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Abstract

In this paper we study the existence of solutions for a coupled
Allen-Cahn-Navier-Stokes model in two dimensions with an external force containing
infinite delay effects in the weighted space Cs(Y). We prove the existence of pullback
attractors for the dynamical system associated to the problem under more general
assumptions.
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1 Introduction

Diffuse interface models are well-known tools to describe dynamics of complex fluids ([1,
2]). For instance, this approach is used in [3] to describe cavitation phenomena in a flow-
ing liquid. The resulting model essentially consists of the Navier-Stokes equations suitably
coupled with the well-known phase-field system. In the isothermal compressible case, ex-
istence of a global weak solution for such a system has been recently proved in [4]. In the
incompressible isothermal case, neglecting chemical reactions and other forces, the model
reduces to an evolution system which governs the fluid velocity u and the order parame-
ter ¢. This system can be written as a Navier-Stokes equation coupled with a convective
Allen-Cahn equation.

In [5, 6], Gal and Grasselli proved that the initial and boundary value problem gener-
ates a strongly continuous semigroup on a suitable phase space which possesses the global
attractor A and establish the existence of an exponential attractor E which entails that A
has finite fractal dimension. Medjo in [7] studied the pullback asymptotic behavior of so-
lutions for a non-autonomous homogeneous two-phase flow model in a two-dimensional
domain.

Recently the appearance of delay effects in partial difference equations has been inten-
sively treated. In [8—10], the authors studied the 2D Navier-Stokes equations in which
additional external forces were included in the model. The existence of an attractor for a
2D Navier-Stokes system with delays is proved in [8]. The authors proved the existence
and uniqueness of a stationary solution and the exponential decay of the solutions of the
evolutionary problem to this stationary solution in [9] and strengthened some results on
the existence and properties of pullback attractors in [10]. It is a natural generalization to
the Allen-Cahn-Navier-Stokes equations with delays. Medjo in [11, 12] studied a coupled
Cahn-Hilliard-Navier-Stokes model with delays in a two-dimensional domain and proved
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the existence and uniqueness of the weak and strong solution when the external force con-
tains some delays. He also discusses the asymptotic behavior of the weak solutions and the
stability of the stationary solutions.

Our purpose is to study a coupled Allen-Cahn-Navier-Stokes model with infinite delays.
The paper is organized as follows. Section 2 we describe the model and some functional
spaces useful for the problem. Section 3 we prove the existence and uniqueness of the
solution. Also we analyze the continuity properties of the solutions with respect to ini-
tial data. Section 4 is devoted to generalizing the results on asymptotic behavior, proving

under more general assumptions the existence of pullback attractors.

2 A two-phase flow model

We consider a model of homogeneous incompressible two-phase flow with singularly os-
cillating forces. We assume that the domain Q C R? be an open and bounded set with
smooth enough boundary 92 and consider (arbitrary) values 7 < T in R. Then we con-

sider the following system:

W vAu+ (- Vu+Vp-KuVe = g(t) + Gt, (u,9),),
divu =0,
% +u-Vo+u=0,

n=-€A¢ +af(@),

@)

inQ x (zr,T).
In (1), the unknown functions are the velocity u = (41, u,) of the fluid, its pressure p and
the order parameter ¢. The quantity p is the variational derivative of the following free

energy functional:

Fg) - /Q (g Vol + oeP(¢)) ds,

where F(r) = for f(£)d¢, the constants v > 0 and /C > 0 the kinematic viscosity of the fluid
and capillarity coefficient, respectively, €, > 0 are two physical parameters describing
the interaction between the two phases. In particular, € is related with the thickness of the
interface separating the two fluid. The number 7 € R is the initial time. We endow (1) with
the boundary condition

d
u=0, —¢:0 ondQ x (t,T),

an
where 9€2 is the boundary of Q and 7 is its outward normal. The initial condition is given
by

U, @)t + 1) = 0(t) = (01,92)(£), £ €(-00,0]. (2)

The terms g(¢) is a non-delayed external force field, G(¢, (u, ¢),) is another external force
containing some hereditary characteristics and we denote by (u, ¢); the function defined
on (—00, 0] by the relation (u, ¢); = (u, p)(t + 5), s € (—00,0].
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We assume that f € C!(R) satisfies

lim f'(rn>0, |f'()|<c(+1IrF), VreRr, (3)

|r|—+o0
where ¢; is some positive constant and k € [1, +00) is fixed. So we get
f()| < cr(@+1rFh), Vrer. (4)

If X is a real Hilbert space with inner product (-, -)x, we will denote the induced norm
by | - |x while X* will indicate its dual with (-, -) for the duality between X* and X and the
norm by || - ||.. We set

Vi ={ueC(Q):divu=0inQ}.

We denote by H; and V; the closure of V; in (L*(2))? and (H{(2))?, respectively. The scalar
product in H; is denoted by (-, -);2 and the associated norm by | - |;2. Moreover, the space
V1 is endowed with the scalar product

2
(@) =D @t V)2, (ul = ((u)™

i=1
We define the operator Ay by

Aogu=PAu, YueDAy) =H*(Q)NW,

where P is the Leray-Helmholtz projector from L%(S2) onto H;. Then Ay is a self-adjoint
positive unbounded operator in H; which is associated with the scalar product defined
above. Furthermore, A;' is a compact linear operator on Hj and |Ap - |;2 is a norm on
D(Ay) that is equivalent to the H2-norm. From (3), we can find y > 0 such that

lim f'(r) >2y > 0. (5)

|7|—=+00

Then we can define the linear positive unbounded operator A, on L*(2) by

Ayp=-Ap+yp, VpeDA4,),

where
2 ap
D@A,)=1peH (Q);a— =0ondQy.
n

Note that A;l is a compact linear operator on L?(2) and |A, - |2 is a norm on D(4,)
that is equivalent to the H2-norm. We set V5 = H'(S2). Furthermore we denote by ; >0 a

positive constant satisfying

2
Mol <llol> YoeVi;  M|AY|L <AV Ve HA(Q). (6)
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We also introduce the bilinear operators By, B; and their associated trilinear forms by,
by as well as the coupling mapping Ry, which are defined from D(Ay) x D(Ay) into Hj,
D(Ao) x D(A,) into Ly($2) and L*(R2) x D(A3?) into H, respectively. More precisely, we
set

(Bo(u,v),w) = / [(u-V)v] -wdx =bo(u,v,w), Vu,v,weD(A),
Q

(Bl(u!(p)) IO) = /{;[(u : V)d’]l)dx = bl(ul ¢r 10)! Yu e D(Ao),¢, pE D(Ay)r
(RO(,U'; ®), W)

= [ WV wids=biw,gui0), ¥w € DA (1, ) € L(@) x D(AY?).
Q

Note that Ry(ut, @) = PiuV¢ and By, By and Ry satisfy the following estimates:

[Bo(u, V)| < clul Zlul V2 VI, Vv e Vs, 7)
B 9)|,; < clul Ul 1921012, YueVi,¢ eV, ®)
[Ro(Ay )| < cllol"?|Ay pIZ1Aydli2, Vo, p € D(A,). ©9)

Now we define the Hilbert spaces Y and V by Y = H; x H'(2), V = V; x D(A,) endowed

with the scalar products whose associated norms are

(W o)|s = KM u, + (VP +v191%) = KM ul, + €|AY2)0;

| @) = lul® + 14,612

Let f, (r) = f(r) — a*eyr and observe that f, still satisfies (5) with y in place of 2y since
€ <a,and F,(r) = forfy(;“) d¢ is bounded from below.
There are several phase spaces which allow us to deal with infinite delays. For instance,

for a given § > 0, and a given Banach space X, we may consider the space

Cs(X) = {gz) € C((—oo,O];X) :3 lim e*g(s) GX}

§—>—00

with the norm

lglls:= sup €”*|e(s),.

s€(-00,0]

In order to state the problem in the correct framework, we assume that G : [7,T] x
Cs(Y) = (L*(R))? satisfies
(gl) forany (u,¢) € C5(Y), t € [t, T] — G(¢, (u, ¢)) is measurable;
(g2) foranyteR, G(¢,0)=0;
(g3) there exists a constant L, > 0 such that, for any ¢ € [t, T, (U, ¢1), (U2, ¢2) € C5(Y),
|G(t, (U1, 1)) — G(t, (U2, $2))| 12 < Lyl (U1, 1) — (U, 2) 15
An example of an operator satisfying assumptions (gl)-(g3) is given here.
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We will assume that the distributed delay term on the Banach space C;(Y) is given by

0
G(t, (u,9),) := /: Go(ts, (U, @)(t +5)) ds,

o0

where the function Gy : [t, T] x (-00,0] x Y — (L*(2))? satisfies

GO(trS’ 0) =0, ’GO (t,S, (U, ¢l)) - GO (t,S, (u2’ ¢2)) |R2 = Ll(s)‘(uli ¢1) - (u2’ ¢2)

Y?

for the function L; > 0. We assume that L;(-)e"®*?)" € L?(—00, 0) for certain 6 > 0. We can
prove as in [9] that (g1)-(g3) are all satisfied.

Hereafter, we will use the above space and the distributed delay for our problem.

Using the notations above, we rewrite (1) in the form

D 1 vAou + Bo(u,u) - KRo(eA, ¢, ¢) = g(t) + G(t, (U, $),),
% 4 Bi(u,¢) + 1 =0,

W =€A,d+af,(9),

()t + 1) =0(t) = (9, 92)(1), te(-00,0]

(10)

Remark1 In the weak formulation (10), the term V¢ is replaced by €A, V. This is jus-
tified since f; (¢) is the gradient F, (¢) and can be incorporated into the pressure gradient;
see [10]. To simplify the notation, we set @ = KC = 1.

Remark 2 Set V(w,¥) e Y

E@t) = e(@,¥) = | (@ ¥)[% +2(F,(¥),1),» + a,

where « is a constant large enough and independent on (®, 1) such that E(¢) is nonneg-

ative.

Definition 1 A pair (u, ¢) is called a weak solution to (10) if

(u,9) € C((~00, T1Y) N L*([7, T]; V), du e L'([t, T} Vy),

dt
do 3
—HE L'([t, T} V5),
and (u, ¢) satisfies (10); and (10); in V;* and V7, respectively.

Remark 3 If (u, ¢) is a weak solution of (10) in the sense given above, then (u, ¢) satisfies
an energy equality. Namely,

E(t)—E(s)+/ vlull? +2|ul?,) dr
=2 / (lg(r), ur) +(G(r, (u, ¢),),u(r)) dr Vs,te[r,T],

where E(t) = e(u, ¢).
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3 Existence of solutions
In this section we establish existence of weak and strong solution for problem (1) as addi-
tional assumptions are satisfied and some related properties.

Theorem 1 Assumethatg € L*(t,T; V;), G: [t, T] x C5(Y) — (L%(2))? satisfies (g1)-(g3).
Then, for 0 € C5(Y), there exists a unique weak solution (u, ¢) of (10).

Proof For the existence, we split the proof into several steps.

Step 1: A Galerkin scheme. Since the injection of V C Y is compact. Let {(@;, ¥;),i =
1,2,3,...} C V be an orthonormal basis of Y, where {w;,i =1,2,...}, {¢;,i =1,2,...} are
eigenvectors of Ay and A,, respectively. We set V,,, = Y,, = span{(@1, ¥1), (@2, ¥2), ...,
(@, Yim)}. We look for (U™, ¢™) € Y,,, the solution to the ordinary differential equations

T+ P (vAgU™ + Bo (U™, u™) — Ro(€A, ¢™, ¢™))
= P"(g(t) + G(t, (u™, ¢™),)),
Y7+ Py (Bi(U",¢™) + 1) = 0, (11)
1" = PYEeA, @™ + £, (™)),
™, ¢™)(t + 1) = P"O(t), te(~00,0],

where P = (P/",Py) : Hy x L*(Q) — V™ is the orthogonal projection. Since P"(0, G(Z,
(u, 9);)) is a local Lipschitz function in (u, ¢), it follows from the theory of ordinary differ-
ential equations that this equation has a local solution (u™, $™).
Next we will deduce a priori estimates that ensure that the solutions do exist for all time.
Step 2: A priori estimates. By taking the scalar product in H; of (11); with u™, then taking
the scalar product in L%(R2) of (11)3 with u", we get
dE™

-t 2v||u” ||2 + Zlumﬁz =2(g(®),u™) + 2(G(t, (um,qu)t),um), (12)

where E"(t) = e(u™(t), ¢""(¢)). Then by (g3), we have

dE™
~r ol 2l <2l ] + 2L (u0"), | ] 2
i

<vlu "+ v g + 2L (™ 0™),

then

dE™
B o w2l = v g0 + 2 w07,

< v g2 + 2L | £

8 b
where

IEls= sup €*E(s)

s€(-00,0]

and therefore

o+ [ Ol 2w ds <20+ [ 07 aW 2L e )ds a3)



Yang Advances in Difference Equations (2017) 2017:238 Page 7 of 20

Thus

E”|. < max sup X E" (9t + 6 - 1)),
t s

0€e(—o0,T—t]

t+6
sup (ez‘wE(r) + e /r (vgs) ||i + 2L, || EV ||8) ds) }

6el[r-t,0]

< max{ sup ez‘”E’"(ﬁ(t +6— ‘L')),

9e(—oo,t—t]
£+ [ 07190 2101, as)
and
» _S:ol,)f_t] E"(9(t+6 - 1)) = Zig ePU-DE(9(0))

- B, < |E0)

and E(t) = E(9(0)) < ||E(®)]|s, so we can obtain

t
[E]; < [E@)]; + / (gl + 2L |E" ) s

Thus by Gronwall’s lemma, we have

t
Jez], <0 (Jew, + [ v as).

Using this inequality, we also see that there exists a constant C, depending on some con-
stants of the problem (namely, v, L, and g) and on 7, T and R > 0, such that

|E"|, =C(x,T,R),  E"(t) <C(r,T,R). (14)

As |(u™,¢™)[3, < E™(t), this implies that (u™,¢™) is bounded in L>(z, T;Y) N L* (7, T,V)
VT > t. Noting that

" =€A, 9" +af, (¢m)

we get [6]

|AV¢M|L2 = C|/‘m |L2 + Q1(||¢m

|A)3//2¢m|L2 = C|V'm|L2 + Q1(||¢m

), (15)
), (16)

where Q; is a monotone nondecreasing function independent on time, the initial condition
and m. Then we see that A73//2¢’” isbounded in L2(z, T;D(A?,/Z)). With (7)-(9), (15) and (16)

we get

%(u’”,(p’") is bounded in L*(z, T; V;') x L*(7, T; V5).
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Step 3: Approximation in Cs(Y) of the initial datum. For the initial datum ©# € C;(Y) we

have used the projections in the Galerkin scheme in Step 1. Let us check that
P"y — 19 in Cs(Y).
Indeed assume there do not exist € > 0 and a subsequence such that
&0 |P"’19(9W,) - ﬁ(@m)| > €.
One can assume that 6,, — —oo. Otherwise, if 6,, — 6 then P"9(6,,) — 9(0). We have

[P0 (6,,) — O(0)] < | P9 (6,) — P"O(0)] + |P"F(0) — v(0)] — 0 as m — +00. But with

0, — —00 as m — +oo if we denote x = limy_, _o, *?19(8), we obtain

| P (O) = 9 (O)| = [P (¥ (Om)) — €7 (6,)]

IA

[P (2% 9 (0n)) — P"x| + [P"x — x| + | — €70 (0,)|

— 0.

Thus there is a contradiction.

Step 4: Energy method and compactness results. Now using the standard methods as in
[13], we can pass to the limit in (11) as m — oo and we see that (u, ¢) is a weak solution of
(11).

From Step 2 we get a subsequence (still) denoted by (u™, ™) and using the compactness

theorem

(u™, ™) A (u,¢) weaklystarin L>(z, T;Y),

(u™,¢™) — (u,¢) weaklyin L*(z, T;V),

2L, ¢™) —~ 2(u,¢) weakly in L2(t, T; V;) x L2(t, T; V3), 17)
(u™,¢™) — (u,¢) strongly in L%(z, T;Y),

G(-, (™, ¢)) —~ ¢ weaklyin L%(z, T; (L*(R))?),

for all T' > 7. Furthermore we can also assume that
(u",¢")(t) > (u,¢)(t) inYaete(r,T), (18)
which nevertheless is not enough.
Since the injection of V into Y is compact, the injection of Y into V* is compact too. So
by the Ascoli-Arzela theorem we have
(u™,¢™)(t) > (u,¢)(t) in C([r,T],V*). (19)

Then, for any {¢,,} C [z, T], with ¢,, — ¢, we have

u", ") () — (U™, ¢™)(¢) weakly in Y (20)
( ) ( ) y
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and

E"(t,) — E(t) weaklyinY. (21)
Next we will prove that

(u™,¢™)(tm) = (U™, ¢™") (&) in C([z,T);Y).
That is, we will prove that

E™(tm) — E(t) in C([r,T];Y).
If this were not so we take into account that (u,¢) € C([t, T];Y), there would exist € > 0
and ¢, € [7, T] and subsequences (relabeled the same) {(u”, $™)} and {¢,,} C [t, T] with
lim,,—s 100 tm = to such that

|E"(tm) - E(to)| =€ Vm.

To prove that this is absurd, we will use the energy method. Observe that the following
energy inequality holds for all (u™, ¢™):

1 1
EEm(t)+§£ (U||U’”(r)||2+|um|L2)dr

t
1
< / <g(r),um(r))dr + EEm(s) +C(t-s) Vstelr,T], (22)
where C = 231 and D corresponds to the upper bound

t
/ IG(r, (u",¢™) ) Pdr <Dt -5), T<s<t<T,
by (g2), (g3) and (12).
On the other hand, by (17), passing to the limit in (11), we see that (u,¢) € C([z, T];Y) is
a solution of a similar problem to (10),
dE ) 9
— F vl + 2l =2(g(t),u) +2(¢, u) (23)
with the initial data (u, ¢)(t) = 9(0). Therefore, it satisfies the energy equality
E@t)+ / vlull? +2|ul?,) dr
t
t
=E(s)+2 / (lg(r), u(r)) + (G(r, (u, ¢),),u(r))) dr Vs,t e[z, T).

Furthermore, from the last convergence in (17), we deduce that

t t
/|¢(r)|2dr§m1ir§wsup/ G(r,(u,¢)")|"dr <D(t-s) Vr<s<t<T.
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Now consider the functions J,,;,/ : [t, T] — R defined by

1 t
In(®) = 3E"(0- [ (g0, u"0)dr~Ct,
1 t
10 = 3£0 - [ (g0, ut)dr - ce.
Obviously, /4, / are non-increasing functions. By (18), we get
Ju@®)—J() ae.te]|r,T]. (24)
On the one hand, from (21)
E(t,) —~ E(t) weaklyinY (25)
and we get
E(ty) < lim infE(t,).
mM—>+00
On the other hand, if £y = 7 we get from Step 3 and (22) withs =7
lim supE(¢,) < E(t),
m—+00
so we assume that £o > t. This is important, since we will approach this value ¢y from the
left by a sequence {#}, i.e., lim_, ;o0 & = £y With {#} being values where (24) holds. Since
E(t) is continuous at £, for any € there is k. such that
@) -T(t)| <€l2 Yk > ke.

Then taking £,, > t;_, as J,, is non-increasing and for all % the convergence (24) holds, and

one has

]m(tm) _](tO) < ’]m(zkg) _](Zke)

) (o)
and with
/Wgawwmhafuﬁmmmm

we get
lim supE(t,,) < E(ty)

m—+00

and

E(t,) — E(fy) inY
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and

(um’ d)m)(tm) — (u, (,‘b)(to) inY,
(u",¢™) = (¢) C([r,T],Y).

Thus, we can finally pass to the limit in (11).

The uniqueness of the solution can be obtained in the following way. Consider two weak
solutions, (U, ¢1), (Uz, ¢2) of (1) with the same initial data, and denote @ = u; — Uy, ¥ =
1 — @2, (UL, 1)s = (U, $1)(E + 5), (U2, 2); = (U2, $2)(¢ + 5). We derive as Lemma 3.3 in [5]

that
d
d—i < Y(O)y(t) + c|G(t, (ur, p1)e) — G(t, (W, $2):) |2 < YE(E) + L2 [ (@) 5,
where ¢ = cq is a constant that depends only on €2 and
2
y(t) = |(0),¢) v’
(@) =c(lwll® + 1+ g 1) 1Ay b1 17 + [uz]7: Uz %)
+ Q19111 |2l i)
As (w,¥)0)=0,if0 <t
@ w)|; = sup e |(@, )t +0)3
< sup |(@y)(E+0);
0e[r-t,0]
< sup [@¥)(M)|5 Yr<t<T,
relr,t]
)
dy
= <Y @)y(t) + cL? sup y(r);
dt 4 ¢ re[z,t]y
we have
t
y(t) < y(0) +/ (T(s) + cLé) sup y(r)ds.
T reft,s]
Now we deduce that
t
sup y(r) < y(0) +/ (7 (s) +cL§) sup y(r)ds.
relz,t] T re(t,s]
By the Gronwall lemma we finish the proof of uniqueness. O

Proposition 1 Assume that g € L*(t, T; V}), G : [t, T] x C5(Y) — (L*(R))? satisfies as-
sumptions (gl)-(g3). Let us denote by (uy, $1)(-;T,01), (U2, 92)(:;T,02) the weak solutions
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corresponding to the initial data ¥, and V,. Then the following continuity properties hold:

2 2 L t
max]‘(ul,q&l) — (l.lz,gl§2)|Y < (|191(0) - 192(0)‘ + ﬁ |91 — 192||§)efr (3Lg+Y(S))ds’

relt,t

L .
||(U1, ¢1)t - (u2,¢2)t ”; < <1 + i |9 — 1,92||§>ejrt(3Lg+T(s))ds‘

Proof Arguing as in the proof of Theorem 1, we have

1dy

5 % < T(t)y(t) + (G(t, (ull ¢l)t) - G(t! (u2’ ¢2)t)’ CO),

where

() = |~ s~ )5, = | @, 9]
T(0) = c(llun | + (1+ 1 6112) Ay 1122 + a2 | |2)

+ Qu(Ip1 11, |2l ).

(@ w)|; = Zugem}(wﬂﬁ)(H@)K{

= max{ sup 6239|191(t— T+60)—h(t-1+0) ;,
6e(—o0,T—t]
2
sup_e|(@,y)(e + )]}
6el[r-t,0]
< max |0 9, - 213, max |(w, O}, (26)

we conclude that
1 1 ! S(T—s)
57 = 590 + LellPr =D lls | e |w(s)| ds
t t
+Lgf |a)(s)| max |(w,1//)(6’)|Yds +f Y (s)y(s) ds.
T 0€[r,t] T

Substituting ¢ by r € [z, f] and considering the maximum when varying this r we can con-
clude that

L t
max y < y(0) + ﬁ 91 — D1l + / (3Lg + Y(s)) max y(r)ds.
T

relr,t] re(z,s]

Then by the Gronwall lemma, we get the result:
L ¢
r3a§]|(u1,¢1) — (U )5 < (|z91(0) —9,00)" + ﬁ 9y - ﬂ2||§)e.f,mgms»ds' 27)

With equations (26) and (27), we get the last inequality. O
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Proposition 2 Assume that g € L*(7, T; V), G : [t, T] x C5(Y) — (L*(RQ))? satisfies as-
sumptions (g1)-(g3). Let us denote (u, $)(-;s, ) the solution of (1) with initial time s. Then,
foreacht € [t,T] and ¥ € Cs(Y) fixed, the mapping s — (U, )(;s,0) € Cs5(Y),s € [t,T] is
continuous.

The method of proof is similar to Proposition 7 in [9].

4 Existence of pullback attractors

In this section we will prove the existence of a pullback attractor for the problem (1) with
the distributed delay under additional assumptions. We firstly recall some basic defini-
tions and main results that we will use later about properties required of a process for a
non-autonomous dynamical system in order to have a pullback attractor. These results
can be found in [14] and [15] and here we only reproduce the statements for the sake of
completeness.

Definition 2 Let X be a complete metric space. A family of mappings {U(¢,7),t, T € R, >
T} C C%(X, X) is said to be a process in X if U(t, t)U(z,r) = U(t,r) for any T < r < ¢, and
U(t,t) = Id for all 7. The process U(-,-) is said to be continuous if the mapping (¢,7) —
U(t, T)x is continuous for all x € X.

Corollary 1 Assume that g € L} (R; V}), G: R x Cs5(Y) — (L*(Q))? satisfies assumptions
(gl)-(g3) for any t < T. Then the bi-parametric family of mappings U(t,7) : Cs(Y) — Cs5(Y)
with t > t, defined by

L[(t, f)l? = (u’ ¢)tr
where (u, $)(-; T,9) is the unique weak solution of (1), defines a semi-process on Cs(Y).
Proof The proof is a consequence of Theorem 1 and Proposition 1. g

The following result can be obtained analogously to [7], Propositions 2.2, 2.3 with the
natural changes in the delay norms.
Proposition 3 Assume that g € L, (R; V), G : R x C5(Y) — (L*(2))? satisfies assump-
tions (gl)-(g3) for any © < T. Then for any bounded set B C Cs5(Y):
(1) The set weak of weak solutions {(u, ¢)(-; T, ) : 0 € B} is bounded in L*(t +¢€,T; V)
foranye >0andany T > +€.
(2) Moreover, if {9(0) : 0 € B} is bounded in V, then {(u,$)(-; T, ) : © € B} is bounded in
L®(t, T;Y) forall T > t.

Definition 3 A process U on X is said to be closed if for any v < ¢, and any sequence
{x,} C X withx, > x€ X and U(t,T)x, > y € X, then U(t,T)x = y.

Let us denote by P(X) the family of all nonempty subsets of X and consider a family of
nonempty sets Do = {Do() : t € R} C P(X).

Definition 4 We say that a process U on X is pullback DAo-asymptotically compact if for
any ¢ € R and any sequences {7,} C (-00,¢] and {x,} C X satisfying 7, — —oco and %, €
Dy(z,) for all n, the sequence {U(t, t,)x,} is relatively compact in X.
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Denote

ADo,t) = Jut DDolr) VieR

S<t T<s
—X . .
where {- - -} is the closure in X.
Given A, B C X we denote by dist(4, B) the Hausdorff semi-distance in X between them,
defined as

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

acA bE

Let D be a nonempty class of families parameterized in time D={D(t):t € R} C P(X).
The class D will be called a universe in P(X).

Definition 5 A process U on X is said to be pullback D-asymptotically compact if it is
pullback ﬁ—asymptotically compact for any DeD.

It is said that Dy = {Dy(¢) : £ € R} C P(X) is pullback D-absorbing for process U on X if
for any ¢ € R and any D € D, there exists a 7o(D, t) <  such that

U(t,7)D(t) C Do(t) V1 <10(D,18).
With the above definitions, we have the main result which is given in [16].

Theorem 2 Counsider a closed process U, a universe D in P(X), and a family Dy = {Dy(2):
t € Ry C P(X) which is pullback D-absorbing for U and assume that U is pullback Dy-
asymptotically compact. Then the family A(t) defined by A(t) = Upcp AD, L‘)X has the fol-
lowing properties:

(1) Foranyt € R the set A(t) is a nonempty compact subset of X and A(t) C A(Do, 2).

(2) A is pullback D-attracting, i.e. lim,_, o dist(U(t, T)D(7),A(t)) = 0 for allD e D and

anyt € R.
(3) A isinvariant, i.e. U(t,7)A(t) = A(¢) for all (t,7) € R%.
(4) If Do € D then A(t) = A(Do,t) C Do(?) forall t € R.

The family A(¢) is minimal in the sense that if C={C(t):teR} CP(X)isa family of
closed sets such that, for any D={D(): t € R}, lim,_, o dist(U(¢, 7)D(t), C(¢)) = 0, then
A(t) C C(2).

Remark 4 Under the assumptions of Theorem 2, the family A(¢) is called the minimal
pullback D-attractor for the process U.

Proposition 4 Let X be a connected metric space. Assume that the semi-process U satisfies
additionally the requirement that for every t and x € X the map v — U(t,7)x, T € (00, ]
is continuous. If U possesses a pullback attractor A, then A(t) is connected for every
teR.
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Theorem 3 Assume that g € L _(R; V}), G: R x C5(Y) — (L*(2))? satisfies (gl)-(g3) for

loc

any t < T, (U, 9)(-; T, ) is the unique weak solution to (1), then the following estimates hold
forallt>rt,and any o € (0,0) such that (og — o)A <8:

;< et e,

t
+ / e~ (1=0)A1=Lg)(t=s) (cr_l ||g(s) ||i +¢o) ds, (28)
T

t
o [ ol as <o)z,
t
+ elet-(@-o)r / g~ (@1-0)ki-Ly)s (071 ||g(s) “i +¢o) ds, (29)

where cy is a positive constant.

Proof Multiplying (10); with u, (10), with p, (10); with 2¢ and adding the resulting equa-
tions, we derive as the proof of Theorem 1 that

dE
ot 2vlull? + 2|ul7 = 2(u,g(t) + G(t, (u, $):)), (30)

where
E@®) = |u,)@)], +2(F, (6(0)), 1), + o

and o is a constant large enough to ensure the E(¢) is nonnegative.

We can conclude that

2

dE -
—= +2vul® + 2|plf, <o MIgl; + o lull® + 2Lg | (u, @) |- (31)

dt -

Thus,

dE _ 2
t v -o)llul? +2|M|iz <o7Mgll +2Lg||(u¢¢)t”8~

So

dE _ 2
- @ oMU}y +2\ul}s < o7t gll + 2Lg | (u, @) ;-

Set a1 = 2v and as we can choose o > 0, such that o; > 0 and ¢ is a positive constant, then

dE

=~V o7 gl + 2L W) + co

So

E(@t) < e~ (-0l (tff)E(.L_)

t
N / e =60 (57 g, + 2L, || (u, @), ||§ +¢o) ds. (32)
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Consequently,

”EtH(S < maX{ sup 6269E(19(t +6— T)), sup (ezﬁe(ald))»l(f+9‘[)E(.L—)

Oe(—o0,T—t] 0e[r-t,0]

t+0
+ e f e @1-H0T) (571 g(s) ||i +2Lg || Eslls + co) dS) }
T

We assume that, moreover, o satisfies (o; — 0)A; < 24.
On the one hand

sup  eE(9(t+0 - 1)) = supe® " CE(9(9))
0e(—-o0,T—t] 0=<0
), 2B o),

and on the other hand

sup 3259—(a1—0)h(t+9—r)5(r) < e—(ﬂtl—g))hl(t_f)E(t)

0€[r-t,0]
and
t+6 9
sup e* / e 1M (57| g(s) || | + 2L || Eslls + co) ds
0el[t-t,0] T
t
< / e 1 (0 (o) |} + 2L I Els + <o) ds
T
so we get

IEls < e @ MED | E@)|)

t
+ f e_("‘l_")“(t_”(a_1 Hg(s) ||i +2Lgl|Ells + co) ds  Vt>T.

T

Then by Gronwall’s lemma, we have

| @ o)} < IEs

< ¢ (1-0)h-Lg)(t-7) HE(ﬁ) ”8

t
+ / e (a=0-Le)t=9) (e g(s) ||i +co)ds Vi>t.
With (32) and the above equality we get the result (28). d

From now on, we will assume that there exist 0 < o < a; such that Ly < (01 —0)A; <6
and

0
/ e’ (o7 g(s) ||i +¢o) ds < +00, (33)
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where

IB = ((O{l —O'))\l —Lg).

2
loc

Remark 5 If we assume that g € L; (RR; V}"), then equation (33) is equivalent to

t
/ e B9 (0—1 ”g(s)”i + co) ds<+o0o, VteR.
—00

Corollary 2 Assume that g € L2 _(R; V;), G: R x C5(Y) — (L*(RQ))? satisfies assumptions

loc

(g1)-(g3) for any v < T and condition (33) is satisfied, then the family Do ={Do(t): t € R},
with Dy(t) = DCS(Y)(O: p(t)), where

t
p2(t) =1+ / e P9 (7 g(s) ”i +¢o) ds

is pullback absorbing for bounded sets for the semi-process U.
Proof The proof follows immediately from Theorem 3. d

Proposition 5 Under the assumptions of Corollary 2, the semi-process U is Do-

asymptotically compact.

Proof Let (u™,¢™) be a sequence in Theorem 1, we will prove this sequence is relatively
compact in Cs(Y).
Let 71(D, ¢, h) < t — h — 2 be such that
e PV EW)|, <1 Vr <D, t,h),9 e D(x).
Consider fixed T < 7;(D, t,h) and ¥ € D(1).

Firstly, from the result (28) of Theorem 3 and using the definition of the norm || - ||5, we
can deduce that

t
|(u,¢)t|§, <1+ e“s(t_h_”/ e’gs((cr)q)_1|g(s)|2 + co) ds

L p(t) Vrelt-h-2,1].
Secondly, we derive from Theorem 3 by integrating (31) between r — 1 and r
E™(r)—E™(r=1) + (0 — ) /_1 | |? +2 [jl|um(t)|i2 dt
s<74ugni+-2ngfln(um,¢”ﬂsnjda
then from (28) and

|(u(2), () [2 < E©) < Qu(|(u(®), 0 0) |3,
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where Q; is a monotone non-decreasing function independent of the time and the initial
data, we can deduce that

r r
—o) [ ez [ Jumol,
r-1 r-1

,
<o tgl% + 2Lgf | (™9™ |5 ds + E"(r—1)
r-1

<ol + 2L, f , (e-ﬂ“-” |E@)], + / e (000)g(®)]) de + Co) ds
r-1 T
+ Qu(|u"@),0"O1}).

Aso;—o0 >0,

[ ey ae <

r-1

From p = €A, ¢ + af, ¢ we have

e [ fdesc [ (s valon)ar<c

SO
[ uri? + 4,075 de < o En

where Cj, C, and C; are constants.

For the rest of the estimates we take the inner product in H; of (11); with 2A,u, the inner
product in L2(M) of (11), with 2A%,¢ and add the resulting equalities; we get (see [12] for
the details) the inner product by integrating between » — 1 and r,

Y + v|A0um|L2 + 6|A3/2¢”’

' =v@)Y@) + (),

s
where
Y(8) = [um@)]” + |4,0™ )]},
(o) = (|4, 9" O] 267 O + [ [ ]),
Y(t) = c(|f, (@) V" |12 + Ig1%),
() = 1) + |G(5, (u™,¢™),) [2n-

By integrating between r — 1 and r and from (28) we can obtain

Y(r) < (/r Y(s)ds+/r s)ds+L2/ H( )SH;ds) X exp(/r \I/(s)ds)
r-1 r-1 r—1
< (/rl Y(s)ds + [—1 Y(s)ds +L§ /;l <e‘ﬁ(s_f) ”E(z?)”s
" /se—ﬂ(s—é)((gkl)—l|g(g)|2) dé + c()) ds> X exp(/r W(s) ds).
T r-1
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Recalling (3), (4) and (34), and employing standard Sobolev inequalities, it is easy to check
that there exist positive constants a;, i = 1,2, 3, such that

frIW(s)dsza1<w; frlT(s)dsza2<w,

/rl Y(s)ds = a3 < oc.
Then we get

Y(r) = |u"()|* +|4,¢"()|}» isbounded ¥r e [t~k —1,2].
Letting (u, ¢) = (;t —s, ") we get

|| (um, ¢”’)t ||V isbounded Vr e [t —h —1,¢].
Thirdly, we have

day
v|A0um’i2 + e|Af,/2¢m‘i2 < it W()Y () + TI(2).

By integrating between r — 1 and 7, we obtain
" 2 2
32
/ (v]Aou™ | +€|A32¢™| ) ds
r-1

<Y(r-1)+ /r (\I’(S)Y(s) + H(S)) ds

-1

“Y(r-1)+ / OO+ T + L] (.07, ) ds

With (28) we have

,/71(‘) |A0u”’ ’iz +€ |Af,/2qu ‘iz) ds isbounded Vr € [t - K, t].
Similar to the proof of Theorem 1, we also conclude that
I
so (u™(t),¢™(t)) is bounded in L®(t — h — 1,5Y) N L2(t — h — 1,4 V) with %(u”’,qb’”) is

bounded in L2(t — h - 1,£;V}) x L} (¢t — h — 1,£;V}) and for a subsequence (relabeled the
same) the following convergences hold:

2

d
ds is bounded Vr € [t - h, t]

7 (u™,¢™)

U™, ¢™) > (u,¢) weakly star in L®(t —h—1,Y),

(U™, ¢™) — (u,¢) weaklyin L2(t—h—1,5V),

L, ¢™) —~ 2L(u,¢) weaklyin L?(t—h - 1,5 V) x L2t -h-1,6V3),
(U™, ™) — (u,¢) stronglyin L*(t —h-1,£Y),

W™"(t),p™ (1) — (u(t),d(t)) ae,te(t—h-1,1).
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Then the following proof can be obtained analogously to Step 4 of Theorem 1. To avoid

unnecessary repetition, we skip the proof. O

Theorem 4 Assume that g € L2 _(R; V;), G: R x Cs5(Y) — (L*(RQ))? satisfies assumptions

loc

(g1)-(g3) for any T < T. Also, suppose that Ly < (a1 — 0 )A1. Then the semi-process U defined
in Cs5(Y) associated to (10) has a pullback attractor A = {A(t)}. Moreover, every A(t) is
connected in Cs(Y).

Proof The existence of the pullback attractor is a direct consequence of Theorem 2, Corol-
lary 1, Corollary 2 and Proposition 5. The connectedness follows from Propositions 2 and
4 and the fact that the space C;(Y) is connected. O
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