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ERGODICITY AND DYNAMICS FOR THE STOCHASTIC 3D
NAVIER-STOKES EQUATIONS WITH DAMPING*

HUI LIUt AND HONGJUN GAO#

Abstract. The stochastic 3D Navier—Stokes equation with damping driven by a multiplicative
noise is considered in this paper. The existence of invariant measures is proved for 3< B8 <5 with

any a>0 and aZ% as f=3. Using asymptotic strong Feller property, the uniqueness of invariant

measures is obtained for the degenerate additive noise. The existence of a random attractor for the
random dynamical systems generated by the solution of stochastic 3D Navier—Stokes equations with
damping is proved for S>3 with any o >0 and o> % as f=3.
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1. Introduction

We concern with a classes of stochastic Navier—Stokes equations with damping.
The damping is from the resistance to the motion of the flow, it describes various
physical situations such as drag or friction effects, and some dissipative mechanisms [21].
Importance of such problems for climate modeling and physical fluid dynamics are well
known [19, 38].

In this paper, we consider the following stochastic three-dimensional Navier—Stokes
equations with damping

du—vAudt+ (u-V)udt + Vpdt + o|ulP~Tudt = o (t,u)dW (t),
V-u=0,

u(t,z)|ogp =0,

u(x,0) =ug(x).

(1.1)

Where D C R? is an bounded domain with smooth boundary 0D, u= (u1,us,u3) is the
velocity, p is the pressure, v >0 is the kinematic viscosity, §>1, a>0 and t€[0,7],
ug is the initial velocity, and o(t,u)dW (t), stands for the random forces, where W is a
Wiener process. In the following, for simplicity, we set v=1.

The deterministic three-dimensional Navier—Stokes equation with damping has been
extensively investigated. For instance, Cai and Jiu have studied the existence and
regularity of solutions for three-dimensional Navier—Stokes equations with damping [6],
they obtained the global weak solution for 8>1, the global strong solution for 2%
and that the strong solution was unique for any %g B <5. Based on it, Song and Hou
considered the global attractor in [35] and [36]. In [23], the authors considered the
L? decay of weak solutions with 5> %, the optimal upper bounds of the higher-order
derivative of the strong solution for % < B <5 and the asymptotic stability of the large
solution to the system with 5> % In [40], the authors considered the regularity criterion
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of the three-dimensional Navier—Stokes equations with nonlinear damping. In [43], for
a=1, Zhou proved that the strong solution exists globally for §>3 and strong-weak
uniqueness for §>1, and established two regularity criteria as 1< <3. Oliveira has
studied the existence of weak solutions for the generalized Navier—Stokes equations with
damping [29]. By using Fourier splitting method, the Ly decay of weak solutions for 3D
Navier-Stokes equations with damping was proved for 5> 2 with any o >0 in [25].

The existence of a unique strong solution to a stochastic tamed 3D Navier—Stokes
equations in the whole space was proved in [32]. The existence and uniqueness of the
solution for the 2D stochastic Navier—Stokes equations driven by jump noise were studied
in [5]. A small time large deviation principle for the stochastic non-Newtonian fluids
driven by multiplicative noise was proved in [26]. Using Galerkin’s approximation and
compactness method, Liu and Gao in [24] proved the existence of martingale solutions,
existence and uniqueness of strong solution and small time large deviation principles for
the stochastic 3D Navier—Stokes equations with damping for 8>3 with any o >0 and
a> % as =3.

The irreducibility and the strong Feller property imply the uniqueness of the invari-
ant measure as explored in [12,14,15,20]. Using a sort of ground state transformation,
exponential ergodicity for stochastic Burgers and 2D Navier—Stokes equations was shown
in [18]. Existence and uniqueness of invariant measure for stochastic 2D Navier—Stokes
equations with Lévy noise were proved in [13]. Romito and Xu proved that any Markov
solution to the 3D stochastic Navier—Stokes equations driven by a mildly degenerate
noise is uniquely ergodic in [33]. The existence and uniqueness of invariant measure
for a class of stochastic Boussinesq equations driven by Lévy processes were obtained
in [42].

It is known that the asymptotic behaviour of a random dynamical system is con-
firmed by a random attractor. The existence of random attractors has been researched
by many authors refer in [1,8,11,39]. The asymptotic dynamics for stochastic reaction-
diffusion equations with multiplicative noise defined on unbounded domains were proved
in [41]. Using the Faedo—Galerkin method, the existence and uniqueness of a weak
solution were proved. Meanwhile, random dynamics of the 3D stochastic Navier—
Stokes—Voight equations were obtained in [17]. The existence of a random attractor
for the random dynamic systems generated by the solution of stochastic 2D fractional
Ginzburg-Landau equation with multiplicative was proved in [27]. The well-posedness
and dynamics of the stochastic 2D incompressible fractional magneto-hydrodynamic
equations driven by Gaussian multiplicative noise were obtained in [22].

To obtain ergodicity and dynamics for the stochastic 3D Navier—Stokes equations
with damping driven by noise, the main difficulty lies in dealing with the nonlinear term
B(u,u)=P((u-V)u) and g(u) =alu|’~tu. Using the nonlinear structure and delicated
analysis, we get the estimate of fot Jp [ulP~ | Vul*dads for >3 and use this term to

control the estimate of fg [ [ul?|Vul?dzds. Using the Krylov-Bogoliubov method and
by the delicated estimate for the nonlinear term, we obtain the existence of invariant
measure to the problem (1.1) for 3 < <5 with any >0 and a > % as $=3. For the ex-
istence of random attractor for the random dynamical systems generated by the solution
of stochastic 3D Navier—Stokes equations with damping, we need make detailed estimate
for 227 1(t)b(B(v,v),Av); here z(t) comes from the Ornstein—Uhlenbeck process.

This paper is organized as follows. In Section 2, we recall some fundamental con-
cepts and some lemmas which are used in the sequel. In Section 3, we will prove the
existence of invariant measure to the problem (1.1) for 3< <5 with any o >0 and
a> % as #=3. Using the notion of asymptotic strong Feller property, the uniqueness of
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invariant measures is proved for the degenerate additive noise. In Section 4, the exis-
tence of random attractor for the random dynamical systems generated by the solution
of stochastic 3D Navier—Stokes equations with damping is proved for >3 with any
a>0 and azé as f=3.

2. Preliminaries

Let D be a bounded domain in R3® with sufficiently smooth boundary and
C5°(D, R?) be the set of all smooth functions from D to R?® with compact support.
Let W (t) be a sequence of independent one-dimensional standard Brownian motions
on some complete filtration probability space (Q,F,P;(Fi)i>0). We define the usual
function spaces

V={ue(C5(D,R*)*:divu=0},
H = the closure of V in L?(D),
V = the closure of V in H}(D).
It is well known that H, V are separable Hilbert spaces and identify 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):/umalglc7 Yu,v € H,

D
3

((u,v)):Z/ Vu;-Vvdz, Yu,veV,
i=17D

and norms |-|o=(-,-)2, ||-[|2=((-,-)). Let ||||s be the H* Sobolev-norm for s€ R. Let
PP be the orthogonal projection of L?(D;R3) to H. For u,v € L?(D;R?), Au=—PAu is
the Stokes operator defined by (Au,v)=((u,v)). B:V xV =V’ is a bilinear operator
defined by (B(u,v),w)=>b(u,v,w), B(u)= B(u,u), where

3
s
b(u,v,w):ZLui%wjdx7
i=1 ¢

and (-,-) is the duality product between V and V. For simplicity, we set g(u) = a|u|?~ u
and F(u) =—(A(u)+ B(u)+g(u)). Here, o(t,u) is a mappings from V into V or H — H.
ASSUMPTION 2.1. Assume that there exist nonnegative constants ko, ki,k2,l1,lo and 1
such that for all t€[0,T] and u,v eV,

(A1) |o(t,u)[3 < ko +ki|ul3.

(A2) |o(t,u)—o(t,v)]3 <li|lu—vl3.

(A3) |0uo (t,u)| <k +1ul.

(A4) llo(t.u) —o(t,0)|* <lo||lu—wvl]>.
REMARK 2.1. If o(t,u) =pu and p<ko, (A3) is satisfied.
LEMMA 2.1 (Burkholder-Davis—-Gundy Inequality [7]). For every p>1, there exists a

constant C), such that for any real-valued square integrable martingale M with M(0)=0,
and for any T >0,

C, 'E[MIE? <E( sup |M(#)|") < C,EME/?, (2.1)
0<t<T
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where [M|r is called the quadratic variation of M.

Now we present some concepts related to a random dynamic system refer in [1-4,
9,16,34].

Let (X,]|-||x) be a separable Hilbert space, (2, F,P) be a probability space and
{0;:Q—Q, te R} be a family of measure preserving transformations such that (¢,w)—
O:w is measurable, 0p=Idq, 015 =0.0s, for all s,t€ R. The space (Q,F,P,(0;)iecr) is
a (measurable) dynamical system. We define the mapping S(¢,s;w): X = X, —o0o<s<
t < 00, dependence on w € ().

We define the random omega limit set of a bounded set B C X at time ¢ as

A(B,t,w)= m U S(t,s;w)B.

T<ts<T

According to [9,10], we get the following theorem about the existence of random
attractors.

THEOREM 2.1. Let S(t,s;w) be a stochastic dynamical system with the following
properties:

(1) S(t,r;w)S(r,s;w)x=>5S(t,s;w)x, for all s<r<t andx€X;

(2) S(t,s;w) is continuous in X, for all s<t;

(3) the mapping w S(t,s;w)z is measurable for all s<t and x € X;

(4) the mapping s+— S(t,s;w)x is right continuous for allt,x € X and P—a.e. andw € ).

Suppose that there exists a measure preserving mapping 0¢,t € R such that
S(t,s;w)r=5(t—s,0;0w)x

holds for P—a.e. w€ Q. Then there exists a compact attracting set K (w) at time 0. For

P—ae. we, weset Aw)= |J A(B,w) where the union is taken over all the bounded
BCX
subsets of X, and A(B,w) is defined by

Hence, A(w) is the random attractor.

3. Ergodicity
We now rewrite problem (1.1) as follows in the abstract form:

du(t) =—(Au(t) + B(u(t)) + g(u(t)))dt+ o (t,u)dW (¢), (3.1)
u(z,0)=ug, x€D.

THEOREM 3.1. Suppose that Assumption 2.1 holds and 8>3 with any >0 and « 2%
as 3=3. Then for any Fo—adapted V-valued function ug satisfying E||ug||*P < oo for
p>1, then there exists a unique strong solution u(t) to the problem (3.1) with the ini-
tial condition u(0)=wuo, and u(t)€ L*(Q,L?([0,T],H?))NL?*(Q,L>([0,T],V)), it satis-
fies the following inequality

T T
_ _ L+1
E( SupT\IU(t)\|2p+/0 [lu(s)I1* 2IIVU(S)HstJr/0 [lu()IP*~2[V[ul = [3ds

0<t<
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T
+/ /||u(s)||2p_2‘u|6_1|vu|2dxd8)SC(EHU0H2P+1).
0 D

Proof. By using monotonicity method, we will prove in Appendix. ]

REMARK 3.1. Using the damping term, we get the estimate of f(f In |u|P~Y|Vu|?dxds

for 8>3 and use this term to control the estimate of fot Jp lul?|Vu|*dzds. We overcome
the convective term (u-V)u in the space V' and prove the existence and uniqueness of
strong solution for the stochastic 3D Navier—Stokes equations with damping. In this
paper [24], using the existence of martingale solutions plus pathwise uniqueness implies
the existence of a unique strong solution. However, we get the existence and uniqueness
of strong solution for the stochastic 3D Navier—Stokes equations with damping by using
monotonicity method.

Let Cy(V) be the set of all bounded and locally uniformly continuous functions on
V and M (V') denote the probability measure space on V. Under the norm

[lplloo = sup |(u)],
ueV

then Cy(V) is a Banach space. Let P; be a Markov semigroup in the space Cp(V)
defined as

Pt(,O(Uo):EQO(U(t,';O,Uo)), tZOa UOE‘/a QDGCb(V)

P; define on the probability measure space M(V') and is defined by

[ wiPii) = [ Pt oeCuv), vuemm)
1% %4

If P = p for any t >0, then a measure p€ M(V) is called invariant.

3.1. Existence of invariant measures. For fixed initial value ug €V, we
denote the unique solution in Theorem 3.1 by u(t,up). Then {u(t,ug):ug€V,t>0}
forms a strong Markov process with state space V. For two initial data ugi,uge €V, we
denote u; =u(t,up;) the solutions starting from wg;, i =1,2. Let us define the stopping
time

N :inf{tZOZ Hu(t,u(n)H\/Hu(t,uog)H ZN}

LEMMA 3.1. Suppose that Assumption 2.1 holds and 3 < <5 with any a>0 and o> %
as =3, then there exists a constant C'y such that

E||u(t/\7‘N,u01) —u(t/\TN,uog)||2 SCNHU(H —UO2||2. (32)

Proof.  Let w(t)=wu(t,uo1) —u(t,uo2). Applying the It6 formula to ||w(tATn)||?,
we deduce

oot A2 =) | — 2 / ™ (A — Aug,w(s)))ds

=3 " (Blur(s)) - Blua(s)).w(s)))ds

(=)

9 / ™ (gl (5)) — gluus(5)) o (5))) ds
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t/\TNO'SUS—O'SUS 28

+/0 o (s,11(5)) — (s, (5))

2 / (@(s),0(5,un(s)) — 0 (s,uz(s)))) AW (5)
0

=[|w(O)[P+ M+ L+ Is+ 1+ 1. (3.3)

By estimating the first term, we get
tINTN
11:—2/ ((Auy — Aug,w(s)))ds
0
tATN
:—2/ [ Veo(s)|[2ds. (3.4)
0
For I, we have the following inequalities
tINTN
B2 [ (Blurw) + Bl wls)ds
0
tATN
g/ (el Vool P+ Clur - Vo2 4 Cleo- Vg 2)ds
0
tANTN
S/ (el Vwl[? + Clur |3 | Vw]3 + Clw]Z [Vuz 3 )ds
0
tATN
S/O (ElVwl?+Cllua [ Vua [[[[w]|? +Cllw| || Ve[ [u2]|*)ds
T 2 2 2 4
S/O (2e]|Vwl[” + Cllu[[[Vur [[[|w][” + Cllw| ||| uz]|*)ds. (3.5)
For I3, we deduce
tATN
13=—2/ ((g(u1(s)) —g(uz(s)),w(s)))ds
0
tATN tATN
g/ ||Vw||2ds+0/ /[|w|<|u1|ﬂ—l+\u2\5—1>]2dm3
0 0 D
tATN tATN 9
g/ ||Vw||2ds+0/ jwlg|ua P~ + Jua ||y ds
0 0
2 2l (2B L 2(8-1)
< IVwl[*ds+C el 1" (lualz(s— 1) +|u2lss_1))ds. (3.6)
0 0 (B-1) (B-1)

Taking expectations of equality (3.3) and combining itmes (3.4)-(3.6) and (3.3), we
deduce

tATN

tATN
IE\|W(75ATN)||2+2]E/0 | Vew(s)||*ds SE/O (ClJur |||V ||| |w][?
tIANTN
+C||w||2\|u2|\4)ds+(1—1—25)]E/ V| 2ds
0
tATN
HOE [l (00 +ual2i ) ds
0

3(B-1 3(B-1)

tATN
+CE/ w][2ds + || (0)] . (3.7)
0
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For |V|ul|% |2, because H' < L® and by Theorem 3.1, we have

tATN tATN Sa1
/ [ oy dsgc/ \Vus| 7 2ds<C, i=1,2. (3.8)
0 0
Since
2(8-3
0< (5_1 ) <1, for3<pB<5,

hence, we deduce

tATN tATN 2(B=3)(B+1)
2(p—-1 —B=1 _8
/0 Jur 5= 1)d5<c/ wilggyny  llwall7=Tds

e tATN B+1 2(8—3) 5-8
<C sup ||lwm]|F( |u1|3(ﬂ+1)d) =1 (tATN)P-T. (3.9)
0<s<tATN 0

Similarly,

tATN (B—1) tATN 2(8— 3)(B+1) 8
/o sl (5-1)48 <C/ lualypfyy  MluzllPTds
-8

s tATN 2(8-3) 5-8
<c s ol 5[ il S L 610

0<s<tATN

o

Choosing sufficiently small € and applying the Gronwall lemma, we get
E||w(t/\TN)H2§CN||u01—u02||2. (311)
For «a 2% as =3, we can get the above estimate easily. This completes the proof
of Lemma 3.1. O

THEOREM 3.2.  Suppose that Assumption 2.1 holds and 3< <5 with any a>0 and
a> % as B=3, for any t>0, P; maps Cp(V') into Cy(V'). Then P; is a Feller semigroup
on Cp(V).

Proof. We will prove that P, is locally uniformly continuous. Our main task is to
show that for any € >0, t >0 and m € N, there exists § >0 such that

sup  [Prp(uor) — Pep(uoz)| <e, (3.12)

[luor —uo2||<8
where ug1,up2 € By, and By, ={u €V :|ju|| <m}. Let us also define the stopping time
v =inf{t >0 ||u(t,uor)|| V||u(t,uo2)|| > N}.
First, by the Theorem 3.1, we deduce that

Elp(u(t,uoi)) — p(u(t AT, u0:))| <2]0|oe P{Tn <1}

<2|ploe sup E[ sup |fu(s,uq:)|[*]/N?
u0; €Bm  s€[0,t]

<2C|¢loo/N?, i=1,2.

Choosing N >m sufficiently large such that we have the following inequality

Elio(u(t, uor)) — p(u(t ATy u0:))] < =

7 i=L2 (3.13)
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Next, for any uy,us € By, and fixed N with ||u; —us|| <y, there exists d >0 such
that

|p(u1) = (uz)| <

=] m

2
Using Lemma 3.1 and Chebyshev inequality and choosing ||ug; —ugz||? < %, we
deduce

Elp(u(tATa,uo1)) — p(u(t ATn,u02))|

=/ |p(u(tATN u01)) = (Wt AT, u02)) | P(dw)

+ | lp(utATh,uor)) — e(u(t ATN, uos)) | P(dw)

Q2
g
SZ+2‘90|00P{||U(t/\7N;U01)_u(t/\TN;UO2)||>5N}
E|lu(t ATy, —u(tATyN, 2
< 4 2|, AT v0)) i AT )P € (3.14)
4 5N 2

where Q) ={w:|[u(tATN,u01) —u(EATN,u2)||=0n} and Qo ={w:||u(tATn,ue1) —
u(tATN,up2)|| <dn}. By inequalities (3.13) and (3.14), inequality (3.12) is proved,
this completes the proof of Theorem 3.2. O

THEOREM 3.3.  Suppose that Assumption 2.1 holds and 3< <5 with any a>0 and
042% as =3, then there exists an invariant measure u, associated to the semigroup
P; such that for any t>0 and p € Cyp(V),

/V Prip(n) o (du) = /V ()i (du)

Proof. By the classical Krylov—Bogoliubov method [12], we need to show that for
any € >0, there exists M >0 such that for any 7> 1,

;/OTP(|U(S)|%,2 >M)ds<e. (3.15)
Let ug=0. Applying Itd’s formula to the process |u(t)|3, we have for any ¢ >0
]E|u(t)|§+/0tuz||u(s)||2ds+2/0tE|u(s)|gﬁdsgot.
Applying It6 formula to ||u(t)||?, we have

t t
E(|u(t)|? + / / |~ Va2 dads + / IV}l [2ds)
0 D 0

t t
g—i/ E|\Vu(s)||2ds+0/ Bl [u(s)|[2ds + Ct
0 0

1 t
g——/ E||Vu(s)|2ds +Ct.
4 Jo
Then we deduce
I 5
. E||u(s)||72ds < C.
0

Hence, inequality (3.15) is proved, this completes the proof of Theorem 3.3. ]
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3.2. Ergodicity. In this subsection, we prove the uniqueness of invariant mea-
sures for the degenerate additive noise.

For any meN, let Q=Cy(R4;R™) be the space of all continuous functions with
initial values 0. P the standard Wiener measure on F = B(Cy(R;R™)). The coordinate
process

W(tw)=w(t), we,

is a standard Wiener process on (Q2,F,P).
Consider the following stochastic 3D Navier—Stokes equations with damping;:

du(t) = —(Au(t) + Bu(t) + g(u(t)))dt + dw(t), (3.16)
here, u(0)=ug €V and w(t)=QW (t) is the noise, and the linear map Q: R™ —V is
defined by

Qei=qie;, ¢;>0,i=1,2,--- m,
where, e; is the canonical basis of R™ and e; is orthonormal basis of V' satisfy
PAe; =—\;e;,

where 0 < A\ <Ay <o <\, > 0.
Let

m

m 2
Cozz%a Clzzq?
i=1""

i=1

Moreover, the quadratic variation of w(t) in H and V are defined by

(W]a(t)=Cot, [W]v(t)=C(it.

THEOREM 3.4. Let {P:}1>0 be the transition semigroup associated with equation
(8.16), then for any large sufficient m.., there exists a unique invariant probability mea-
sure associated with {Py}i>o for 3<B<5 with any a>0 and o> % as B=3.

The proof of Theorem 3.4 is divided into two parts. In the first part, we show the
asymptotic strong Feller property of P;. In the second part, we prove that the origin 0
belongs to the support of each invariant measure. By [20], these two parts will imply
Theorem 3.4.

3.2.1. Asymptotically strong Feller property. For 0<s<t, let Jg v be
the solution of the linearized equation

O s 1vo=AJs 1vo + K (u(t,wiug), Js 1v0), Js,s00 =0, (3.17)
here, KC is linear with respect to the second component and defined by
K(u,v) =—P((v-V)u+ (u-V)v) —P(a|ul’ 1o+ a8 —1)|ul’ =3 (u,v) gsu).
Inspired by [30,32], we get that for each w

(Fo.100)(w) = limy U0+ C00) Zull) (3.18)

e—0 €
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Let H be the Cameron-Martin space and for any v € H, the Malliavin derivative is given
by

DVu(t,w;ug) = lim ult,w+eviuo) ,w,uo)’ P—as. (3.19)

e—0 €

Observe that v can be random and possibly nonadapted to the filtration generated by
W. Let Ayv=D"u(t,w;uq), then

O A w=AAv+K(u(t,w;up), A4v) +Qou(t), Agv=0, (3.20)

where, ©(t) is the derivative of v(t) with respect to t.
Next, A; is defined by

Atv:/ot Ts1Q0(s)ds.
For vg eV and veH, let
v(t) = Jo,1v0 — Arv.
We have
Opv(t) = Au(t)+K(u(t),v(t)) = Qui(t), v(0)=uvo.
Let Hj be the following finite-dimensional “low-frequency” subsequence of V/,
H} =span{ey,ea, -+ ,em},

and H}, be the “high-frequency” subspace of V. We get the following direct sum de-
composition:

H=H ¢H,,
such that for any ue V'
U=uU;+Up, uleH}, Up, GH}V

For any ve H, we give

HIUZZ<(—A)6Z',U>61'€HI1,
i=1
and
Ipv=v—-1Ilv.
LEMMA 3.2. For any u,v€ H?, let
2(8—1
N (w)=|Vull?+|ul35-1)- (3.21)

We deduce

1
(vn, K (u,0))v < 5[ Voul* +CN () ([[onl* + [l ), (3.22)
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and
T (,0) 2 < ool (1 [l ), (3.23)

here, C, only depends on m.

Proof.  For the first inequality (3.22), we deduce
(v, K(u,v))v =L+ I +1s, (3.24)
where,

1= (. P((0- V)u))v
Iy = (s, B((u- V)o))v
Iy = —(on, B(alul® v+ a(8 — 1) ul® > (u,0) gou))v

For the term I, applying the Young’s inequality, we deduce
I <1Vl +21jo] - [Vl
<SlIVonllP +200 [Vl
<SRl + Cllenl - [Vl + Ol Ve (3.25)
For the term I, we get
I <gIVun > +2lJul- [Vl
<1V +2lul |70
<SRl + Cllenl - [Vl + Ol 2 W (3.26)
For the term I3, we get
<7 IIVonl P+ ClJul ol

f|\wh||2+c|v| 2070

3(8-1)
2(—-1 2 1)
g1|\m||2+c||vh|| [ul5057 1)+ Cllonl Plul35 1), (3.27)

By the above calculations, this completes the proof of inequality (3.22).
For the second inequality (3.23), we have

m m 3

LK (w,0)|[P =D fes, K(w,o)T =D Jij, (3.28)

i=1 i=1j=1
here,

Jir=—(ei,P((v-V)u))v,
Jiz=—(es,P((u-V)v))v,
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Jis = — (e, P(alul® o+ a(B—1)|u)? 3 (u,v) gsu))v .
For the term J;1, we deduce

Jir=—(ei,P((v-V)u))v
<|VAe;|oo||v|u| 1
Scei

v | 2 |u | 2.
Similarly, we get

Jia <C,
-1
Jiz <C, |U‘2‘U|2(5_1)-

vz ulz,

We get by adding them together

T (,0)]2 < Cralola (14 full5L 1),

where, C,,, only depends on m. This completes the proof of inequality (3.23).

|

LEMMA 3.3.  For any n>0, then there exist positive constants Cy, Cy>0 such that

for any t>0 and ug eV,

t
Eexp{n / N (u(s50))ds} < exp{ChJuol |2+ Cat},
0

here, N'(u) is given by definition (3.21).
Proof. Applying Itd’s formula to |u(t)|3, we get

(D)2 = uol2 —2 / u(s)[2ds —2 / fu(s) 2+ ds +2 / (u(s),dw(s)) + Got.

Applying Holder’s inequality, then there exists a constant C'> 0 such that

lu(t)3 - C <lu(®)|511.

We have

t

u(1)[3 < g3+ 2 / (C — [u(s) P — u(s) B)ds +2 / (u(s),dw(s)) + Got.

Applying ( [32], Lemma 6.2), we have that for any t,n>0,

t
Eexp{n/ lu(s)|Pds} < explnluol2+C,t}.
0

(3.32)

(3.33)

(3.34)

(3.35)

Next, applying the It6’s formula to [|u(t)||?, we get
u(®)]2 <] ol /t|v (s)|%d / V) | d 4“‘”/tm % |24
u S|HU — uls S — ulu S — u S
0 0 0 2 B+1)2 ),

t
0

v hugs)|Pds +2 | twtsrawnye+ [ uds.

(3.36)
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Applying Poincare’s inequality, then there exists a constant ¢ >0 such that

U - ex (ol I

Then, we have
HM)W<W@F+0/-wvw>W—|<ﬁ§1MWM@WMs

t t
+%/<u@%dw®ﬁvwi/(c+qﬂd& (3.37)

0 0
Applying inequality (3.37) and exponential martingales, then we obtain inequality
(3.32). 0

Inspired by ( [20], Proposition 3.12), we show the following proposition which imply
the asymptotically strong Feller property of (P;)i>0.

ProposiTION 3.1. Let (Py)i>0 be the semigroup associate with the 3D SNS with
damping (3.16). Then there exist constant m, €N and some constants Cy,Cq,7>0
such that for any t>0, ug €V, and any Fréchet differentiable function @ on V with

|loos [l¢plloo < o0,

IV Pep (o)l < Coexp{Ci[uo|[*} - (Jloo + 7 |l o0)-

Proof. For any vg € V with ||vg]| =1, denote

’UOl(l_%)? t€[072|\U01\H7
o . 3.38
w={ te @onll). o

Suppose that vy, (t) satisfies the following linear evolution equation:
ooy, (t) = AHhvh(t) + HhK:(u(t)ﬂ}h (t)+v (t)), ’Uh(O) =Voh-

Let

and

mwzg*ﬁ”g?m”}+Awm+nmmumw»y

Applying the chain rule and integration by parts formula in the Malliavin calculus [28],
we deduce

(VPyp(uo),v0)v =E((Ve)(u(t;uo)), Jo,tvo) v

(Vo)
=E((Ve)(ult;uo)), Arv(t))v +E((Vp) (ult;uo)), v(t))v
=E(D"(p(u(t;u0)))) +E((Ve) (u(t;u0)),v(t))v

=E(p(ul(t;uo)) / o(s)dW (s)) +E((Vep) (u(t;uo)),v(t))v

0

SIsoloo/olEI@(S)IQdHII@IlooEl\v(t)ll- (3.39)
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Applying the chain rule and Lemmas 3.2 and 3.3, we get

%Ilvh(t)ll2 == 2[[Vron(®)]1* +2(on (1), K (u(t),v(1))v

<= IVaun@OIP +C - N (u(®)) - (lon ()]]* + o ($)]1*)
(A +C-N(u(®)) - [on @O +C - N (u(t)) - [[un(t)] .

Notice that
v (t)=0 for t>2,

applying Gronwall’s inequality, we have
o 0)? <l O) Pexp -t +C [ Au(s)its)

2
exp{—Am(t—2)+C / N (u(s))ds) / or(s) | Pds.

By virtue of Lemma 3.3, since A, — 00 as m— o0 and ||v;(¢)]| <1 for 0<¢<2, then
there exist positive constants v and m, such that

Bllon()][* < O, -l =,
Therefore, for all ¢ >2
Ellv(t)]| <Ch, .eClluoll* =7t (3.40)

By Lemma 3.2, we get

EJo(t)* <Crm (1 +E(J0(8) 2 (1+ [u(t) 55 1))
<Co(1+(Elo(t) )2 (1+Elu(t)55_1)%)

<Co(1+(Elo(t) )2 (1+Elu(t)5551))-

Since fo E|u(s) z(g Bds < C and applying inequality (3.40), we get

0 L)
| B OPat<Co el (14 [T B2
0 0

<Crnx, 7.eCIIuoH2_
This completes the proof of Proposition 3.1. 0

3.2.2. A support property of invariant measures. Inspired by [12,20,30,32],
we prove the following proposition.

PROPOSITION 3.2. 0 belongs to the support of any invariant measure of {P;}i>0-
We need the following lemma result.

LEMMA 3.4. For any ry, ro >0, then there exists T >0 such that

inf  P{w:||u(T,w;uo)||<rs}>0.

[luol|<r1
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Proof. Let
o(t) = u(t) —wit)
then
v'(t)=—Av(t) +w(t) = ((v(t) + W(t))- V) (0(t) + w(t))
—alo(t) +w(t)|" " (v(t) +w(t).
Let T'>0 and e€ (0,1), to be determined below. Suppose that

sup ||w(¢)|| e <e.
te[0,T)

Taking the inner product of equation (3.41) with v(t) in L2, we get

d
%\U(t)|§:J1+J2+J3+J4,

where,
=—QHU(tW+2<AW(t)7v(t)>7
=2(v(t), ((v(t) +w(t)- V)(v(t) +w(t))),
(

=2(u(t) +w(t),alo(t) +w(t)| " (u(t) +w(t)),
J4= (W(t)v&lv()+W(t)ﬁ Ho(t) +w(t))-

For the term Jq, by the above inequality (3.42), we get
Ji < =2[[o()][* +Celu(t)]o.
For the term J3, applying the Sobolev inequality, we get
J2==2(v(t),((v(t) +w(t)) V) (0(t) +w(t))),

<C[Iw(t)]|so|v(t) +W(t)[2
<Celo(t)3+Ce.

For the term J3, we get

<—|o(t)[§11+Ce.

For the term Jy, we have
Ja S2AW(0)| oo |0 (t) + W ()5
§C’e|v(t)\g+Ce
<Cel(t)[511 + Celv(t)[3+ Cee.

We have by adding them together

d
V@13 < =2Mu(t )3+ Celo(®)5+ (Ce—1)[o(t)| 51, +Ce.

111

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)
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Hence, by Lemma 6.1 in [32], we deduce that for any §,A >0 , then there exist Ty >0

large enough and e sufficiently small such that

sup |u(t)]2 <2rq,
t€[0,To]

and

sup  |u(t)|2 <6.
te[To,To+h]

Taking the inner product of equation (3.41) with —Aw(t) in L?, we get
d 2
L @I <+ It Bt 1,

where

For the term I, we get

Ilg—||V(v(t)+w(t) )IE=lot +w(t)|%w@(t)+w(t)) z+C’||v(t)+
4(8
(5+1

<- §|\W(t)\|2JrCIIv(i)II2 *CIv(t)Igﬁ +Ce

‘V|v )+ w(t)|

<~ LIVeOIP +Clo(t)3 —elo(®) 511 +Ce.
For the term I, by inequality (3.42) we get
I, < Celv(t)|2+Ce.
For the term I3, by inequality (3.42) we get

I3 <2|VAW| o [v(t) +W(t)|3
<Celv(t)|3+Ce.

For the term I, we get
L <Celv(t)|+Ce
<Celv(t)|511 +Celv(t)3+ Ce.
We have by adding them together
d

V@I <=Collo®I* +Clo@®) 5+ Celo(t)[5+(C e—o)u(t)| 311 +Ce.

(3.49)

(3.50)

(3.51)

w(t)[”

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)
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Applying Gronwall’s inequality, for any 0 <t <tq, we get

[[o(t2)[* <em ==t oty )\|2+6(C sup [o(t)[3
te[ty,ta]

+Ce sup |v(t)|3+(Ce—c) sup \v(t)|gﬁ+Ce). (3.57)
te[tl,tQ} te[tl,tg]

Let t; =0 and t; =T}, and by inequality (3.49), we have

o(@)|[2 <13+ 2-(C sup [o0)

C t€(0,To)
+Ce sup |v(t)|3+(Ce—c) sup |v(t )|gi}+0€)
te[0,To) te[0,To]
<C(r?41). (3.58)

Next, let t;1 =T and to =T+ h, we have

1
[w(To+h)|[><e” " C(ri+1)+ = (C  sup  |u(t)]3
Co " te[Ty, To+h]

+Ce  sup  |u(t)3+(Ce—c) sup |v(t)|gﬁ+06), (3.59)
tE[Tg,To—‘rh] tG[To,To-‘rh]

which together with inequality (3.50) implies that there exist a T sufficiently large and
€ sufficiently small such that

()]l < 2. (3.60)

Hence, then there exist T large enough and €€ (0,1) small enough such that for any
lluol| <71

[4(T,w30) [ < 7. (3.61)
Let
Qe={w: Sup }IIW(t sw)| e <€}, (3.62)
then
Qe CNYjugli<r W [u(T wiuo) || <72} (3.63)
Since Q. is an open set and P(£.) >0, this completes the proof of Lemma 3.4. ]

Proof. (Proof of Proposition 3.2.) Suppose that B, ={ug €V :||ug|| <r} denotes
the ball in V for > 0. For any invariant measure p, then there exists a constant r; >0
such that

w(Br,) >

[\D\H

By the above lemma, we get for any o >0,

H(Bra) =P{(Br) = [ Pule Brntas)
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~ [ Pin, @n(d0)z [ P, @n(d)
1% B

T1

> w(Br,) nf Pilg,,(2)>0,
1

which implies that 0 belongs to the support of . This completes the proof of Proposition
3.2. a0

4. Random attractor
In this section, let o(t,u)=pu, we consider the following stochastic 3D Navier—
Stokes equations with damping driven by a multiplicative white noise.

du—vAudt+ (u-V)udt + Vpdt + alu|?~tudt = pudW (t),
V-u=0,

u(t,x)|op =0,

u(z,0) =ug(x).

(4.1)

Where W (t) is two-sided real-valued Wiener process on a probability space (Q2,F,P).
We consider the probability space (£2,.F, P), where

Q={weC(R,R):w(0)=0}.

F is the Borel o—algebra induced by the compact-open topology of 2, and P the
corresponding Wiener measure on (2,F).
Taking W (t,w) =w(t), the time shift is defined by

Orw(s)=w(t+s)—w(t), for s,t€R.
The process
z(t) =e PW®)

satisfies the following stochastic differential equation:

dz(t)= %pzzdt — pzdW (t).

Let v(t) =u(t)z(t), we get the following random differential equation

dv(t)
dt

1
=—Av(t)— 2" (t)B(v,v) + §p2v — 2= B Dq|y|P~ 1o, (4.2)

For each w €, if s € R, there exists a unique solution to equation (4.2) defined on [s,00)
such that

v(s,w)=vs(w), P—as.
LEMMA 4.1.  Suppose that >3 with any a>0 and o> % as B=3, and us € L? with
|u(s)|2 < R, then there exists a random radius ro(w) such that, for any given R >0, there

exists s1(w) < —1 such that for all s<sy1(w), for P—a.s. weQ, we have the following
inequality

|u(t)\§+e—t/ eTo(r)2dr <r2(w), Wte[-1,0], (4.3)
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here, rq is to be determined.

Proof. Multiplying the equation (4.2) in L? by v, we deduce that
Ld
2dt

Using Young’s inequality, then there exists a constant C' such that

(p*+2)|vl3 <oz B Djo|f] +C22

Hence, we have
d, 9 2 —(B-1)|,,8+1 2 2
o200l +az~ O Vlol ] + 20 < 022,

For any ¢t > s, we have

t t
o(t) 3 et / e fo(r) B <e~(*o(s) 3+ C / &7 22(r)dr)

¢
G lu(s) \3 + C’/ e 22 (7)dr).

Since

lim Wis)

s——00 8§

=0, P—as,

let e= 4%7 then exists a function s} (w) <—1 such that

w
‘(S)’<€, as s < sp(w).
s

Hence, we have
e°22(5) = (120 (9)/9)
<e2®.
As s— —o0, it is easy to get that
e*2%(s) =0, P—a.s.

For the last term on the right of inequality (4.6), we have
¢ 0
C/ eT 2 (r)dr SC/ eTe 2PV ar

0 si(w) |
SC’(/ 6772PW(T)d7-_|_/ ezdr).

1(w) —o0

For us € L? with |u(s)|2 < R, then there exists a time s;(w) < s} (w) such that

e*2?|u(s)|3 <ez?R*<1, P—aus., for Vs <sp(w).

1
[l + 1ol [* + az™ OV o] 5T = =27 ($)b(B(v,0),0) + 5 p°0]3-
2

115

(4.4)

(4.5)

(4.6)
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For t € [—1,0], we get

0 s1(w)

eT_QpW(T)dT—l—/ egdr))

i (w) —00

o +et [ i <e o
2r2(w). (4.8)

This completes the proof of Lemma 4.1. 0
LEMMA 4.2.  Suppose that >3 with any a>0 and aZ% as =3, and ugs €V with

[lu(s)]| < R, then there exists a random radius r1(w) such that, for any given R>0, there
exists sa(w) < —1 such that for all s<sa(w), for P—a.s. weQ, we have the following
inequality
¢
||v(t)||2+e—t/ e ([Vo(r)|[Fdr <r2(w), Vie[-1,0], (4.9)
here, 13 =%+ Crg(w).
Proof. Multiplying equation (4.2) in L? by —Awv, we deduce that
d
@ o2+ 2019012 — 202~ (o], Av) =227 (Ob(B(u,v), Av) + 2% ol 2. - (410)

Moreover,

d -1
—||v|\2+2|\Vv||2+2az_(5_1)/ |v|5_1\Vv|2ds+7a(ﬁ )z_(ﬁ_l)/ |U|B_3|V\U|2|2ds

=221 (t)b(B(v,v),Av) + p?||v] . (4.11)
For the first term on the right-hand side, since
2
0<ﬂ<1, for B>3, (412)

using Young’s inequality, we deduce
1
2271 (t)b(B(v,v),Av) §§|Av|§+02_2(t)|v-Vv|§

1

<G IVelP+C [ 22 OPITel=T Vo rds

D

1

<L

—1 B—

+0[/ (z*2|v|2|w|ﬁ>%d51%[/(\w—%)%ds]ﬁ
D D

w

1
§§|\Vv||2+s/ 2= DT[] s+ C(e) o] (4.13)
D
Using the Gagliardo—Nirenberg inequality, we have
1
(C(e)+p* + DIl < S|Vl +Clof5. (4.14)
Hence

d
Gl 701+ 2a=2)z 27D [ (o} -1[wofas
D



HUI LIU AND HONGJUN GAO 117

—1
+¥27<ﬁ71>/ [0 =3|V |v|?[2ds + ||v]|* < Clv]3. (4.15)
D

Choosing sufficiently small € and multiplying equation (4.15) by e and integrating over
(s,t), we get

t t
[o(t)]? +e~" / (V0| Pdr <e ™ (e [o(s)|[2+ C / e |v[2dr)

eI+ [ o)
§67t652’2($)|‘U(S)H2+CT‘(Q)ZJJ).
For us € V with ||u(s)|| < R, then there exists a time s3(w) < s5(w) such that
e*22||u(s)||? <e®2?R*<1, P—aus., for Vs <so(w). (4.16)

For t €[—1,0], we get

t
oI+ [ en|[VollPar <e + Crfw)
2r2(w).

For « 2% as f=3, we can get the above estimate easily. This completes the proof
of Lemma 4.2. 0

Let K(w) be the ball in V' with radius ro(w)+r1(w). Lemmas 4.1-4.2 prove that
for any B in V, then there exists an so(w) such that for any s < so,

S(0,s;w)BCK(w) P—ae. well.

This implies that K (w) is an attracting set at time 0. Hence, by Theorem 2.1, we get
the following result refer in [9].

THEOREM 4.1. Assume the conditions of Lemmas 4.1-4.2 hold. Then the random dy-
namical system generated by the solutions of the stochastic 3D Navier—Stokes equations
with damping has a compact random attractors in V.

Appendix A.
DEFINITION A.1. A Fy—adapted V-valued process u(t) is said to be a strong solution
of problem (3.1) if the following conditions are satisfied

(1) u(t) € L*(,L?([0,T), H?))NL*(Q, L>°([0,T],V));

(2) For every t €1[0,T) and Fo—adapted V-valued function ug, the following equality
holds P-a.s.

)=~ [ ' Au(s)ds — / ' Blu(s))ds - / glu(s))ds + / o (s,u(s)dW ().

Proof. (Proof of Theorem 3.1.) We first consider the Galerkin approximation
of (3.1). The following lemma provides the existence and uniqueness of approximate
solutions and uniform estimate. This is the main preliminary step in the proof of
Theorem 3.1. ]
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LEMMA A.1. Under the same assumptions as in Theorem 3.1, if p>1, there exists a
positive constant C' such that

T T
SupE( sup. [[un(t)][? + / utn (8)] 22| [Vt ()] [2ds + / [t (3)] 2272V | 5 2l

n>1 0<t<T
+f ' [ T P2 PV Pdds) < OB o]+ 1),
Proof. Applying Ito formula to ||u,(¢)||??, we get
o (1P <l =2 ()12 V)| s
~2pa [ / ot (3)] P72} Vet s
81704 2 2 811 9
BOOD [ o) =910 5 s
+2p / [t ()] %P2 A, Bt s
#20 [ )17 (T ),V 5,10 (5 )
ver-1) [ ot (5)1127 (5,0 ) s, (A1)
Taking the supremum over the interval [0,¢] on the inequality (A.1), we get

sup ||un(t)]|* + Sup 219/ [[n ()PP 72V ()] 2 ds

s€[0,t]
+ sup 2pa/ / [t (8)]|%P =2 |un |° 1 |V, |2dads
s€0,t] 0 JD
8pa (B —1) /t 2p—2 B+L 9
+ sup ————= Un (8)||P*|V|u,| 2 |5ds
S e [un ()77 V]un| 2 I3

Sl|Uo||2p+2p Sup / [l ()17 (Vi (), Voru (5,1 (5))dW (5))

p(2p—1) sup / 1t ()12 0 (5, (5)) Pl
SGOt

+2p sup / 1t (5)]1%2=2{ At B () s
s€[0,t]J0

=luo||* + I+ Iy +I5. (A.2)

Applying the Burkholder—-Davis—Gundy inequality and Young’s inequality, we have
t
EIL(¢) SCE(/ [t ()| [*F = [t ()| [Pl (5,0 ()) | *ds) 2
0

t
SCE(/@ /D||un(8)IIQ’”IIun(s)IIQ”‘2(1+\un|2)|wn|2dxds)f
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1 t
<3 sup [[un(9)P+CE [ [ lun(o)]P72(1:+ un ) T Pl
2 g<s<t o Jp

1 t
<3E sup I\un(8)||2p+CE/ [[un(5)]|*ds
0

0<s<t
t
LE / un ()] e / 1B [Vt e () ) s
0 D
1 t
<1E sup [jun(s)|P +<E / / 1t (3)] 222 | [Vt s
2 o<s<t o Jp

t
LO.E / l[tn ()| [27ds. (A.3)
0
By the Assumption 2.1, we have
t
}E12§CIE/ / ()PP 2(1 % | ) [V [P
0 JD

¢
geE/ / [t (8)])%P =2 un |P 7 |V, |2dads
0oJp

t
+OE / [ (5)|[2P ds. (A4)
0

Since

2

0<ﬂ<1, for B>3, (A5)

using Young’s inequality and (A.5) to estimate I5(t), we deduce
K 2 2 1 2 1 2
BI(t) <28 | [lun(s)|P? > (Gl Aun3+ G- T B)ds
0
t
<E / [t () 222 [V [P
0
t
+pE/ ||un(s)||2p_2/ |t |2| Vit | T |V |~ 71 daods
0 D
t
<pE / [t ()22 [P
0
t —
+pE/ ||un(s)||2p—2[/(\un|2\vun|ﬁ)%dm]s%[/ (Vi [2~757) 555 da] 1 s
0 D D
t t
<P / [t (8)] 272 |Vt | [2ds + C. / [t (5)][2Pds
0 0
t
+6E/ ||un(s)||2p*2/ |Vun|2|un|671dxds.
0 D

Putting (A.3)-(A.6) into (A.2), we have

(A.6)

t
B sty o (5) 7422 [ 1 ()72 5] s
se0,t 0
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t
—|—2paE/ / [t (8) 12272 )P~ | Vi, |2 dds

8pa (B / 9p—2
+7 Un (8)||P~%|V |up ds
G ()12 P

<Ellual+ 5 0 o (917
_s_
t
+3EE/ / [t (8)]1%P =2 |un |° 1 |V, | 2dads
0oJp

t t
FOE [ fun(Pds-tp [ lun(s)| P72V . (A7)
0 0

Choosing sufficiently small ¢ and applying Gronwall lemma, we have

T T
_ _ B+1
E( sup Hun(t)llz”+/0 [ln (5117 2\IVun(S)II2dS+/O [ln ($)I17772(V Jun| = [3ds

0<t<T
T
+/ /||un(8)|\zp’Qlunlﬁfl\Vuanxds)gc(EHuOH?pH).
0 D

Since the constant C' is independent of n, we have

T T
supE( sup |fun( )|\2p+/0 |Iun(S)\IZP_QIIVun(S)\|2ds+/0 1t ()| P=2V || 5 [3ds

n>1  0<t<T

T
+/ / |\Un(5)||2p_2\un|ﬂ_1|Vun|2dxds)gC(E||uO||2p_~_1)'
0 D
(A.8)

For 2% as =3, we can get the above estimate easily. This completes the proof
of Lemma A.1. 0

By using monotonicity method, we get the existence of the strong solution for
problem (3.1) for 5> 3 with any a >0 and o> % as f=3. The uniqueness of the strong
solution for problem (3.1) also is obtained by using ordinary method. The remain section
of Theorem 3.1 is proved by using similar method in [31,37]. This completes the proof
of Theorem 3.1.
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