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classical Galerkin method, we derive the existence and uniqueness of global weak
and strong solutions. Using the Aubin-Lions lemma and some energy estimate in the
Banach space with delay, we obtain the uniform bound and the existence of a
uniform pullback absorbing ball for the solution’s semi-processes, and we conclude to
the global attractors via verifying the pullback asymptotical compactness by the
generalized Arzela-Ascoli theorem.
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1 Introduction
In this present paper, we investigate the existence of a pullback attractor for the 2D Navier-
Stokes equations with weak damping and continuous delay that governs the motion of an

incompressible fluid:

u—vAu+(u-V)Qu+au+Vp
=f-p@),ult-p@)), &1)e,

divu=0, (1t e,

u=0, (x1t)€dy,

u(t,x) =uplx), x€8,

u(t,x) =p(t-1,%), (x,8) € ey

11)

where Q C R? is a bounded domain with smooth boundary 92, Q2 = Q2 X (7, +00), Q¢ =
Q X (t —h, 1), T € Ris the initial time, v is the kinematic viscosity of the fluid, u = u(¢,x) =
(t11(¢,x), ua(t, %)) is the velocity vector field, which is unknown, p is the pressure, o > 0 is
positive constant, au is the weak damping, f(t — p(t), u(t — p(¢))) is the external force term
which contains memory effects during a fixed interval of time of length % > 0, p(¢) is an
adequate given delay function, u is the initial velocity field at the initial time 7 € R, ¢ is
the initial state of delay in [t — /4, ], & > 0 is a constant.
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When « = 0 in (1.1), the external force equals 0, then the system reduces to the well-
known 2D incompressible Navier-Stokes equation:

vi—VvAV+ (V- V)Y + (¥ - V)v+ Vp=0, (1.2)

V.v=0. 1.3)

Since the last century, the global well-posedness and large-time behavior of solutions to
the Navier-Stokes equations have attracted many mathematicians.

For more results as regards the well-posedness and long-time behavior of the 2D au-
tonomous incompressible Navier-Stokes equations, such as the existence of global solu-
tions, the existence global attractors, the Hausdorff dimension, and the inertial manifold
approximation, we can refer to Ladyzhenskaya [1], Robinson [2], Sell and You [3], Temam
[4, 5]. Moreover, Caraballo and Real [6-8] derived the existence of a global attractor for
the 2D autonomous incompressible Navier-Stokes equation with delays; Chepyzhov and
Vishik [9, 10] investigated the long-time behavior and convergence of the corresponding
uniform (global) attractors for the 2D Navier-Stokes equation with singularly oscillating
forces as the external force tending to a steady state by virtue of a linearization method and
estimated the corresponding difference equations. Foias and Temam [11, 12] gave a survey
of the geometric properties of solutions and the connection between solutions, dynamical
systems, and turbulence for the Navier-Stokes equations, such as the existence of w-limit
sets; Rosa [13] and Hou and Li [14] obtained the existence of global (uniform) attractors for
the 2D autonomous (non-autonomous) incompressible Navier-Stokes equations in some
unbounded domain, respectively; Lu et al. [15] and Lu [16] proved the existence of uniform
attractors for 2D non-autonomous incompressible Navier-Stokes equations with normal
or less regular normal external force by establishing a new dynamical systems framework;
Miranville and Wang [17] derived the attractors for non-autonomous nonhomogeneous
Navier-Stokes equations.

For the well-posedness of 3D incompressible Navier-Stokes equations, in 1934, Leray
[18,19] derived the existence of a weak solution by a weak convergence method; Hopf [20]
improved Leray’s result and obtained the familiar Leray-Hopf weak solution in 1951. Since
the Navier-Stokes equations lack an appropriate prior estimate and the strong nonlinear
property, the existence of a strong solution remains open. For infinite-dimensional dynam-
ical systems, Sell [21] constructed the semiflow generated by the weak solution which lacks
the global regularity and obtained the existence of global attractor of the incompressible
Navier-Stokes equations on any bounded smooth domain. Cheskidov and Foias [22] intro-
duced a weak global attractor with respect to the weak topology of the natural phase space
for a 3D Navier-Stokes equation with periodic boundary; Flandoli and Schmalfuf [23] de-
duced the existence of weak solutions and attractors for 3D Navier-Stokes equations with
a nonregular force; Kloeden and Valero [24] investigated the weak connection of the at-
tainability set of weak solutions of 3D Navier-Stokes equations; Cutland [25] obtained
the existence of global solutions for the 3D Navier-Stokes equations with small samples
and germs. Chepyzhov and Vishik [26-28] investigated the trajectory attractors for a 3D
non-autonomous incompressible Navier-Stokes system based on the work of Leray and
Hopf. Using the weak convergence topology of the space H (see below for the definition),
Kapustyan and Valero [29] proved the existence of a weak attractor in both autonomous
and non-autonomous cases, and gave an existence result of strong attractors. Kapustyan
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et al. [30] considered revised 3D incompressible Navier-Stokes equations generated by
an optimal control problem, and they proved the existence of pullback attractors by con-
structing a dynamical multivalued process.

However, the infinite-dimensional systems for 2D and 3D incompressible Navier-Stokes
equations have not yet been completely resolved, so many mathematicians pay attention to
this challenging problem, such as the existence of an inertial manifold for 2D incompress-
ible Navier-Stokes equations and the global attractors for the 3D incompressible Navier-
Stokes equations. In this regard, some mathematicians pay attention to the Navier-Stokes
equation with weak or strong damping to approximate the standard equations, such as
[31-35] for the 2D and 3D incompressible Naver-Stokes equations with damping. How-
ever, there are fewer results for the large-time behavior for the Navier-Stokes equations
with weak damping and distributed delay. In this paper, we shall show the existence of
uniform pullback attractors for the problem (1.1).

This paper will be organized as follows: in Section 2, we shall give some preliminaries;
in Section 3, the existence and uniqueness of global weak and strong solutions will be
derived; we shall prove the existence of a uniform pullback absorbing ball in Section 4;

with the pullback attractors we will conclude in the last section.

2 Some preliminaries
In this paper, C will stand for a generic positive constant, depending on 2 and some con-
stants, but independent of the choice of the initial time 7 and ¢. The Hausdorff semi-

distance in X from one set B; to another set B, is defined as

distx(B1,B2) = sup inf [|by - bal|x.

bieB; P2€b2

We set E := {ulu € (C(R2))%,divu = 0}, H is the closure of the set E in the (L*(R2))?
topology, W is the closure of the set E in the (H*(Q2))? topology, i.e.,

W = {u e Wlllullw = lul}p, ulsq = 0}. (21)

P is the Helmholz-Leray orthogonal projection in (L%(£2))? onto the space H, A := —PA
is the Stokes operator subject to the nonslip homogeneous Dirichlet boundary condition
with the domain (H?(2))2 NV, and A is a self-adjoint positively defined operator on H.
A7!is a compact operator from H to H. The sequence {wj}75; is an orthonormal system of
eigenfunctions of A, {}; ;;01 (0 <A < Ap <---) are the eigenvalues of the Stokes operator
A corresponding to the eigenfunctions {w;}7. Let

Vy:=D(A?), IVIs:= A2V

, SER, (2.2)
where V := V; = (H}(Q))* N H is a Hilbert space, and ||v||; = ||v||y = || VV]|. Clearly, V, = H,

and V< H=H' < V’; H and V' are dual spaces of H and V, respectively, where the

injection is dense, continuous. | - | and (-, -) denote the norm and inner product of H, i.e.,

2
(u,v) = Z/ uj(x)vi(x)dx, Vu,ve (LZ(Q))z; (2.3)
(R
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and || - || and ((+,-)) denote the norm and inner product in V/, i.e.,
((u v)) = i/ % . % dx, Yu,ve (Hl(Q))2 (2.4)
’ i1 Q 8x,- Bxi ’ ’ 0
and
2
V|| := Z ||aiuj||§2(g); Vu = (u1, uz). (2.5)
i=1,j=1

The norm || - ||, denotes the norm in V7, (-) denotes the dual product in V and V".

We define the following bilinear form operator:
B(u,v) := P((u . V)v), Yu,v € E, (2.6)

and the trilinear form operator

2
b(u,v,w)=Y " /Q ug—:] -wjdx = (B(u,v),w). (2.7)

ij=1

Clearly, the trilinear operator satisfies

b(u,v,v) =0, b(u,v,w) = -b(u,w,v), Vu,v,weV, (2.8)
[bGe,vw)| < Clull el FIviviwly, Vi vweV, (2.9)
|66, v, 0] < CllalFlulF vy, VuveV, (2.10)
[bGs,vw)| < Cllullv vl iwl 2 Iwl2, Yuvwe v, (211)
[y, w)| < CrE v VlvIwly, Yivwe V. (212)

Next, we introduce some useful inequalities and lemmas.

Young’s inequality is

3 1
ab< —a’ + ——b1, q= L,l <p<oo,Va,b,e > 0. (2.13)
p quTl p-1

The Poincaré inequality is
1
lull <2y *llullv, VYueV, (2.14)
where 1 is the first eigenvalue of A under the homogeneous Dirichlet boundary condition.
Lemma 2.1 Let X = H,V or V', such that |Pu|x < |u|lx, and Pu — uin X.

Proof See e.g. [6] or [5]. O
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Definition 2.1 Let X and Y be Banach spaces, X C Y, we say that X is compactly embed-
ded in Y, written

XcCcy,

provided
() IXlly < ClX|lx (x € X) for some constant C;

(ii) each bounded sequence in X is precompact in Y.

Lemma 2.2 (The Lions-Aubin lemma) Let X CC H C Y be Banach spaces; X is the return
of itself, if u,, is a uniformly bounded sequence in L*(0, T; Y), and there exists p > 1, making
%’” uniformly bounded in L[P(0,T;Y), such that u, has a subsequence which has strong

convergence in L*(0, T; H).
Proof See e.g. [2] or [5]. O

Lemma 2.3 (The Gronwall inequality) Let g, i, y all be locally integrable functions in
(¢o, +00) and satisfy

d
£§ﬂ+h Vt > to; (2.15)

% is locally integrable, and we have
t t s
y(t) Sy(to)exp{/ g(r)dr} +/ h(s) exp{—/ g(t)dr} ds, Vt>to. (2.16)
Lo to t

Proof See e.g. [36]. O

Lemma 2.4 (The uniform Gronwall inequality) Let g(¢), h(t), and y(t) be three positive
locally integrable functions on (ty, +00) such that y(t) is locally integrable on (ty, +00) and

the following inequalities are satisfied:

dy
— h, Vt>t, 217
P L ) (2.17)
t+r t+r t+r
/ g(s)ds < ay, / h(s)ds < ay, / y(s)ds <as, Vt=>to, (2.18)
t t t

where r, a; (i = 1,2,3) are positive constants. Then we have
as
y(Et+r) < (— + a2>e“1, Vi > t. (2.19)
r

Proof Seee.g. [36]. O

Lemma 2.5 (The generalized Arzela-Ascoli theorem) Let {f,(#):y € I'} C C = C([-r,0];
X); it is equicontinuous, and for ¥6 € [-r,0], {f, () : ¥ € '} has relative compactness in
C([-r,0]; X).
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Proof Seee.g. [8]. O

Next, we shall give some definitions and a theorem as regards the existence of pullback

attractors for non-autonomous systems.

Definition 2.2 Let X be a metric space, the set class {U(¢,7)} (~oo< T <t <+00): X = X
is called a process in X, if

(i) U(t,T)x=x,T €ERVxEX;

(i) U(t,t)=U(ts)U(s,Tt),VT <s<t, TR

Let P(X) denote all the family of nonempty subsets of X, and D the class of all families
D={D()|te Q) C PX).

Definition 2.3 The process class {U(-, -)} is said to be pullback D-asymptotically compact,
if for any ¢ € R, DeD,and 1, > 00, x, € D(,), the sequence {U(¢, t,)x,} possesses a

convergence subsequence.

Definition 2.4 A family B = {B(t)|t € R} € D is said to be pullback D-absorbing if, for
eachteRand D e D, there exists ty(Z, 15) < ¢t such that

U(t,7)D(t) C B(t), Yt <10t D).

Definition 2.5 A family;l = {A(?)|t € R} € P(X) is said to be a global pullback D-attractor
with respect to the process {U(:, )}, if

(i) A(2) is compact for any ¢ € R;

(ii) Als pullback D-attracting, i.e.,

VDeD,teR, lim dist(U(tt)D(r),A(t)) =0,
T—>—-00

where dist(Cy, C,) denotes the Hausdorff semi-distance between C; and C, defined
as dist(Cy, Cy) = sup,, infyec,d(x,y) for C1, Gy C X;

(iii) A is invariant, i.e., for all —00 < T < ¢ < +00, we have U(t,T)A(T) = A(2).

Definition 2.6 We claim that A(z) = [)E'DA(D’ £), t € R, where A(D, ) is defined as

AD,t) = ﬂ(UU(t, T)D(T)), vDeD.

s<t “t<s

Next we give a result for the existence of a global pullback D-attractor.

Theorem 2.1 (See [31]) Suppose the process {U(t,t)} is continuous and pullback
D-asymptotically compact, and there exists B € D which is pullback D-absorbing with
respect to {U(t,)}. Then the family A= {A@®)|t € R} C P(X), A(t) = AB,t), t R, is a
global pullback D-attractor which is minimal in the sense that zf@ ={C(t)|t e R} C P(X)
is closed and lim,_, _o, dist(U(t,7)B(t), C(t)) = 0, then A(t) C C(¢).
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3 Existence of global weak and strong solutions
Foreach t € (r,T) when T > t, we define u : (t — i, T) — (L*(RQ))?, here u, is a function in
(=h,0) satisfying u; = u(t +s), s € (—h,0).

In the following sections, we denote by Cy = C°([~k,0]; H) and Cy = C°([-h,0]; V) two

Banach spaces equipped with the norms

lullc, = sup |u(t+0)] (3.1)
0e[-h,0]

and

lullc, = sup |u(t+6)],
0el-h0]

respectively, L2, = L?(-h,0; H), L2, = L*(~h,0; V).
Assume that vo € H, n € L%I, then the problems (1.1) can be written in the equivalent

form
Z—l: +VAu +ou+Bu) + Vp =f(t - p(t), u(t - p(t))), (3.3)
W) =uy,  wlt) =), te(r-hr). (3.4)

In (1.1), the functions f : [-h,00) x H — H and ¢ : [-h,0] — H are continuous and
satisfy:

(@) p:[0,00) — [0,H], | Fl<M<1;

(b) f(t, u) satisfies the L1psch1tz condition with respect to u;

(c) there exist constants a>0,b> 0 such that |f(t,u)|> < alu|® + b;

(d) (va)? > T+ h, iha M > 2vAq, where A is the first eigenvalue of A under the
homogeneous Dirichlet boundary condition;
(e) from the assumption (d) (i.e., (VA1)? > T+ % > 755), we have —vi; + =T M o < 0,
so there exists @ > 0, such that 6 — v)q + 1 ) - < 0 Noting « > 0, we can deduce
ae
60 —vi-20+ ——— <0
(1 - M)U)\.l

(f) from (b), there exists a positive number L(8) such that
[f(t,u) - £(&,v)| < L(B)lu — V.
We shall give the main results in this section.

Theorem 3.1 Let ug € H, ¢ € L%, the assumptions (a)~(f) hold, then there exists a unique
global weak solution of (1.1), that satisfies

uel>®0,T;H)NL*0,T; V).

Proof Assume the orthogonal base in H of A is w; such that Aw; = A;w; holdsforj=1,2,...,
W = span{wy, ws, ..., w,,} is the subspace of H. Constructing the approximation solution
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U, (t) = Z;':Oumk(t)wk (k=1,2,...,m) of problem (1.1), where u,,(t) is to be determined,
u,,(t) satisfies the approximation equation

du,,

T + VAU, + aty, + PyB(ih,, U,y,) = me(t - (t - p(t))), (3.5)

Un(8) = Ppuep(s), se[-h,0], (3.6)

where P, : H — H is the Leray-Helmholtz projection; the pressure p has disappeared by
virtue of the application of the P.

Next, we shall use the Faedo-Galerkin method to find the global weak solution. We de-
note fi, = f(t, u(t), finp =f(t = p(£), u(t - p(2))).

By the local existence of a solution for the ordinary differential equation, we see that the
approximation equation of (3.5)-(3.6) possesses a local solution.

Taking the inner product of (3.5) with u,, at both sides, using Young’s inequality, we

obtain
1 dlum|2 2 2
— + VAU +alu
) dt 1| ml | ml

2 2
O \Uy,
PVl

= 2 20
< aluml? + l%z
< alupl® + %(u|um(t—p(t))|2 +b), (3.7)
ie.,
dlim” ( |t (£ = () [* + b) = 201 14y . (3.8)

dt_

Integrating (3.8) over [0, ], we derive
|um(t)} |t 0)| + —+ —/ |t s—p(s))| dS—Zl))q/ }um(s)| ds

§|um(0)‘2+ba—T+ 4 /{um |2dr—2vA1/ |um(s)|2ds
0

a(l-M)
t 2 t 2
<Ky +K1/ ’um(r)’ dr—2vk1/ ‘um(s)’ ds, (3.9)
~h 0
where Ko = |4, (0)2 + 2 + K [, [t (r)* dr, Ky = 25%55, K = Ky = 2vAy. From (d), K; =
(1 0 —2vA1 > 0.
Hence
t 2
|| < Ko + (K1 — 2v21) f |t (s)|” ds, (3.10)
0
ie.,

t
|t < Ko + Ky / |tt(s)|” dis, (3.11)
0
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and by the Gronwall inequality, we conclude
|(0)|* < Ko™, (3.12)

From (3.12) we see that u,, is uniformly bounded in L>(0, T; H) N L*(0, T; V).
According to the Alaoglu compact theorem, we can find a subsequence (also denoted as
u,,(t)) such that

Uy =" uel™0,T;H); (3.13)
Uy — ueL?0,T;V), (3.14)
ie,uel>®0,T;H)NL*0,T;V).

Next, we shall prove d’;—f‘ is uniformly bounded in L2(0, T; V).

Since

ity

yra VAU — Qb — Py Bty thyn) + Pof (£ = p(8), u(£ = p(2))) (3.15)

and u,, € L*(0, T; V), we have vAu,, € L>(0, T; V') and

| (P Bty thy), th1r) ”iZ(O,T;V*)

T T
< /0 1Bttt ds = /0 |Gt - Vit s

T
2 2
SCS/ PRLIPCEA
0

2 2
< csllwmlzoo o, 1) 1 4mll 720,70,

2 2
<csllttm ||L°°(0,T;H) [pZ2 ”L2(0,T;V)’ (3.16)

i.., PpB(ty, 1) is uniformly bounded in L2(0, T; V'), and P, f(t — p(8), u(t — p(¢))) €
L*(0, T; V) implies d’;—;" is uniformly bounded in L2(0, T; V).

In the following, we shall prove the uniqueness of the global solution.

Assume u(t;0,¢), v(t; 0, ) are two solutions of (1.1), whose initial data is (0, ¢); setting

w(t) = u(t) — v(t), it follows that

j—j —vAW + B(u,u) — B(v,v) + aw
=f(t = p®),u(t-p®)) ~f (- p(£), v(t ~ p(0)))- (3.17)
Noting that
B(u,u) — B(v,v) = Bw, u) + B(u, w) (3.18)

and

|b(w, u,w)| < crlwllIwllllul], (3.19)
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taking the inner product of (3.17) with w at both sides, by using Young’s inequality, we

obtain
1d|w|? ) )
— +v||w|* +a|lw
T lwl] [w]

< |b(w,u,w)| + L(B)Iwl|w(t - p(2))|

<alwllwlllul + LB)Iwl|w(t - o))

2 2 L2
gnwn + lv laal?|wi? + % + zif) w(t—p®)|*
a L*(B) 2
<vlwl|®+ ;1||u||2|w|2+a|w|2+ ——wlt-p@®)[". (3.20)
Integrating (3.20) over [0, £], and noting
/ |w s— ‘ ds < (s)‘zds, (3.21)

we get

wo)|* < |w(0)|2+/0 1wl |wis) | ds S - aba (5) / w(s)[ ds

2
_ |w(o)|2+f0 (ch Jull? + (ff](\f))a)}w(snzds

+ 12L2M) / |u(r)—v(r)| dr, (3.22)
since
0 0
/|u(r)—v(r)|2dr:/ o — p2dr=0, (3.23)
—h —h
we derive
2
|w(t)|2§|w(0)|2+/0 (zi” 2 (f}‘\f) )| o) ds, (3.24)

and by the Gronwall inequality, we conclude

2, 2L%(B)
1uun + Mﬁp

[w| < |w(o) e (3.25)

Theorem 3.1 proves that for uy € H, ¢ € L2, for the problem (1.1) there exists a unique
solution u;(-; 7, (4o, ¢)). Similar to the construction of a semigroup for an autonomous
system, we define the semi-process, the non-autonomous system {U(¢, 7)¢ : Cy — Cy},

which satisfies

U(t,‘[)¢=u;(~;‘[,(¢)(0),¢)), V¢ € Cyt > 1,
Ui, t)p =1,

(3.26)



Li et al. Boundary Value Problems (2015) 2015:82 Page 11 of 22

Theorem 3.2 Let ug € V, ¢ € L}, the assumptions (a)~(f) hold, then there exists a unique
global strong solution of (1.1) which satisfies

ueL™(0,T;V)NL*(0,T; D(A)).

Proof By the local existence of a solution for an ordinary differential equation, we see that
the approximation equation of (3.5)-(3.6) possesses a local solution easily, here we omit
the details.

Let u,,(t) be the approximation solution of (1.1), from Theorem 3.1, there exists a k =
k(T) > 0, such that

lum@° <k, 0<t<T. (3.27)

Define a functional as

B 2 2 ! 2
W(t, um(t)) = Hum(t)” + 7‘)(1 0 /tp(z) [f(s, u(s))’ ds, (3.28)

differentiating the function W (¢, u,,(t)) with respect to £, we derive
aw
s < 20| At | = 20(Athyy, ) — 26(Uypy Uy Athy) + 2(Alhyy, )

o Ul = o)

2 2 1 3
< =20[Au|” = 20|t |17 + 2¢1 |t | 2 | th || Athin 2 + 2(Atti, f)

v(l M(lf’” = Uonol”)

1 3
< —2v|Aum|2 — 200 |t |* + 261t | 2 |ty || Athyn| 2 + 2(Athy, )

2 2
, 3.29
+ i Ul = s l) (329)
iLe.,
aw 128 2
O < 20| AUl + 200K + 2| At + — |t 2 | * + [fpl + v|Au,|?
dt 2 v3
2 2 2
+U(1—M)(lfm| = fmpl )
1 2 2 128 4 2 4 2
< =g VlAuml” + 200k + |l ™ + s M) ———fnl
1+M 9
v(l M) S = !
1 128
< —§V|Aum|2 + 20{)\.1/(2 + FC?I{Z”M,%”ZL + m(ﬂkz + b), (330)

which implies

dw 1 128 2a 2b
Ty SvAw)? < 452 R () F¥) W | e — 3.31
73 v]Aw|® < —5a llem ™ + v(l—M)+ ar +V(1_M) (3.31)
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Integrating (3.31) from O to ¢ with respect to the time variable, we get

2 2 ‘ 2 v o[t 2
et ]l* + m/ﬁ_p@{f(s,u(s)ﬂ ds + 5/0 |Atty|* ds — W (0, 4,,(0))

128 , Z/t \ 2 , 26T
<=2 [ Nultds + [ —22— 1 2004 ) Tk . 3.32
ys Ak el ds e\ Sy 20 ) TR S g (3.32)

According to the uniform Gronwall inequality, there exists a R = R(T'), such that

()] < R. (3.33)

From Theorem 3.1, there exists Q = Q(T), such that
T
f W (s, tu(s)) ds
0

T T K
§f0 Hum(s)“2ds+ U(IEM),/O [_rV(V,M(V))|2dvdS
T 2 2T
)| d
< [l as

v(l-M)
=Q (3.34)

(ak® + b)

Hence, u,, is uniformly bounded in L>°(0, T; V) N L(0, T; D(A)), by the structure of the
duy,

equation, < is uniformly bounded in L*(0, T;H), the proof is similar to Theorem 3.1,
here we omit the details. Then there exists u € L>(0, T; V) N L2(0, T; D(A)), such that

Uy, = u inL>0,T;V); (3.35)

un— u inL*(0, T;D(A)); (3.36)
du du

=2 == inI*0,T;H). 3.37
iR ( ) (3.37)

According to the compact embedding theorem, we derive
Uy — u inL*0,T;V). (3.38)
The uniqueness of the global solution is similar to Theorem 3.1. g

Theorem 3.3 Assume that the assumptions (a)~(f) hold, uy € H, ¢ € Lf{, the semi-
processes {Uy(t, T)|t > T} defined by (3.26) is continuous for arbitrary t > .

Proof Assume u(t), v(t) be two solutions of (1.1), whose initial data is (¢(0), ¢), (¥ (0), )
respectively, setting w(z) = u(t) — v(t), corresponding to the initial data w(0) = #(0) — v(0),
it follows that

dw
T VAW + B(u,u) — B(v,v) + aw

=f(t = p@),u(t - p®)) —f(t = PO, v(t - (1)), (3.39)
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noting that
B(u,u) - B(v,v) = B(w, u) + B(u, w), |b(w, u,w)| < crlwlllwl ||, (3.40)

taking the inner product of (3.39) with u,, at both sides, using Young’s inequality, we derive

1d|w|?
2 dt

< |b(w,u,w)| + LB)Iwl|w(t - p(2))|

<alwllwlllul + L) Iwl|w(t - o))

viwl> 5 L\ alw? L(B) 9
< — t—pl(t
< < 5t llzel|*[wl|” | + 5 og lw(t-p@)]

+vllw|® + alw|?

2 2
< vllwl? + <l 2lwl? + awl + LT@|w(t—p(t>) 2, (3.41)
ie.,
d\w|? 261 2L%(B) 2
I lluel|*[w]* + T|W(t—p(t))|- (3.42)

Integrating (3.42) from 0 to ¢ with respect to the time variable, and noting that

/t|w(s - p(s)) |2 ds < (3.43)
0
t22 2L2(/3) t
|w(t)|2—|w(0)|25/0 %||u||2|w|2ds+m/ wis)|? ds
_ "2 oo
_/0 —||u|| |w|” ds + (1 M)/| s)| ds
2L%(B)
oz(l M)/| r)| dr, (3.44)
since
u(®)—v(it)=ept-1)-yY(t-1), T-h<t<rt, (3.45)
using the formula
0 0
/!w(r)|2dr:/ |u(r)—v(r)|2dr
—h —h
<lg-vip, (3.46)
we derive
L*(B)
lw()]* < [w(0)]” + (1 sanle Vi

2¢ 2, 2L%(B) >
+/0< il + ) ) s, (3.47)
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hence, by the Gronwall inequality, we get

|w(t)|2§<|w(0)|2 2B I/fan) B e s (348)

a(l-M)
2L2(B) 20 2200 4
well2,, < <|w(o)|2 prrE Bl O 1//||L2 e T (3.49)
The continuous dependence can be obtained obviously. O

4 Existence of pullback absorbing set
In this section, we shall prove the existence of a pullback absorbing set for the 2D Navier-
Stokes equation with continuous delay and weak damping.

The uniqueness of the solution in Theorem 3.2 proves that the operator U(¢,7)¢ is a
semi-process.

However, we choose the skew-product flow in the space H x Lf_, = MIZ_,, and define a

family of mappings (-, -) : M% — L2, as follows:

(e, 7)o, @) = ue (57, (0, 9)),  V(uo, ) € Myt > 7, (4.1)
obviously,
Ut t)p = Ut 7)(4(0),¢), t>1,¢€Ch. (4.2)

For arbitrary (uo, ¢) € MIZ{, the corresponding norm can be described as

0
[0, g = o+ [ foto . (@3)

Lemma 4.1 Assume that {B(f)};cr are a bounded sets in Cy, then the mapping uc,-) is
attracting in Cy, such that {B(t)};cr for the semi-process {U(-, )} is also attracting in Cy.

Theorem 4.1 Assume that the assumptions (a)~(f) hold, uy € H, ¢ € L, the semi-
processes {U(t, )} possesses a bounded pullback absorbing set By in Cy.

Proof Denote by D a bounded set in M,z_,, then there exists a d > 0, such that

0
o+ [ o) ds <. (4.4)
—h
Denote
Jt,u) = e‘”|u(t)|2 + 1 /t e’ If (s, u )|2ds (4.5)
(L=Mwrr Ji_pe

where 6 is an appropriate positive number, satisfying

aeﬂh

0 —vi; -2 — < 0. 4.6
VAp a+(1—M)vA1< (4.6)
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Denote f = f(t, u(t)), f, = f(t — p(t), u(t — p(¢£))), differentiate the function J(¢, u,) with
respect to ¢, and we derive

d du
E](t' uy) < 0’ |u|* + Zeet(u, E)
(1 M) o Gt 9hlf|2 0(t—p(t) thf| ]

< 969’5|u|2 + 2" (u,vAu— or — B(u, u) + £,

[eme"h[ﬂz _ e@tlﬂ)|2]

TRy N M) M
< 0 ul* — 2vA1e" |ul* — 20e” |u)? + 267 |ul|f, |
1 ot Ohr2 ot 2
+ _— pa—
T G A N
by 2
< 0 P = 2000 uf? 2 up? 4 200 P Lol
2 21))\.1
. e@teé?h lf|2 th If |2
(1-M)vry (1-Mpvr "
691,‘39}1
< 0" |u)? — vae®t|ul? - 20’ |ul* + —————|f)?
(I—M)l))\.l
MEL e
(1=M)vr, "
e@tth
< 0" ul* —vie” |ul® - 20e” [ul* + ———— (alul* + b)
1 -M)vrg
Ot ,0h b Ot Gh
<(6-vi—20+ 2 upets 25 (4.7)
1 - M)va (1 M)vi,
ie.,
d ae&teeh beeteéh
ZJtu) < (60 -va—20 + ——— JjuPe + ————. 4.8
! ”‘)—( AL (1-M)uxl)|”| ¢ T A= My (48)
Since
2 ol
b(u,u,u) =0, 2|ullfp] < viqlul® + T (4.9)
VAL

integrating (4.8) from t to ¢ with respect to time variable, combining (a)~(e), we obtain

ot 2 1 ’ 0s Oh 2
D < ———— s, ds
o]’ = fr_pme M f(s,1,)

aeh t )
+0—-vA —2a + ——— / |u(s)| e ds
Q-Mwr /) J:

bet t
+m/ egsds+eer|u0|2
- 1

1
m/ egseehlf(s, I/ls)| ds
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9 i 9 ae’” /t| ( )|2 os 4
+ -V — 20+ — u\s e S
! (L-Mwr ) ),

bePh Pt _ Pt

ot 2
+ + ,
A M, g ¢ lul

2eh
=M

here 6 —vi; — 2 + < 0, hence

0
5" [f(s, u) |2 ds

1
(1-Mvry /_h
be@h
+ —
1-M)Bvry

& lu@)|” < & luol? +
(eé)t_eer)’ t>1,

choosing o € [}, 0], substituting for ¢: £ + o, we have

0
6(t—h) 2 ot 2 1 / 0s _6h 2
e u(t + <eéugl"+ ———— e”’e S, u)|” ds
e+ o) = ol s e [ o)
0h
+ be (eQ(HU) _ e&r),
1-M)Ovr;

0
2 1 2
e lut+o)|” < " (egrluol2 + a0 /_h s e If (s, )| ds>

heéh

Oh( Ot ot
+—— e (" —€"7),
1 - M)bvi, ( )

hence
1 0
e’ |u(t + o)|2 < (eerluol2 f—_ / 5" If (s, us)|2ds>

(I-Mvry J_y,

N beZ()h eﬁt
1 - M)ovi,

< C + Ge™,

where
Cr=e" " |uo)* + 1 /0 eesthV(s u )‘2ds
(1—M)U)\,1 —h o ’
be20h
Cy=—"—.
2T 1= M)ovn

By the Gronwall inequality, we get
u,)? < Cp + Cre?.
Combining (4.14)-(4.16), we conclude

Iz, <Ce™+Cy (E=1+h),

Page 16 of 22

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
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substituting for t: ¢ — s, denoting u(-,-) as u(:;t — s, (1o, ¢)) also for arbitrary ¢,s > h, we

have
el = |G- 9)(uo,8) ¢,

1 0
oh( t5|u |2 i M)v)q/ eeseeh[f(s,us)|2ds>e9t+C2

e 0t 9h 0 )
9h( GS|u0|2 (1 M) / Gslf(s, us)’ dS) + C2

&h
eh( -bs g2 (1 M) » / 0s [f(s, us)| ds> +C,. (4.18)
Denoting
o2 = i /O eQSV(s, us)|2ds +Cy, 2p%=7p2, (4.19)
1 -Mpvis [, "

then for some Tp(t) > h, such that ||T(¢, t — s)(uo, d)icy < pu fors> Tp(2), there exists a
ball B¢, (0, px) for the semi-process U, t - s)(uo,¢), Bis a pullback absorbing set.

From Lemma 4.1, the ball B¢, (0, o) for the semi-process {L(t, t —s)¢} is also a pullback
absorbing set, which completes the proof. d

Theorem 4.2 Assume that the assumptions in Theorem 4.1 hold, there exists a bounded

pullback attracting set for the semi-process {U(-,-)} in Cy.

Proof Let

t

Q(t, ug) = |ul* + m o If (s, u(s)) |2 ds. (4.20)

Differentiate the function Q(¢, u#;) with respect to ¢, and we derive

dQ du
i 2( dt) T=ana VT -1eP)
1

52(u,vu—au—B(u,u)+fp)+m(m2_lfp|z)
1
= =20lul® + 20ullfy| = 2l + e (1 - 1)
< —2v]lul® + 2a|ul? +pr|2—2c>z|u|2+7lf|2
1-M)a
1 2
_mlfp|
1 1+M
< -2 2 2 2
< =2v|lull +(1—M)a[f| T A
1
< -2 2, = f2
= —2v|jul +(1—M)alf|
1
< -2)|ul® + ———— (alul* + b). (4.21)

1-M)a
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From (4.11) and (4.17), there exist T > 0, §; > 0, we have max{|u|?, |u|?} < %, for t > T.
Integrating (4.21) from ¢ to ¢ + r with respect to the time variable, we obtain

t+r
Q(t+r)+2v/ llu||? ds
t

a 9 br
= Q) e = Mha
1 ¢ 82
<l|u)®+ —f (oz|u|2 + b) ds + aor + br , (4.22)
(1-Ma J,_pp Q1-Mya (A-Ma
hence
t+r
(r+h)a (r+h)b
2 2 1 82 . 4.2
v/t llu]| dsf( +(1—M)a 1+(1—M)a (4.23)
From (4.23), we have
t+r
/ llull®ds < 83, (4.24)
t
here
1 (r+ha (r+h)b
82=—|(1 82 . 4.25
2 2v[( +(1—M)oe> 1+(1—1\4)0:} (429
Denoting
W(t,u,) = ||ul® + 2?2 /t V(s u(s))‘zds (4.26)
(1-M)v t—p(t)
we have
t+r t+r 2 t+r s
/ Wds = / ||u||2ds+7/ </ (a|u|2+b)dr) ds
t t (1 _M)U t s—p(s)
2rh
< 7"6% + m(ﬂalz +b)
= 5. (4.27)

Differentiate the function W with respect to ¢, and combining with the Young’s inequal-
ity, we get

dw _ d|u|® 2
@~ @ U

< —2v|Au|? - 2|(Au,au)| + 2|b(u, u,Au)| +2(Au, f,)

2 2 2
+ m(lfl - 151%)

< —2v[Aul® = 2ar||u])* + 2¢1|u)? || |Au|? + 2 Aulf, |

2
+ m(lﬂz -151)
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v 27 2
< —2v|Aul® - 2a|u|? + 2<§|Au|2 + = c;*|u|2||u||4> +v]Aul* + Vol®
Vv Vv

2 2 2
+ (I—M)l) (lfl - [fp' )
v 1+M 54 2[f 2
< _——|A 2 -2 2 e 2 Pt 2 4 _svr
< 3| ul® = 2a||ull (I_M)vlfpl t 3 oy lul™llull™ + 1= M)y
54 2|12
< 2 g+ 2
v 1-Myv
< %Cf812||u||4 + ————(alul® + b). (4.28)
BE 1-M)y
If we denote
54
a = Fc‘f&f&%r,
a = 2 (alul® + b)r (4.29)
(1-M)v ’ ‘
as :831
by the uniform Gronwall inequality, it follows that
as
W< (— + az> et (t=h+r). (4.30)
r

Noting that ||«]|?> < W(¢, u;), using a similar technique to Theorem 4.1, we easily get
I, < (? +a2)eal (t=h+r) (431)

substituting for t: £ — s, denoting u(, -) as u(-; t — s, (uo, )), for arbitrary ¢,s > h, we derive
it t - s)(uo, ¢) ||2CV < (“—: + a2> e (t=Tp@)+h+r); (4.32)

here p? = (2 + ay)e™, Bcy(0,pv) is a bounded pullback attracting set for the semi-
processes {U(:,-)} in Cy. (|

5 Existence of pullback attractors in H
The main results in our paper can be stated as follows.

Theorem 5.1 Assume that (a)~(f) hold, ug € H, ¢ € L, there exists a pullback attractor
A of the problem (1.1) for the solutions’ semi-process {Us(t, )|t > }.

Proof Theorem 4.1 guarantees that there exists a bounded attracting set of the problem
(1.1), and Theorem 4.2 proves that the problem (1.1) possesses a bounded attracting set in
Cy, respectively. If we can prove u, is compact in Cy, then the problem (1.1) possesses a
pullback attractor; this is equivalent to proving the next two properties by the generalized
Arzela-Ascoli theorem:

Page 19 of 22
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(1) V CcCH is compact.
(2) {U(t, )} is equicontinuous.

Page 20 of 22

We have
t+6y
’M(t; L+ 91) ¢) - u(t;t + 92) ¢)| = / Ix[,(}") dr ) (51)
t+6q
and we get
|u(t; t+6,¢)—ultt+ 92,¢)|
t+0y
5/ |u/(r)| dr
t+61
t+0y
/ (Ifo| + vIAul + alul + [B(w)|) dr
t+61
t+92 2 A 2 21,,12
< (lf— B K [Aul +K+a ] +cl|Au|||u||)dr
£+, 2 2 2v 2 2v
t+92 A 2 2 2 2 2 A 2
- (lf Lu v vAu” v otful® cllul® | viAul )dr
v \2v 272 2 2" 2un 20 2
t+92 212 2012
5 lf— +v+v+v|Au® + M+ Gl v|Au|2) dr
t+61
t+0y 2 22 Elul
:/ (lfp| +3v+2v]Au)® + il L (Ll +—1|| I )dr. (5.2)
t+61 v V)‘-l v
Taking the inner product of (3.3) with Au at both sides, we obtain
1 d”u”2 2 2
— + v|Au|® + a|lu|” + b(u, u, Au
T |Au|” + aflu]l® + b( )
= (f,;)yAu)
=fpl - |Aul
2 A 2
< Wl vidul (5.3)
2v 2
such that
t+6y 1 t+6
/ v]Au|®dr < = Vol*dr+ | (5.4)
t+61 v t+61
and substituting (5.4) into (5.2), we get
|u(t + 91) - l/l(t + 92)|
t+6o 2 2 2 C2
5/ [ ! +3v+(a—+—1+1>||u||2]dr
t+61 v ‘))\-1 v
a? + 11c + VA . 2 [
< <3v + #nunzpé)m — 6y + = \f, |* dr. (5.5)
\))\.1 v t+61
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Hence, U is equicontinuous, and compactness is proved.
From the fundamental theory of the existence of the pullback attractor generated by the
problem (1.1), one completes the proof. d
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