is a semigroup of nonlinear continuous operators.

Now, our previously developed theory allows the reader to prove as an easy
exercise the following result.

Theorem 19 (Ezistence of global attractor) Assume that (g1),(g2) and (g93)
hold with my > 0. If, in addition, vA\y > C,, then there exists the global
attractor Ac,, C Cy for the semigroup Uy(t).

Remark 20 Needless to say that a similar result can also be proved if we
consider the semigroup Sy(t) = S(t,0).

As an application, we will now consider an example in which the forcing term
contains a distributed delay.

Let G : [=h,0] x R*> — R? be a measurable function satisfying G(s,0) = 0

for all s € [—h, 0] and assume that there exists a function v € L?(—h,0) such

24



that
IG(s,u) — G(s,0)|gy < 7(s)|u —v|gy,Yu,v € RY Vs € [—h,0].

Then, we define g(&)(z) = [°, G(s,£(s)(x)) ds for each ¢ € C°([0,T]; H) and
x € Q. In this case, the delayed term g in our problem becomes

o) = /_OhG(s,u(t L+ 8))ds.

It holds that g satisfies the hypotheses in Theorem 19.

Indeed, (gl) is evident. As for (g2), notice that, if £, n € Cg, we obtain

19(6) = 9 < Jo (J% 1G5, ()(x)) = Gls,m(s)(@) s ds)” d
< Jo (v (9)[E() @) — n(s) (@) ds) da
< Jo M2 gy (S 16() (@) — n(s) (@) o ds) da

2 2
< hlIVIz2noll€ =l -

Finally, if u,v € C°([—h,T]; H) then, for each ¢t > 0, my > 0 and all m €
[0, mg],it follows
! mT 2 2 ! mr 0 2
) emmlgtun) = gl dr < 903y [ e ([ luts +7) = (s + )2 ds) dr
0 /st
< ||7||332(_h’0) /_h </0 e u(s +7) —v(s 4+ 1) dT) ds
2 0 s m(r—s) 2
< Inn [ ([ €Nl = o) dr) ds
0 ¢
< Ilacne [, e ([, e ut) = vl dr) ds

t
2 m mr
< leonophe™ [ e lu(r) = v(r)* dr.

Consequently, Theorem 19 ensures the existence of the global attractor in Cy
provided vAy > [[7]] 2(_p0)h'/?e™"?. But, we note that if v Ay > [|v]| 202",
we can choose mg small enough such that vA; > [|9]| 502"/ 2e™"/2. Tt is
also remarkable that when h — 0 the sufficient condition ensuring the exis-
tence of the global attractor becomes vA; > 0, which is the usual one in the
case without delays (and trivially fulfilled).
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Conclusions and final comments

We have proved some results concerning the asymptotic behaviour of solutions
to a two dimensional Navier-Stokes model containing delay forcing terms.
In fact, we have proved the existence of attractors in the pullback sense by
rewriting our problem in a nonautonomous context, so that the theory of
pullback attractor can be successfully applied. Observe that, what we actually
have proved in Theorem 17, is that the set B = U,crB3(t) is compact and
uniformly pullback, and so forward, attracting. Then, by means of the theory
developed by Chepyzhov and Vishik (see [10]), there exists a uniform forward
attractor Ay C Cy which contains the sets Ac, (), for all ¢ € R. Finally, the
autonomous case has been deduced from our general results.

However, there is still much work to be done in this field. For instance, it
could be very helpful to obtain some results on the finite dimensionality of
the pullback attractor. Also, we could consider a different framework for our
process in the product space H x L*(—h,0;V), if we allow that the term g
can contain first order derivatives with respect to the spatial variables. Some
results on the regularity of the attractor will be also welcome. Needless to
mention the interesting and important three-dimensional case. Of course, these
topics will be analyzed in some forthcoming papers.
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