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1. Introduction

The long-time behavior of flows has been regarded as an interesting and important prob-
lem in the theory of fluid dynamics, and has been receiving much attention for many
years; see, for example [1-3, 5-8, 13] and the references therein. One of the most studied
models is the Navier—Stokes model (and its variants) since it can provide a suitable model
which covers several important fluids (see [12, 13] and the references therein).

However, most of the studies above are in connection with the deterministic case
and no heredity. As a general rule, another interesting question is to analyze the effects
produced on a deterministic system by stochastic or random disturbances and hered-
ity. In this paper, we consider the following stochastic incompressible two-dimensional
Navier—Stokes equations with delays:

du = [vAu — (u, VYu — Vp+ f(t) + Gu(t — p(t)))]dr
+Au(t — p(1)))dw(@), (0,+00) x D,

divu =0, (0,400) x D,

u(t,x) =0, (t,x) € (0,+00) x dD,

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

u(t,x) =@, x), (,x)e(—1,0) x D,

where D is a regular open bounded domain of R? with boundary I, u is the velocity field
of the fluid, p the pressure, v > 0 the kinematic viscosity, ¢ the initial velocity field, f
the external force field without delay, G (u(¢ — p(¢))) the external force field with delay,
and A(u(t — p(t)))dw(¢) the random force field with delay where w(¢) is an infinite
dimensional Wiener process.
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Recently, stochastic Navier—Stokes equations have been studied by some authors and
many valuable results on the existence, uniqueness and the asymptotic behavior of the
weak solution and the strong solution for such equations have been established. For exam-
ple, Caraballo e al in [4], have discussed the exponential behavior and stabilizability of
stochastic 2D Navier—Stokes equations. The existence and uniqueness of solutions to the
backward 2D stochastic Navier—Stokes equations was obtained in [10]. In [6], Caraballo
and Real have considered the asymptotic behavior of two-dimensional Navier—Stokes
equations with delays with the help of the Lyapunov function and the Razuminkhin theo-
rem, respectively. Wei and Zhang, in [14], have investigated the exponential stability and
almost surely exponential stability of the weak solution for stochastic 2D Navier—Stokes
equations with variable delays by using the approach proposed in [6]. However, although
the desired results can be given in [14], the differentiability of variable delays must be
imposed. So, in this paper, in order to remove this restrictive condition about variable
delays, we proceed to study the exponential stability and almost surely exponential sta-
bility of the weak solution for stochastic two dimensional Navier—Stokes equations with
delays by establishing an integral inequality.

The format of this work is organized as follows. In §2, some necessary definitions,
notations and lemmas used in this paper will be introduced. By establishing an integral
inequality, some sufficient conditions about the exponential stability in mean square and
almost surely exponential stability for the weak solution of stochastic two dimensional
Navier—Stokes equations with delays are given in §3.

2. Preliminaries

Let H be the closure of the set {u € C3°(D, R?) : div u = 0} in the space L%(D, R?)
with the norm |u| = (u, u)%, where for any u, v € L%(D, RY),

2
(u, v) =Z/ w! (x)v’ (x)dx.
j=1"P

Let V denote the closure of the set {u € Cy°(D, R?) : div u = 0} in the space
Hj (D, R?) with the norm ||u|| = ((u, v))2, where for any u, v € H, (D, R?),

2 du; dv;
l 1
’ = - _d
((u, v)) Z / oy o,
i,j=1
Thus, it is obviously seen that H and V are two separable Hilbert spaces with associated
inner (-, -) and ((+, -)), and the following expression is satisfied, i.e.

VcCH=H cV/,

where injections are dense, continuous and compact (H’ and V' are the dual spaces of
H and V, respectively). A1 denotes the first eigenvalue of A, and we remark that || |2 >
M |v|2, Vv € V. Now, we can set A = —PA, where P is the orthogonal projector from
L*(D, R2) onto H, and define the trilinear form b by

b(u,v,w) = Z/ 8v (x)wl( )dx.

i,j=1
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As we shall need some properties on this trilinear form b, we list here the ones we will
use later on (see [13]),

b, v, )| < exlul2 ful2 olllwl 2wl 2, Vi, v,we V.,

b(u,v,v) =0, Vu,velV,

b(u,u,v—u) —bw,v,v—u)=—-b(v—u,u,v—u), Yu,veV,
2.1)

where ¢; > 0 is an appropriate constant which depends on the regular open domain D
(see p. 50 of [7]). Furthermore, we can define the operator B: V x V — V' by

(Bu,v), w) =b(u,v,w), Vu,v,weV,
where (-, -) denotes the duality (V’, V). And, we also set
B(u) = B(u,u), VYuelV.

Let (2, 3, P) be a complete probability space equipped with some filtration J; ( > 0)
satisfying the usual conditions, i.e., the filtration is right continuous and J( contains all P-
null sets. And let 8,(¢) (n = 1,2, ...) denote a sequence of real valued one-dimensional
standard Brownian motions mutually independent on (€2, J, P). Setting

+00
wt) =Y VABuen, 120,
n=1

where A/, > 0 (n = 1,2, ...) are some nonnegative real numbers such that Z,J{:o‘l’ Ay <
400, and {e,} (n = 1,2,...) is a complete orthonormal basis in a real and separa-
ble Hilbert space K. Let Q € L(K, K) be the operator defined by Qe, = A,e, (n =
1,2,...). The above K-valued stochastic process w(t) is called a Q-Wiener process.
L(K, H) denotes the space of bounded linear operators from K to H.

DEFINITION 2.1 [9]

Leto € L(K, H) and define

+00
||o||ig = tr(o Qo*) = {Z /A oen ||2} :
n=1
If ||c7||i0 < 400, then o is called a Q-Hilbert—Schmidt operator and let Lg(K, H)
2
denote the space of all Q-Hilbert—Schmidt operators o : K — H.

Now, for the definition of a H-valued stochastic integral of a Lg(K , H)-valued and -
adapted predictable process ®(¢) with respect to the Q-Wiener process w(t), the readers
can refer to [9].

Thus, the stochastic two-dimensional incompressible Navier—Stokes equations with
delays can be written as follows:

du(t) = [—vAu(t) — B(u®)) + f() + G(u(t — p(1)))]1dt
+ A(u(t — p(t))dw(), t >0, 2.2)
up(f) =¢ € LZ(Q, C(-r,0],H)), 6¢e[—1,0],
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where L2(2, C([—1, 0], H)) denotes the family of all almost surely bounded J; (¢ > 0)-
measurable and C ([—t, 0], H)-valued stochastic process and as usual, equipped with the
supremum norm ||¢|lo = E SUPge[—7.0] |go(6?)|2; the function p : [0, +00) — [0, 7] (T >
0) is bounded and measurable; f : [0, +00) - V/,G:V — V'and A : V — L(K, H)
are three appropriate Borel measurable functions.

The corresponding deterministic system of system (2.2) can be represented as follows:

d
au(t) = —vAu(t) — Bu@®) + f) + Gu® — p(t))), t >0,
up®) =9 € C([—7,0], H), 0 e[-r,0].

2.3)

DEFINITION 2.2 [9]

A stochastic process u(t) (¢t > —1) is said to be a weak solution of system (2.2) if

(1) u(z) is J;-adapted;
(i) u(r) € L®(—1,T: H)YN L*(—7, T; V) almost surely for all 7 > 0;
(iii) the following equation holds as an identity in V'’ almost surely, for all ¢ € [0, +00),

t
u(t) = u(0) + /0 [—vAu(s) — B(u(s)) + f(s) + G(u(s — p(s)))]ds

t
+/0 A(u(s — p(s)))dw(s).

Let C ("2)([0, +00) x H, RT) denote the space of all R*-valued functions ® defined on
[0, +00) x H with the following assumptions:

(1) ®(¢, u) is differentiable in t € [0, +00) and twice Fréchet differentiable in u with
O,(t, ), Dy(t, ) and Oy (2, -) locally bounded on H;

2) o(t,-), P4(t,-) and D, (¢, -) are continuous on H;

(3) for all trace class operators Z, tr(®,, (¢, -)Z) is continuous from H into R;

4) if v € V, then ®,(¢,v) € V,and x — (®,(t, x), v*) is continuous for each v* € V'

(5) 1®u(t, )| = Co()(1 + [lx[), Co(t) >0, forallx € V.

Lemma 2.3 (Ito’s formula) [9]. Let ® € Cc-D ([0, +00) x H, RT). If the stochastic
process u(t) is a weak solution of system (2.2), then it holds that

t
D(t,u(t)) = ©0,u(0)) +/ L (s, u(s))ds
0
t
+/0 (Py (s, uls)), Auls — p(s)))dw(s)),
where

LO(t,u()) = O, u®)) + (—vAu@) — Bu(t)) + f(t)
+Gu(t — p(@))), Dx(t, x()))

1
+ Etr(%u(t, u() A — p()) QAW — p())).
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DEFINITION 2.4 [4]

A weak solution u(t) of system (2.2) converges to us, € H exponentially stable in mean
square if there exist two positive numbers a > 0 and My > 0, such that

Elu(t) — uo|* < Moe™, 1 =0.

In particular, if 1 is a stationary solution of system (2.2), then u, is called exponentially
stable in the mean square provided that any weak solution to (2.2) converges in L t0 s
at the same exponential rate a > 0.

DEFINITION 2.5 [4]

A weak solution u(¢) of system (2.2) converges to u, € H almost surely exponentially
stable if there exists ¥ > 0 such that

. 1
t_l)lgrnoo " loglu(t) —usol < —y, as.

In particular, if u is a stationary solution of system (2.2), then u, is called almost surely
exponentially stable provided that any weak solution to (2.2) converges in L? to us, with
the same constant y > 0.

3. Main results

In order to discuss the exponential stability in mean square and almost surely exponential
stability of the weak solution to system (2.2), we need the following assumptions:

(H;1) There exists a positive number 81 > 0 such that
1G ) — Gy = Bilu —vl,

forany u, v € H and G(0) = 0.
(H») There exists a positive number B, > 0 such that

IA@) = Ay = Bolu — vl

forany u, v € H and A(0) = 0.

Remark 1. For f € L%([0, +00), V') and v > 0, under the conditions (H;)-(H,), we
can show the existence and uniqueness of the weak solution to system (2.2). The proof is
extremely similar to that provided in [12]. Here, we omit it.

Firstly, assume that f is independent of . We consider the existence of the stationary
solution to the equation

VAu+ Bu = f + G(u). 3.1)

Lemma 3.1 [6]. Supposed that condition (Hy) holds and f € V'. Then
1) ifv > )‘1_]’ there exists a stationary solution u~, € V to system (3.1);

(ii) furthermore, if (v — 11 B1)%> > C(D)|| fllv, then the stationary solution us, to system
(3.1) is unique, where C (D) is a positive constant.
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Lemma 3.2. Fory > 0, there exist two positive constants ' > 0, )" > 0 and a function
y: [—1,+00) — [0, +00). If M < y, the following inequality

Me V4 A" [Le VU= qup, o1 y(s +60)ds, >0,
NG S! fo Poe[—1,0] (3.2)

Ae vVl te[-1,0]
holds. Then, we have y(t) < Mie ™ (t > —1), where u € (0, y) such that ]/)‘T”Me’” =1

and M| = ).

Proof. Letting F(u) = VATUMe/” — 1, we have F(0)F(y—) < 0. That is, there exists a
positive constant u € (0, y) such that F(u) = 0.
For any ¢ > 0 and letting C. = A" + ¢, we only claim that (3.2) implies

y() < Cee ™™, 1> —1. (3.3)

It is easily seen that (3.3) holds for any ¢ € [—1, 0]. Assume, for the sake of contradiction,
that there exists a tf‘ > 0 such that

y(t) < Cee ™™, te[—1,1), y() = Cee M. (3.4)
From (3.2), it follows that

t*
Ve v —l—)»”Cg'/1 e V= qup e MO
0

y(t)
0e[—1,0]

IA

A

t*
Ne 7 4+ 0 Cpe V1 / L e is ggeht
0
A Ceelt * AehT
—867}’[1 + Cg
Yy — K Yy — K

Ve 7 — e M (3.5)

IA

From the definitions of x and C,, we have

Aeht
=1
Yy — K
and
" LT . . 1 AT . _
)»/e_”lf . M Cge eV < Ve—vi _ Me e Vi (s _’_)\’/) ()/ M)
Yo u Yy — K Aeht

< 0.
Thus, (3.5) yields
Y(tf) < Cee ™1,

which contradicts (3.4), that is, (3.3) holds.
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As ¢ > 01is arbitrarily small, in view of (3.3), it follows that

y(t) < Mie ™™, 1> -1,

where M] = A/ > 0. The proof of this lemma is completed. (]

Theorem 3.3. Let uo be the unique stationary solution of (3.1) and A(us) = 0.
Suppose that the conditions (Hy)—(H») are satisfied, then the weak solution u(t) of system
(2.2) converges to the stationary solution u, of system (3.1) exponentially stable in the
mean square provided that the following inequality

1 281 + B3
20> 2— + =2 3.6
mlluooll » (3.6)
holds.
Proof. From (3.6), we can choose a positive constant A > 0 such that
281 + B2
A—A1<2v—2c—ll|uoo|| — M) > 0. 3.7)
VA A
Then, by using Lemma 2.3 to the function eMu(r) — uoolz, we have
M |u(t) — too|?
t
= u(0) — usol® + x/ ™ u(s) — uoo|*ds
0
t
—2/ e (WAU(s), u(s) — uoo)ds
0
t t
—2/ M (Bu(s)), u(s) — uoso)ds + 2/ e (f,u(s) — uoo)ds
0 0
t
42 f & (G uls — p()), u(s) — ttao)ds
0
t
™) / & (Auls — p(s))). u(s) — too)dw(s)
0
' As _ 2
+/ P IIA (s — p()NIods. (3.8)
0 2
Since uq is the stationary solution to (3.1),
t t
/ e (VAloo, u(s) — tioo)ds +f e (B(itoo), u(s) — tioo)ds
0 0
t t
= / e (f, u(s) — too)ds + / (G (Uso), u(s) — tso)ds, (3.9)
0 0

and, noting the next identity:

(Bu(t)) — B(uco), u(t) — thoo) = bu(t) — thoo, oo, u(t) — Uteo).  (3.10)
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Substituting (3.9) and (3.10) into (3.8), we can obtain
M |u(t) — too|?
t
= [u(0) — uol?® + Af ™ u(s) — too|*ds
0
t
—2/ M WAW(S) — too), u(s) — too)ds
0
t
—2/ M bU(s) — oo, Uoo, U(S) — tog)ds
0
t
+2 f e (G (u(s — p(5))) — Gluco), u(s) — Uoo)ds
0
t
—2/ e (A (s — p(5))) — Aioo), U(s) — Uog)dw(s)
0
t
+ / A (s — p(5)) = Alutso) |17 9ds. (3.11)
0 2
Since fot e (Au(s — p(5))), uls) — uoo)dw(s) is a martingale [11], we have

t
E/ e (A U(s — p(5))) = Alitoo), u(s) — ttog)dw(s) = 0.
0
So, from (3.11) it follows that
ME|u(t) — oo

= Elu0) — uoo|® + A/Ot eMEu(s) — uoo|’ds
—2/01 M EWA(S) — o), u(s) — too)ds

-2 /Ot M Ebu(s) — tloo, Uoo, U(S) — tog)ds

+2/0t M E(Gu(s — p(s5) — Gluoo), u(s) — ttoo)ds

+/Ot M E|Auls — p(s))) — A(Moo)”igds. (3.12)
From the properties of trilinear form b, we have
[b(u(s) = thoo, Uoo, u(s) — Ueo)]
< crfu(t) — ool u(?) — uco|l Nluccll

(&} 2
< — t) — . 3.13
< mllumll lu(®) — usoll (3.13)
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In view of (3.7), (3.13) and the conditions (H;) and (H,), we obtain
eME|u(t) — oo

t
:E|u(0)—uoo|2+A/ eME|u(s) — uoo|*ds
0
t
—2/ M EWAW(S) — too), u(s) — too)ds
0
t
—2/ M Ebu(S) — tloo, Uoo, U(S) — too)ds
0
t
+6i f & Ellu(s) — uoo?ds
0
1
B+ ﬁ%)/o & Elu(s — p(s)) — tool2ds
t
< E|u(0)—uoo|2+,\/ eMEu(s) — uoo|*ds
0
—@v—2-"|u ll—ﬂ)/te“Ellu(s)—u I*ds
VT x

t
+(B1 + ﬂ%)/ M Elu(s — p(s)) — uoo|*ds
0

< Eu(0) — ucol* + [k —AQ2v— 2\;_/1\—1”%0” - ﬁl)i|

t
/ M Elu(s) — uso|’ds
0

t
(B + ﬁ%)/ & Eluls — p(s) — usol?ds
0

c1 281 + B3
< Elu0) —u 2+|:A—A 20 —2——|usol] — ———=
< Eu(0) — ucol 1( «//\—1” ooll . )
t
/ ™ sup  Elu(s 4+ 60) — uso|’ds. (3.14)
0 fe[—1,0]
Consequently, from (3.14), we have
Elu(t) —usl® < sup EJu(®) — ucol’e™
6e[—1,0]
cl 281 + B
HIA—2Qv —2— U] — ——=
[ 1( mll ool ™ )
t
x/ e ) sup  Elu(s +6) — usol?ds,
0 Oe[—1,0]

for all # > 0. Obviously, it is easily derived that E|u(t) — uso|* < SUpge[—r01 Elu(0) —
Usol?e ™, t € [—1,0].

2
Case 1. If A = 1 (2\1 — 2%1 lusoll — 251;:52 ), the desired result is obviously obtained.
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2
Case 2. If L > A (21} — 2\;)'71”1400” — %), from Lemma 3.2, it follows
Elu(t) — uool® < Mae™, 1 >0,

where @ € (0, A) and

Mzzzmn{ sup  Elu(®) — tiool>(h — )
Oe[—1,0]

Cl 261 +'322 at -
><<|:)\ —2Qv— 2\/—)\_1||uoo|| - )»—1):|e ) )

sup Emw)—uwﬁ}>o.
oe[—1,0]

The proof of this theorem is completed. ]

Theorem 3.4. Supposed that all conditions of Theorem 3.3 are satisfied, then the weak
solution of system (2.2) converges to the stationary solution u of system (3.1) almost
surely exponentially stable.

Proof. Letn =1,2,..., from Itd formula, fort > nr,
!
u(t) — too|* = |u(nh) — ucol* — 2/ (VA(S) — too), u(S) — to)ds
nh
t
—2/ (B(u(s)) — B(uco), u(s) — uoo)ds
nh

t
+2f (Gu(s — p(s5))) — Guco), u(s) — ueo)ds
nh

t
+ f 1A GuGs = p())I2ds
nh 2

t
+2 f () = . AGu(s = () dw (s,

In view of Burkholder—-Davis—Gundy formula,

nh<t<(m+1)h Jnh

t
E ( sup / (u(s) = uco, Au(s — p(S))))dw(S))

1

(n+1)h 3
<CE (/ lu(s) — ool | Auls — p(s)))nigds)

h

) (n+1)h ) |
SCEC swp o) —usl [ IAGG = po))IEya0)?
n

nh<s<(n+1)h
1 ) , (n+1)h 5
< ZE( sup  [u(s) —uoso|) +C / E||Au(s = p(s))l7ods,
nh<s<(n+1)h nh 2
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where C, C’ denote two positive constants. From Theorem 3.3, we have

(n+1)h
/ Elu(s — p(s)) — too|>ds < Mpe®Te™ 9",
nh

Thus, it follows that

E sup lu(t) —uoo|2
nh<t<(n+1)h

(n+1)h
< Elu(nh) — uco|* — 2v/ Ellu(s) — uoo)|*ds
nh

1 (n+1)h 5
+2—|Iuoo||/ llu(s) — ucoll“ds
Al nh

I

Bi (n+1)h 5
+71f Ellu(s) — uselPds
nh

(n+1)h
+(B1 + (1 + 20’);3%)/ Elu(s — p(s)) — ool ds
nh

1
+-F sup |u(t) — uool2
2 \nh<r<@m+1)n
B1

) 1 1 (n+1h 5
< Elu(nh) —u - —(2v—-2— - — Elu(s) —u ds
< Elu(nh) — uco| M( N M)/nh [u(s) — uool

1
+(B1 4 (1 +2CHBHMae*Te "  _E ( sup  |u(t) — uoo|2>.
2 \uh<t<@m+Dh

From (3.6), it implies that

EC sup  |u(t) —ucol®) < Me™®"™",
nh<t<(n+1)h

where « is given in Theorem 3.3 and M > 0. Based on the Chebychev inequality,

_ (@=&)nh _
Plow: sup  |u(t) —ueo| > €7 2 < M'e=e"",
nh<t<(n+1)h

where M’ is a positive constant and ¢ € (0, ).
From the Borel-Cantelli lemma, there is a finite integer no(w) such that

_ (@=&)nh
2

sup u(t) —ueo| <e , a.s.
nh<t<(n+1)h
for all n > ng. The proof of this theorem is completed. (]

Remark 2. Recently, in [14], Wei and Zhang have obtained the exponential stability in
mean square and almost surely exponential stability for the weak solution to system (2.2)
by constructing the Lyapunov functional proposed in [6]. But, an additional condition:
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Ps = SUP;> p'(t) < 1 must be imposed in [14]. However, this restrictive condition about
the time-varying delay can be removed in this paper. So, our result can improve the one
given in [14].

COROLLARY 3.5

Assuming that condition (Hy) holds, the weak solution u(t) of system (2.3) converges to
its stationary solution u~o exponentially stable provided the following inequality
Bi

L xooll +
v>——|x —
A o

VAL Al
holds.

Remark 4. In [6], Caraballo and Real have studied the asymptotic behavior of the weak
solution to system (2.3) by utilizing the direct method. However, a strong restrictive con-
dition of the delay are also imposed in [6], i.e. p'(¢) < 1, for V¢ > 0. In this paper, we can
remove this one. Thus, we can generalize and improve the result in [6].
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