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Abstract

We investigate the asymptotic behavior of solutions of the non-autonomous
Navier-Stokes equation with nonlinear damping in three-dimensional bounded
domain. When 3 < 8 < 5, the existence of pullback attractors is proved in V and
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1 Introduction
In this paper, we investigate the following non-autonomous Navier-Stokes equation with

nonlinear damping:

uy—pAu+(u-Vu+alulPlur Vp=f(xt), xeQt>rt,
divu=0, xeQ,t>r,

Ulpoe = Uy, XE L,

Ulpa =0, t>rt.

w1 > 0 is the kinematic viscosity of the fluid and f = f(x, £) is the external body force. The
unknown functions here are u = u(x, t) = (u1(x, t), uz (%, £), uz(x, t)) and p = p(x, t), which
stand for the velocity field and the pressure of the flow, respectively. In the damping term,
B >1and « > 0 are two constants. The given function u, = u,(x) is the initial velocity.
When « = 0, problem (1) becomes the classical 3D Navier-Stokes equation with external
force, which has been studied by many authors (see [1-8]). The damping arises from the
resistance to the motion of the flow and describes various physical phenomena, such as
porous media flow, drag or friction effects, and some dissipative mechanisms (see [9-11]).
For the autonomous case, in [12], Cai and Jiu proved that Cauchy problem (1) possesses
global strong solutions when 8 > %, and the global strong solution is unique when % <
B <5.1In [13], Zhang, Wu and Lu also investigated the uniqueness of strong solution of
problem (1). They established that the strong solution exists when g > 3, and the global
strong solution is unique when 3 < 8 < 5. This improved the earlier results in [12]. In
[14, 15], some authors discussed the L2-decay rate of solutions of problem (1). In [16, 17],
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we studied the existence of global attractors and uniform attractors of strong solution of
problem (1) when % <B<5.

In this paper, our aim is to study the long-time behavior of strong solution of problem
(1) by the theory of pullback attractors. Pullback attractor theory is a natural generaliza-
tion of the theory of global attractors developed to study autonomous dynamical systems,
and it is well suited to study the non-autonomous dynamical systems. We shall prove the
existence of pullback attractors in (Hy(2))® and (H*(R2))® under the assumption of an ex-
ternal force f(x,t) satisfying a certain integrability condition. To attain our goal we use
the methods introduced in [18—20], which will be explained in more detail in Section 2.
Before formulating the main results of the paper, we shall introduce some function spaces
and some notations.

We define the function spaces
V={ue (CP@) rdivu=0},  H=clpgpV, V=ciopV,

where cly denotes the closure in the space X. It is well known that H, V are separable
Hilbert spaces and identifying H and its dual H’, we have V < H < V' with dense and
continuous injections, and V < H is compact. H and V' endowed, respectively, with the
inner products

(u,v):/u-vdx, Yu,veH,
Q

3
((,v)) = Z/ Vu;-Vv;dx, VYu,veV,
i=1 V¢

and norms |- | = (-, )%, || - | = ((-,-))""*. In this paper, H*() = (H*(R))*, I/ (Q) = (I7(Q2))?,
and we use | - |, to denote the norm in L7(£2).
If u e L®(tr, T; H) N L*(z, T; V) N LB (7, T; LP*1(Q)) satisfies

(2)

%(u, V) + u((w,v) + b, u,v) + (oul?u,v) = (f,v), WveV,Vi>rt,
u(t) = us,

then we say that u is a weak solution of (1) on [z, T].
The weak formulation (2) is equivalent to the function equation

{ Wy Au+ B(u) + Gu) = f(x,8), fort>T, o

u(t) = us,
where Au = —PAu is the Stokes operator defined by (Au,v) = (4, v)), and P is the orthog-

onal projection of (L?($2))? onto H. G(u) = PF(u) and F(u) = at|u|f"'u. B: V x V — V' is
a bilinear operator defined by (B(u, v), w) = b(u, v, w), B(u) = B(u, u), where

3
av;
b(u,v,w) = E /ui—lwfdx,
e 0% '

and (-, -) is the duality product between V and V.
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d
loc dr €
Li (R; H). Recall that a function g(¢) is said to be translation bounded (tr.b.) in L2 (R; H) if

loc

In this paper, we assume the external force f(x,t) € L2 (R;H), and the derivative v

t+1
2
gl = Igll2 g, =sup/ g(s)], dt < oo
L Lb(R,H) er J: | ‘2

LZ(R; H) denotes the collection of functions that are tr.b. in LIZOC(R; H). Furthermore, we

assume that f(x, £) is uniformly bounded in H, i.e., there exists a positive constant K, such
that

sup V(x, t) |2 <K.
teR
Throughout this paper, we assume that the external force f(x, £) satisfies

t
/ e’ (s)|§ ds<oo, forallteR, (4)

o0

where 0 <o < %, and A, is the first eigenvalue of the Stokes operator. Let D be the class
of all families {D(¢) : t € R} of nonempty subsets of (H}(2))? such that

tLi{nw eat[D(t)] =0, (5)

where [D(t)] = sup{||u||(2Hé(Q))3 cu € D(t)}.

In this paper, the letter C is a generic positive constant, which may change its value from
line to line, even in the same line.

In the next section, we provide basic definitions and results we shall use in this paper. In
Section 3 we give some prior estimates of solutions. Based on these uniform estimation,

in Section 4 we prove the existence of pullback attractors.

2 Preliminaries and abstract results
In this section, we will recall some basic definitions and abstract results about pullback
attractor and state the theorems about the existence and uniqueness of global solutions of
problem (1).

Let X be a complete metric space. A two-parameter family of mappings acting on X:
Ult,t): X — X, t > 1, t €R, is said to be an evolutionary process if

@O Uit,t)=Ult,nNU(r, 1), forallt <r<t,

(2) U(r,t)=1d s the identity operator, VT € R.

Let D be a nonempty class of families D={D(t):t R} of nonempty subsets of X.

Definition 2.1 A familyzzl ={A(t) : t € R} of nonempty subsets of X is said to be a pullback
D-attractor for the process {U(¢, 7))} in X, if

1) A(t) is compact in X for any t € R,

(2) A is invariant, i.e., U(t,t)A(r) = A(¢) for any T <t,

(3) Alis pullback D-attracting, i.e.,

TEr_nc>o dist(L[(t, T)D(‘L'),A(t)) =0,

for any £ € R and any D € D.
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Such a family Ais called minimal if A(t) C C(t) for any family C= {C(t): t € R} of closed
subsets of X such that lim,_, o, dist(U(t, t)B(t), C(¢)) = 0 for any BeD.

Definition 2.2 It is said that B € D is pullback D-absorbing for the process {U(t, )}t>1,
if for any DeDand any ¢ € R, there exists a 7o (¢, D) < ¢ such that U(¢,7)D(z) C B(¢) for
any 7 < o(t, D).

Definition 2.3 Let X be a Banach space. A process U(t, 7) is said to be norm-to-weak

continuous on X if for all ¢, 7 € R with ¢ > t and for every sequence x, € X,
x, —x stronglyinX = Ut 1)x, — U, t)x weaklyin X.

Obviously, a continuous process is a norm-to-weak continuous process. The following

result is very useful to check that the process is norm-to-weak continuous.

Theorem 2.1 (see [19, 21, 22]) Let X, Y be two Banach spaces. X*, Y* be, respectively,
their dual spaces. Assume that X is dense in Y, the injection i : X — Y is continuous, its
adjoint i* : Y* — X* is dense, and U is a norm-to-weak continuous process on Y. Then U
is a norm-to-weak continuous process on X if and only if for any t € R, t > 7, U(t, ) maps
compact sets of X into bounded sets of X.

Definition 2.4 The process {U(t, 7)};>. is said to be pullback D-asymptotically compact,
if for any ¢ € R and any DeD, any sequence 1, — —oo and any sequence x,, € D(t,), the

sequence {U(¢, T,)x,}52, is relatively compact in X.

Lemma 2.1 (see [18-20]) Let {U(¢t,T)}s>. be a process in X satisfying the following condi-
tions:

(1) {U(¢t,T)}isr is norm-to-weak continuous in X;

(2) there exists a family B of pullback D-absorbing sets {B(t) : t e R} in X;

(3) {U(¢,T)}e>1 is pullback D-asymptotically compact.
Then there exists a minimal pullback D-attractor A= {A(2) : t e R} in X given by

A =Jueo)B).

S<t T<s

Now, we recall the existence and uniqueness theorem for strong solution of problem (1).

Theorem 2.2 ([17]) Suppose f € LX(R;H), u, € H, and B > 1. Then for any given T >,
there exists at least one solution u that satisfies (2). Moreover,

uel®(t, T;H)NLX(t, T; V) N LP (z, T; L (Q)).
We say that u(x, t) is a strong solution of (1), if it is a weak solution of (1), and satisfies

uel™(r, T;V)NL* (1, T;HA(Q) N L™ (7, T; L7*(RQ)).
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Theorem 2.3 Suppose B >3,u, € VNLFYQ), andf € Li (R; H). Then there exists a strong
solution u(x,t) that satisfies (2),

uel™(r, T;V)NL™®(7, T;L7(Q) N L* (1, T; HA(RQ)),

B-1
Vulu| > el*(t,T;H), u;€l?(t,T;H).
Moreover, when 3 < 8 <5, the strong solution is unique.

Proof In [13], Zhang, Wu and Lu have proved this theorem in the autonomous case. For
the non-autonomous case, it is similar to the proof of Theorem 3.1 in [13], so we omit it
here. a

Because Q C R? is sufficiently regular, so V < L°(R2), and because L°(Q) — LA*}(Q)
(3< B <5),s0 VNLFYQ) = V. In the following, we use u, € V to replace u, € V N
LA*Y(Q).

In [16], we have proved that the strong solution u(x,t) is continuous with respect to
the initial value condition u, in the space V when % < B <5 (Proposition 7). From the
proof, we can easily deduce that, when 3 < 8 <5, for the non-autonomous case, the strong
solution u(x, t) is also continuous with respect to the initial data u, in V.

In order to construct a process {U(t, 7)}:>. for problem (1), we define U(t,7): V — V
by U(t, t)u, = u(t), t > t. Obviously, the process {U(t, 7)};>. is a continuous process in V,

so it is also a norm-to-weak continuous process in V.
3 Uniform estimates of solutions
In this section, we derive uniform estimates on solutions of problem (1) when 7 — —o0.

These estimates are necessary to prove the existence of pullback D-absorbing sets and the
pullback asymptotic compactness of process {U(t, 7)};> associated with the system.

Lemma 3.1 Under the assumptions (4)-(5) and f € L* (R;H). Let3< B <5, 7 € R, and

loc

u(t) be the solution of problem (1). Then for anyf) € Dand t € R, there exists Ty = To(t, D) <
t, such that

t
o) < cet f et If (e de
! 2 ‘ 2
[ e <c [ et e
T —00
4 B+1 t 2
fr et )| de < C / R GRY
forany u, € D(t) and t < 19(t, D).
Proof Taking the inner product of (1); with u, we obtain
d o 2 B+1 2 1 2
qp o+ 2illull” + 20 ul g, = 2(f, u) < phaluly + E[ﬂz

1
< ulull® + —If15,
2258} 2
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where 1; is the first eigenvalue of the Stokes operator. Thus,

d U pa_ 1
1l S+ S+ 2l < L (6)

Multiplying (6) by e°* and then integrating over (t,¢), we derive that

t
(@]} + B e / & @) | d& + 206 / et (e ds

< (0 - %)\1>e‘”/r et |u(.§)|§d$ + Ee"”fr et V(E)E dé + et |u(r)|§.

258

Since 0 <o < 5 , we have

t
|u(t)|§+ge’”t/ e""5||u(§)||2d§+2ae"’f ”5|u($)|gﬁ

1 t
—e“’t/ e’ [f(é)’idé +e‘“te‘”‘u(r)‘§. (7)

=
2758}

Since u(t) € D(7), for every ¢ € R, there exists 7o = 79(t, D) < t such that, for all T < 1o,

e u(m) > < ﬁ / KGR ®)

By (7) and (8), we find that

t
e+ e [ e ae 2w [ e

2

t
< o / < If (6 de. 0

1281

Lemma 3.2 Under the assumptions (4)-(5) and f € LIOC(R; H). Let3<B <5, 1t €R, and
u(t) be the solution of problem (1). Then for any DeDandt e R, there exists 71 = 11(¢, D) <
t —2, such that

t
/2ef’f\u(s)12dg<c/ EIGIR
t—
[emora=c | ool
t

/t_z ¢ |u(e)[11 de < C / e,

forany u, € D(t) and t < 7(t, D).

Proof 1t follows from (6) that

d A 1
g0l + Sl = =@l o)
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Let s € [t — 2,¢]. Multiplying (9) by €°?, then relabeling ¢ as § and integrating with respect

to & over (1,s), we get
oS oT l/L : o 1 : (o}
e |u(s)|§ <e |u(r)|§+ o—-=M\ / e E|u(.§)|§d§‘ + —/ e E[]‘(§)|§d$
2 T M)"l T
<ef"|u(f)|2+ift E[f(E)]; dé. (10)
- 2 MAL J oo 2
Since u(t) € D(7), for every ¢t € R, there exists 1 = 71 (¢, D) <t -2, such that, forall T < 1,

e |u(m) > < ﬁ / e (11)

By (10) and (11), we have, for s € [t — 2,¢],

gs 2 ! o
&S|us)? < E/,of U de. 12)

Integrating (12) with respect to s over the interval (¢ — 2,¢) produces

t 4 t
/t2e‘”|u(s)|§ds§ E/_weﬁf[f(s)|§clg. (13)

Multiplying (6) by e°%, then relabeling ¢ as & and integrating with respect to & over (¢ -2, £),

by (12) we obtain, for all T < 7y,

t t
e‘”|u(t)‘§+%/f"ﬂ‘u(é)”zdé+2a/ze"5’u(.§)’§ﬁd§
t- t-
t

t
Sea(t—2)|u(t_2)|§+<O-_E)L1>/‘ eaé|u($)|§dg+i\/‘ eaflf(g)ﬁdg
2 Py MAL J oo

3 t 2
=< — edf ( ) d )
T A /:oo lf& |2 d
which along with (13) completes the proof. d

Corollary 3.1 Under the assumptions (4)-(5) and f € L (R;H).Let3 < B <5,1 € R, and

loc

u(t) be the solution of problem (1). Then for any DeDandteR,

t t
/ ()5 dt < Ce-“f EHIGIN'3
-2 -00

t 9 t 2
/ @) d& < cet / ¢ ()2 de;
-2 —00

¢ B+l ! 2
/ )| d < ceet / et If(6) [ de,
) -0

forany u, € D(t) and t < u(t, D).

Proof 1t is straightforward from Lemma 3.2. O
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Lemma 3.3 Under the assumptions (4)-(5) and f € LIOC(R; H). Let3<B <5, t€R, and
u(t) be the solution of problem (1). Then, for any D € D and t € R,

Ju] + o} = et [ elree e 14)

forany u, € D(t) and t < 7(t, D).

Proof Multiplying the first equation of (1) by u;, —Au, respectively, and then integrating

the resulting equation on €2, we obtain

n d a d N
ey + 5 el + ﬁawﬁﬁ
—/(u~V)uut dx + (f, ue), (15)
Q

1d -1

——||u||2+M|Au|§+af |u|ﬂ’1|Vu|2dx+M/ |u|’3’3|V|u|2|2dx

2 de o 4 o
f(u V)uAudx - (f, Au). (16)
Q

From (15) we have

d 20 d
ME”M”Z ﬁ&' I,‘Zﬂ_l u- V)”|2 Lf(t)@ (17)

From (16) we get

d -1
—||u||2+u|Au|§+2a/ |u|ﬁ_1|Vu|2dx+M/ |u|f’-3|V|u|2|2dx

- 2\(u - V)ul3 N 2tf(t)|%'

(18)
n 0
Taking (17), (18) together, it follows that
d 2
(1) g Il + 5 “ld |”|§ﬁ+M|AM|g+201/Q|”|ﬁ_llvu|2dx
-1
LoB=D )/ P3|V || dx
2 Q
2 2 2 2
<|—+1)|(#-V)u +<—+1) ®1.. (19)
(2 1) 9oy (2 1)

From the proof of Theorem 3.1 in [13], we can find that, when 3 < 8 <5,

J = Clu-V)ul,

< c/ ||| Vi |? dx
Q

501/ |u|’3_1|Vu|2dx+E/ |Au|2dx+C/ || dx. (20)
Q 4 Ja Q
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Substituting (20) into (19), we find that

d 2 20 B+1
&[(u + 1)||u(s)|| + m|u(s)| :|

B+l

<l + (2 1) po;

< C|:(M +1) Hu(s || + |u( ﬁﬂ] + (% + 1) [f(s)|§. (21)

Applying the uniform Gronwall lemma to (21) on interval [¢

1,¢], we have

(e +1)]u@] " | o

B+1

(/ [(,u+1)||u(é)|| .

+ 2 t
% Jue) ﬁj] de+(21) [ o).
Noticing
[ Irofds = [ et as
t-1 t-1
<eltD f el e
=cen [ etlpeae

according to Corollary 3.1, we have

) e |(t>|§:i / 51 (6)] de.

Lemma 3.4 Under the assumptions (4)-(5) and f € LIOC(]R; H).Let3<B <5,1€R,and
u(t) be the solution of problem (1). Then for any D € D and t € R

O

t t
/ | Au(); dt < Ce“”/ CE|fE)ds, VEeR,
-1 -00

forany u, € D(t) and t < n(t, D).

Proof Similar to the proof of Lemma 3.3, applying the uniform Gronwall lemma to (21)
on interval [t — 2,¢ — 1], we can also prove

(w+1)||ult - 1)|| +—|u(t |t < Ce_"t/ e“glf(é&)@df.

B+l — (22)
Thanks to (18), (20), we have
d 3 _ 2 2
SV Suidub o [ vuP ds < Clulld+ 2 o)) (23)
e 1



Song et al. Boundary Value Problems (2016) 2016:145 Page 10 of 15

Integrating (23) from ¢ — 1 to ¢, according to Corollary 3.1 and (22), we can obtain

3 t ¢ _
ol + 50 [ su@fde v [ [ ) |vute) axce
<Jute-vf* v [ uelias 2 [ frefas
<cet f et If (e de, (24)

which completes the proof. d

Lemma3.5 Under the assumptions (4)-(5) andf € L}, (R;H), f{; € LX(R;H).Let3< B <5,
T € R, and u(t) be the solution of problem (1). Then for any D eDandt R, there exists a
family of positive constants {ri(t) : t € R} such that

()], < ni(8),
for any u, € D(t) and t < 7i(¢, D), where r(t) is a positive constant which is independent
of the initial data.

Proof From (15) and (20) we deduce that

2 a B+1
—||M|| ——| '+

2
w2 B
w2+ 5 3 B+1de P

<ol ol

17 |2 _ 1% 2
< # va | [P V) dx + Z|Au|§ + Clulliy + [f (@), (25)
Thus
d 200 d
2 2, B+1
|ut|2+,u$||u|| —,3 1&' |ﬁ+1
%|Au|2+2a/ ulP | Vul? dx + Clully + 2|f ()] (26)

Integrating (26) from ¢ — 1 to ¢, according to Corollary 3.1, Lemma 3.4, (22), and (24), we

can obtain

[ Jmt@ce < a0+ 2 ue-np+ 5 [ jaute

2 / / |u<s>}f“|w(s)|2dxds
t-1JQ
t t
+c/Jmaﬁj@+2flm®E@
t— -

< Ce! / et If ()5 de. 27)
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We now differentiate (3); with respect to ¢ and then take the inner product with #, in H
to obtain

1d /
——|Mt|§ + wllue|* < |b(ut:urut)| —/(F (M)Mt) updx + (fr, uy).
2 det Q

According to Lemma 2.4 in [16], (F'(«)u;) - u, is positive definite, hence we have

1d
= —uel3 + plloel® < | b, 1w, 1)| + fel2 - el

2dt
172 3/2 Lo 1.5
< Cluudi el + 5 el + 5 il
H 2 4 2 1o
SEIIM:II + C(L+ lul )IM:|2+§lft|2. (28)
Thus,
d
g el = CL+ Nl ey + £ (29)

Thanks to (14),we have

t t s 2
4 —0s o& 2
c [ a+lueyae =c(i+ [ (coo [ elreniae) o)

t
=C+ C/ ré(s)ds,
t-1

where ro(s) = Ce™* [*__e”%|f(£)]3 d&.
Applying the uniform Gronwall lemma to (29) on interval [t — 1, £], we can get
2 ! 2 ! 2 !
|ut(t)|2 < {Ce‘”t/ et [f(§)|2d§ +/ lfg(f)|2df} ~exp{C+ C/ ra(s) ds}
—00 t-1 t-1
=n (t) . O

Lemma 3.6 Under the assumptions (4)-(5) and f € L}, (R;H), % €L} (R;H). Let3< B <
5,7 € R, and u(t) be the solution of problem (1). Then for any D € D and t € R, there exists

a family of positive constants {ry(t) : t € R} such that
[Au(®)], < ra(8), (30)

for any u, € D(t) and t < 7y(¢, D), where ry(t) is a positive constant which is independent
of the initial data.

Proof Like the proof of Proposition 5 in [16], we can obtain

B2 +4p+3

2 4], < @), + Cluol + @, 57+ reo),

< (n(6)"*+ (Ce-"t /

—00

t

5 3/2
et [f(s>|2ds)
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B+3

. (Ce_m/ ok lf(g)@dg)mzﬁ + @),

(o ¢]

< (@ + Clro()*? + C(ro() =7 + |(1)], = r2(0). 0

Lemma 3.7 Under the assumptions (4)-(5) andf € LEOC(R;H), % € Li(R; H).Let3<pB <5,

7 € R, and u(t) be the solution of problem (1). Then for any D eDandteR, there exists a
family of positive constants {rs(t) : t € R} such that

|uste + 1)|* < (),

forany u, € D(t) and t < 71(¢, D), where r3(t) is a positive constant which is independent
of the initial data.

Proof From inequality (28) we have

d
&Iutl%ullutllsz(H laal®) laae 5 + I£e15- (31

Integrating the above inequality from ¢ to ¢ + 1, then we have

t+1

t+1 t+1
M/; ”ut(s)szs < ’ut(t)‘i +C/t (1+ ”u(s)“4)|ut(s)|jds+£ M(s)‘ids
t+1 t+1
<n()+ c/ (1 + (r0(9))*)ra(s) ds +/ Ifi(s)|> ds
= pi(t). (32)

By Lemma 3.6, we know that

|u@®] peay < 72(8),

so using the Agmon inequality we obtain

1/2

|u(®) | ey < C(ro(®) " (ra(0))

1/2

| = oalt).

ud)], = Clud]

We now differentiate (3); with respect to ¢, then taking the inner product with Au, in H
to obtain

1d lloge||* + 1] Aug]3 < |b(ut, u,Aut)| + \b(u, ut,Aut)|
+ /Q(F’(u)ut) cAugdx + (f, Auy). (33)
According to Lemma 2.4 in [16], for any u,v,w € R3, |(F'(u)v) - w| < Clu|f~1|v||w], so
/Q(F’(u)ut) Au,dx < c/Q 2P oa || Anty | doe < Cluel B 1y o | Ane

-1 125 2(B-1
sqmmfnmmwm$gmwbcwm»whmw.@@
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Because

"
|y, u, Au)| < Cllug ||l Auly? | Auy |, < g|Am|§ + Cllull|Aula|u )|
n 1/2
< g|Aut|§ +C(ro@®) “ra(®llucl? (35)
"
|, e, Autg)| < Clluall [l 1" | A || Ay |, < g|Aut|§ + Cllul|*[luee 1

n 2
< §|Au,|§ +C(ro(8) lluell? (36)
" 2
(f;, Auy) < g|Aut|§ 1 Ifi13, (37)

combining (34)-(37) with (33), we get

d _
gl = Cl(o20) ™ + (ro(®) > ra®) + (ro())lael® + %Lﬂli. (38)

Thanks to (32), applying the uniform Gronwall lemma to (38) on interval [¢,¢ + 1], we
get

t+1
[t + D) < (‘”7(%%/ [ﬂ(s>|§ds)

-exp{C / m[(pz(S))z(ﬁ*l) +(r0()) *ra(s) + (ro(s)) "] ds }

= r3(¢). (39)

4 Existence of pullback attractors

In Section 2, we have known that the process {U/(Z, 7)};>. associated with (1) is norm-to-
weak continuous in V. In this section, we prove the existence of pullback attractors in V'
and H2(Q) for the non-autonomous Navier-Stokes equation with nonlinear damping.
Theorem 4.1 Under the assumptions (4)-(5) and f € L. (R;H), % € LX(R;H). Let3< B <
5 and t € R, then the process {U(t,7)}>. associated with (1) has a pullback D-attractor
Al inV.

Proof Let By = {B(t) : t € R} and Cy = {C(¢) : £ € R} be pullback D-absorbing sets in V and
in D(A) obtained by Lemma 3.3 and Lemma 3.6, respectively. Since D(A) < V is com-
pact, we have {U(¢, 7)} >, is pullback D-asymptotically compact in V. Then by Lemma 2.1,
{U(t, )}t has a minimal pullback D-attractor A4; in V. O

Lemma 4.1 The process {L(t,T)}ss. is norm-to-weak continuous in H*(S2).

Proof We know i: D(A) — V, i*: V* < (D(A))* and i, i* are dense. From Section 2, we
know that {U(¢,7)};>, : V — V is norm-to-weak continuous. From Lemma 3.6, we find
that {U(¢, 7)}¢>- has a pullback D-absorbing set in D(A). That is to say, {U(¢, T)}>. maps
a bounded set in V into a bounded set in D(A), therefore {U(t, T)};>, maps a compact set
in D(A) into a bounded set in D(A). By Theorem 2.1, the proof is completed. O
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Y e L2(R;H). Let3< B <

5 and t € R, then the process {U(t,T)}>, associated with (1) has a pullback D-attractor
A, in HX(RQ).

Theorem 4.2 Under the assumptions (4)-(5) andf € L* (R;H)

loc

Proof Let C = {C(¢) : t € R} be a pullback D-absorbing set in D(A) obtained in Lemma 3.6.
Then we need only to show that for any ¢ € R, any 7, — —00, and u, € C(1,,), {1,(7,)}52,
is precompact in H?(2), where u,,(t,) = u(t; T, tton) = U (L, Tu)thon.

Because V — H is compact, from Lemma 3.7 we know that

d o0
{ au,,(r,,)} is precompact in L*(2). (40)
n=0

In the following, we prove that {u,(7,)}2%, is a Cauchy sequence in H*(Q2). From (3) we
have

(At (Tar) = Arty(Tp)) = —%unk(fnk) + %un;(rn;) = Bt (tuk)) + Bt (T7))

- G(unk(tnk)) + G(”nj(rnj))' (4'1)
Taking the inner product of (41) with Au,(T.) — Au,i(z,;) we can obtain
M‘Aunk(fnk) _Aun/(fn/)ﬁ
= E”nk fnk) - Eunj(fn/) ) : | Mnk(fnk - un/(tn/)’2
+ |B(unk(fnk)) _B(unj(fnj)) |2 : |Aunk(fnk) _Aunj(rnj)|2

+ |G (i (Tui0)) = G (s (7)) |, * [Attont (Tik) — At (T5) - (42)
Like the proof of Lemma 4.2 in [16], we can also prove

|G(Mnk('fnk)) — G (1 ()) |2 -0,

|B(thc(tur)) —B(u,,,»(t,,,»))|2 — 0, ask,j— +o0. @
Taking into account (40), (42), and (43), we have

| Attie(Tui) — Atk (1) |, — 0. (44)
Now, because

W2 < C(R2)|Awly,  Yw e D(A),
we have

||u,,k(r,qk) - u”/(T”/)||H2(Q) — 0, ask,j— +oo. (45)

Equation (45) implies that the process {U(t, 7)};>. is pullback D-asymptotically compact
in H2(Q2). Combining Lemma 3.6, Lemma 4.1, and Theorem 2.1, yields Theorem 4.2 im-
mediately. O
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5 Conclusions

In this paper, we consider the 3D Navier-Stokes equations with nonlinear damping
o|u|?~Lu with initial and Dirichlet boundary conditions which arises in the fluid dynamics.
Under suitable assumptions on the external force function f, we obtain the existence of
pullback D-attractors of solutions in V and H?(2), respectively. In [16] and [17], we have
discussed the existence of global attractors and uniform attractors of such 3D NSEs in V'
and H?(Q) with % < B < 5. From this paper, we find that the pullback D-attractors can
exist in V and H2(S2) with 8 € (3,5]. Obviously, this improves the results in [16] and [17].
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