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Abstract In this paper, we prove that the 2D Navier—Stokes equations possess a global attractor in
H*(Q,R?) for any k > 1, which attracts any bounded set of H*(Q, R?) in the H*-norm. The result
is established by means of an iteration technique and regularity estimates for the linear semigroup of
operator, together with a classical existence theorem of global attractor. This extends Ma, Wang and
Zhong’s conclusion.
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1 Introduction

In infinite-dimensional dynamical systems, one of the most important problems is to prove the
existence of global attractors. The dynamic properties of the Navier-Stokes equations, i.e., the
global asymptotic behaviors of solutions and existence of global attractors, play an important
role in the study of fluid mechanics. Because they determine the stability of the flow and provide
a mathematical foundation for the study of viscous incompressible fluids. Many scholars have
paid attention to this problem for quite a long time, especially in the past decades. For the
classical results we refer to the monographs [1-4].

The main purpose of this paper is to prove the existence of global attractors in Sobolev
space H*(Q, R?) with any k > 1 for the following 2D Navier-Stokes equations

861; + (u-V)u=Au—Vp+ f(z),

divu =0, wulan =0,

u(,0) = o(a),
where u = (u1,us2) is the velocity vector, p is the pressure, f represents the external volume
forces applied to the fluid. Q C R? is a C* bounded domain.

(1.1)
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The existence of global attractors for 2D Navier-Stokes equations in L? space was first
proved by Foias and Temam [1], and in H} space, it was derived by Ma, Wang, and Zhong
et al. [5-6]. Here, we will use the iteration technique for regularity estimates to derive the
existence of global attractors in H* for any k > 1.

The basic idea employed in this paper follows from Ma and Wang’s recent books (cf. [7-8]).
We briefly introduce the method in the following.

Firstly, the equations (1.1) can be written in the following abstract form

du
g Lu+ G(u), (12)
u(0) = ¢,

where L : Hy — H is a sectorial operator, which is associated with the Laplace operator A,
and G : Hi — H a nonlinear operator. The sectorial operator L can induce the fractional
power operators .Z%(.% = —L) and the fractional order spaces H, for « € R'. H and H; are
both Hilbert spaces, and H; is compact and dense in H.
Secondly, the solution of (1.2) can be expressed as
u(t,p) = elp + / t LG (u)dr. (1.3)

0
For the case p € H 1, it s well known that the solution u(t, ) of (1.2) is uniformly bounded

for 0 <t < ooin H;, i.e., there is a constant C' > 0 such that

lutt, Q)llm, <C, V0. (1.4)
On the other hand, the nonlinear operator
G:H; — H_y (1.5)

is bounded for # > 0, hence we have the estimates
t
lut, o)||m. < [le ol +/0 |0l || 270G | wdr
By(1.4) and (1.5), ||.Z~G(u(t, »))||g < C, thus

u(t, )|, < C + c/t 7@ t0e=0qr,
which implies that, when a < 1, ’
u(t,p) € Hy, V>0, ¢ € Hy,
and u(t, ) is uniformly bounded in H,, i.e.
lut, @)|s. < C, V>0, a< Z (1.6)

By iteration, from (1.6) we can deduce that u(t, ) € Hy for all k¥ > 0, and is unifomly bounded
in Hg. Finally, in the same fashion, for any & > 0, we can prove that (1.2) has a bounded
absorbing set in Hj. Thus, the desired result is obtained.

This paper is organized as follows: In Section 2, we recall some properties of semigroups
and prove some lemma which will be used later. Then, in Section 3, we give some mathematical

setting. Finally, in Section 4, we present detailed proofs of the main existence theorem.

2 Preliminaries

Let H and H; be Hilbert spaces, H; is compact and dense in H. We consider the problem given

by (1.2), where L : Hy — H is a linear operator, and G : H; — H is a nonlinear operator.
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A family of operators S(t) : H — H (t > 0) is called as an semigroup of operator generated
by (1.2) if S(t) enjoys the usual semigroup properties:

(1) S(t): H— H is continuous mapping for any ¢ > 0,

(2) S(0)=id: H— H an identity,

(3) S(t+s) = S(t)-S(s), Vt,s > 0, and the solution of (1.2) can be expressed as
u(t, ) = S(t)e.

In the following, we introduce the concepts and definitions of invariant set, global attractor,

w-limit set for the semigroup S(t).

Definition 2.1  Let S(t) be an semigroup of operator defined on H. A set ¥ C H is called
as an invariant set for the semigroup S(t) if
SHE =%, Vt>0.
An invariant set ¥ is an attractor for the semigroup S(t) if ¥ is compact, and there exists a
neighborhood U C H of ¥ such that, for any ¢ € U,
dist(S(t)p,X) = 522 [|S(t)p —v||lg — 0, ast — oo.

In this case, we say that X attracts U. Especially, if ¥ attracts any bounded set of H, then
Y is called as a global attractor of S(t).

For a set D C H, we define the w-limit set of D by

w(D) = Jsw®D,
s>0t>s
where the closure is taken in the H-norm.

The following is the classical existence theorem of global attractor, which can be found in
Temam [4].

Theorem 2.1  Let S(t) : H — H be a semigroup of operator generated by (1.2). If the
following conditions are satisfied:

(1) S(t) has a bounded absorbing set B C H, i.e., for any bounded set A C H, there exists
a time ta >0 such that S(t)p € B, YV p € A and t > ta;

(2) S(t) is uniformly compact, i.e., for any bounded set U C H and some T > 0 sufficiently
large, the set \J,~p S(t)U is compact in H; then, the w-limit set o/ = w(B) of B is a global
attractor of (1.2),7 and </ is connected providing B is connected.

Hereafter, we always assume that the linear operator L : Hi — H in (1.2) is a sectorial
operator, which generates an analytic semigroup e, and L can induce the fractional power
operators and fractional order spaces as follows:

L% =(-L)*: Hy, — H, a € R,
where H, = D(ZL%), the domain of L%, are the Hilbert spaces endowed with the norm
2/l = -£%allu, o€ R (2.1)
1t is well known that, for any o> 3, H, C Hg is compact and dense inclusion.
Thus, Theorem 2.1 can be equivalently expressed in the following form, which can be used

later.

Theorem 2.2 Let u(t,p) = S(t)p (¢ € H, t > 0) be a solution of (1.2), S(t) the semigroup
of operator generated by (1.2). If
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(1) for some o > 0, there is a bounded set B C H,, as ¢ € H,, there exists t, > 0 such
that u(t, o) € B, ¥ t > t,;

(2) there is a B8 > «, for any bounded set U C Hpg, there exist T > 0 and C' > 0 such that

lult; P)l|a, <C, V=T, peU,

then, the problem (1.2) possesses a global attractor o C H,, and <&/ attracts any bounded set
of Hy, in the H,-norm.

Inaddition, for sectorial operators we need the following properties in later discussion, which
can be found in Pazy [9].
Theorem 2.3 Let L : Hy — H be a sectorial operator, which generates an analytic semi-
group T(t) = etr. If all eigenvalues X of L satisfy that ReX < —\g for some Ao > 0, then we
have

(1) T(t) : H — H, is bounded for all o« € R', t > 0, and

T, < Ce |l , for some 80,
(2) T(t)(~L)*¢ = (~L)*T(t)p, ¥ ¢ € Ho, t20,
(3) for every t>0, (—L)*T(t): H— H is bounded, and
[(=L)°T ()| < Cat—e~",

for some § > 0, where C,, > 0 is a constant only depending on «.

The following lemma is due to Ma and Wang (cf. [7]), which will be used later.
Lemma 2.1 Let ¢ € H, and u(t,¢) € L*((0,T), H) be a weak solution of (1.2), i.e., u(t, p)

satisfies
¢
(o) = [ (o) + (Gw), v )it + (o, (2.2
0
forallv e Hy and 0 <t <T. If G(u(-,¢)) € L*((0,T), H), then the weak solution u(t,p) of
(1.2) can be expressed by (1.3).
Proof For the weak solution u(t, ) of (1.2), we note that

v=elp+ /t eILG(u(r, p))dr. (2.3)
By (2.2), for all u € Hy, u(t, p) satisfies ’
) = [ G L5+ (G0, T+ (o, @4
From (2.3) we deduce that ’
(v, @)y = (e, i)y + /Ot<Lle(tT)LG(u),L*ﬂ>HdT, Vae H. (2.5)

It is easy to see that
d t t
o | @G, Lt = (G, @)+ [ G ), L)
0 0
which exists for all @ € Hy. Hence, (2.5) is differentiable for ¢ > 0, and

) = (Lo, 1)y + (G, @)
te(t_T)LG w)dr, L*Q (2.6)
+</ (w)dr, L >H

0
= <’U, L*ﬁ>H + (G(u),ﬁ)H
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Integrating (2.6) for ¢ > 0, from (2.3) we get

¢
(v, By :/ (0, L* ) g + (Gu), @)t + (i, ). (2.7)
0
Let w = u — v, from (2.4) and (2.7), it follows that

t
(w, @) 1 = / (w, L*@yudt, ¥ @i € Hy. (2.8)

0
We recall the Ball’s theorem (cf. Ball [10] and Pazy [9]), which amounts to saying that, for
each o € H, there exists a unique solution u € L?((0,T), H) of the following equation

t
()i = (v + [ (e L2+ (glr), @), ¥ € B,
0
if and only if L generates a strongly continuous semigroup on H.

Thus, by the Ball’s theorem, it follows from (2.8) that w = 0 for all ¢ > 0, i.e., v = u. Hence,

this lemma is proved.

3 Mathematical Setting

For the 2D Navier-Stokes equations (1.1), we introduce the spaces as follows:
H = {ue L*(Q,R?)| divu =0, u-nlsq =0},
Hy={uec H*(Q,R*)N H| ulsq =0},
and define the operators L : Hy — H and G : H; — H by
Lu = P[Aul],
{ Gu = P[f(x) — (u-V)u],
where P : L%(2, R?) — H is a Leray projection.

(3.1)

It is well known that the operator L : H; — H defined by (3.1) is a sectorial operator,
and the associated space H 1 is
Hi ={ue H'(Q,R*)NH| ulpo = 0}.
Under the definitions of operators L and G in (3.1), the 2D Navier—Stokes equations (1.1)
are referred to the abstract form of (1.2). It is a classical result that the (1.2) associated with

(1.1) generates semigroups of operators:

1

S(t):Hy — H,y, YVO<a< o
see Temam [4].

We recall some known results related to existence of global attractors for the 2D Navier—

Stokes equations (see Temam [4] and Ma et al. [5-6]):

Theorem 3.1  The semigroups S(t) : Hy, — Ho (0 < o < }) associated with (1.1) possess a
global attractor o/ C H,, and it attracts all bounded set of H, in the H,-norm.

4 Main Theorem

We are now in a position to state and prove the main theorem in this paper, which provides

the existence of global attractor in spaces H* for any k-th differentiable functions.
Theorem 4.1  Let f € C°(Q, R?) be a C* function. Then for any k > 1, there exists an

attractor attractor o/ C H*(Q, R?) for the equations (1.1), and </ attracts all bounded sets of
H®(Q, R?) N Hy in the H*-norm.
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Proof By Lemma 2.1, for any ¢ € H, the solution u(t,¢) of (1.1) can be expressed by

t

u(t, @) = ety —I—/ LG () dr. (4.1)
0

First, we prove that the mapping

G:Hi— H_g (6>0) is bounded. (4.2)
It is known that, for any o € R', H, and H_,, are dual, and if, for all v € H,, we have
(w,0) 1 < Cllella
then, u € H_,, and ||u||g_, < C. We note that G(u) = P[f — (u- V)u], hence,

(G(u),v)g = /Q(fv— (u-V)u-v)dx
<|Ifllco - ]|z +C / (ul - [Dul - [o]dz (4.3)
Q

< Ifllcellvller + Cllull g ||ul2av]| L2,
where p > 1 is arbitrary, ¢ = p/(p — 1). By the embedding theorems for the fractional order
spaces (see Pazy [9] ), we have
p—1

lollL2r < Cllv]la,, V60> o

(4.4)
Hence, from(4.3) and (4.4) we derive that
(G(u),v)m < C[l|flleo + HU||§1%] lvlle, ¥V >0,
which implies that (4.2) holds.
Next, we prove that the solution w(¢, ) of (1.1) is uniformly bounded in H,, for all o < 1, i.e.,

[lut,o)|g, <C, Vt>0, p€ Hy,a < 1. (4.5)

1
2

i.e., (4.5) is valid for a = }. Hence, by (4.2) we have

By Theorem 3.1, for any ¢ € H,(a > ;) the solution of (1.1) is uniformly bounded in Hy,

1
127G (u(t,p)||lg <C, Yt>0, o€ H, (a > 2), 6 >0, (4.6)
where .Z = —L. From (4.1) we get
t
lu(t, )l < lle¢llm, +/O |20 |27 | pdr
< (by Theorem 2.2 and (4.6))
t
<C+ C’/ Tf(aJre)e*‘STdT, a+6<1.
0
Therefore, (4.5) holds true.
In the following, we need to prove that for any « with é <a< g (k > 2) there is a number
[ with 0 < g < kgl, such that
kE—1 k
G:H, — Hg bounded , and 8 — , ¥ a—,. (4.7)
Since f is a C* function, f € H,,V a € R'. We note that G(u) = P[f — (u - V)u]. Hence,

it suffices to prove (4.7) only for the bilinear operator

B(u,v) = P[(u-V)v] : Hy, X Ho, — Hp. (4.8)
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It is known that the spaces H,l(kg1 < a< ’;) are interpolations between Hg and Hr-1
2

(see Temam [4]):
E—1+46
Ha:[Hg,Hkgl]g, o= 2+ , 06[0,1],
Hyi—1r =[Hw,Hi-1]o,
2 2 2

Hyr = [Hk,Hk—l]l.
2 2 2

Moreover, if L : Hg — Hk;l and L : Hk;l — Hk;2 are linear bounded, then L is also linear
bounded on [Hl;,Hk;l]g :
L:[Hg,Hk;1]9—>[Hk;1,Hkgz]g, v 6 elo0,1]. (4.9)
See Temam [4].
For the bilinear operators (4.8), it is readily to verify that for any bounded set 2 C H BT,
there is a constant C' > 0, such that for all u € ), we have
B(u,-): Hi — Hkgl linear bounded (k > 2),
B(u,-): Hy — H_, linear bounded, Vv > 0, (4.10)
[|B(u,)|| <C, VueC Hi (k>1).
By the interpolation relations (4.9) for linear bounded operators, we infer from (4.10) that
B(u,-) : [Hg,Hkgl]g — [Hk;17Hk;2]9 (k >3),
B(u,-) : [Hl,Hé}g — [H;,H,V]g, v >0, (4.11)
l|B(u,)|| <C, Vuec His (k=3), or ueQC[Hy, Hilp.

We denote N )
-2
k—1+46 2+ ’ k23,
o= ) (k>2), g= 1
—7+(2+7>9, k=2.

Then, from (4.11) we derive that
k—1 k
B:H, — Hg bounded, and g — , A=, (4.12)
where B(u) = B(u,u) is as in (4.8). Thus, (4.7) follows from (4.12).

In the same fashion as in the proof of (4.5), by iteration we can prove that for all a > 0,
the solution u(t, ) is uniformly bounded in H,, i.e., for any bounded set U C H,, there is a
constant C' > 0 such that

[lu(t,o)||g, <C, ¥V t>0, peU C H,, a> 0. (4.13)

Finally, we shall verify that for any a > 0, (1.1) has a bounded absorbing set in H,. By
Theorem 3.1, for the case 0 < a < ; the above conclusion is valid. We proceed only for the
case a > 1. By (4.1) we have

t
u(t, p) = e Ey(T, o) +/ LG (u)dr. (4.14)
T
Let D C H§ be the bounded absorbing set of (1.1) in H;, and Ty > 0 the time such that
1
u(t,p)eD, ¥V t>Ty, o €U C H, (azz). (4.15)
By Assertion (1) of Theorem 2.3, for all ¢ € U and a given T' > 0, we have that
Jim e D Ey(T, ©)||g.. — 0. (4.16)
—00
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By Assertion (3) of Theorem 2.3, it follows from (4.14) and (4.16) that, for any o < 1 and
T > Ty, we have

t
lutt @), < oD Eu(To, @), + [ 1120620 e

<C+C / A0 270G ) dr
< (by (4.2) and (4 15))
+—T

<C+ C/ —(a+0)e=07qr,
where C' > 0 is independent of ¢ € U. For any a < 1 we can take 6§ > 0 such that o + 6 < 1.
Hence, it follows from (4.17) that, for any o < 1 and U C H,, there is a T' > 0, such that

||u(t7<p)||Ha SC? thT, (PGU7 (418)

where C' > 0 is independent of .

(4.17)

By iteration, we can derive (4.18) for all & > 0. Hence, (1.1) has a bounded absorbing set
in H, for all o« > 0.
Thus, this theorem follows from (4.13), (4.18) and Theorem 2.2. The proof is complete.

Remark 4.1 The attractors 7, C H, in Theorem 4.1 are the same for all « > 0, i. e. .&7, =
o, ¥ a > 0. Hence, o/ C C®(Q, R?). It is known that, for o € H and t > 0, the solution
u(t, @) of (1.1) is analytic in ¢ with values in C°°(Q, R?) providing f € C°°(Q2, R?) and Q C R?
being C'*°, see Temam [4]. Hence Theorem 4.1 implies that for any ¢ € H, u(t,p) satisfies
L B _ S
Jim inf [fu(t, @) —vller =0, Yk =1.
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