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Abstract. In this paper, we establish a small time large deviation principle (small time asymptotics) for the two-dimensional
stochastic Navier—Stokes equations driven by multiplicative noise, which not only involves the study of the small noise, but also
the investigation of the effect of the small, but highly nonlinear, unbounded drifts.

Résumé. Dans cet article, nous établissons un principe de grandes déviations en temps petit pour ’équation de Navier—Stokes
bi-dimensionnelle stochastique conduite par un bruit multiplicatif. Celui-ci nécessite non seulement 1’étude d’un bruit faible, mais
aussi la compréhension des effets de dérives petites mais non bornées et non linéaires.
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1. Introduction

It is well known that the two-dimensional stochastic Navier—Stokes equation with Dirichlet boundary condition de-
scribes the time evolution of an incompressible fluid and is given by

du —vAudt + (u-V)udt +Vpdt =gdt +o(¢,u)dW(r),

(divu)(t,x) =0 for x e D, t >0,
u(t,x)=0 for x €edD,t >0,
u(0,x) =up(x) for x € D,

where D is a bounded domain in R? with smooth boundary 8D, u(z, x) € R? denotes the velocity field at time ¢ and
position x, p(t, x) denotes the pressure field, v > 0 is the viscosity and W is a Brownian motion on a Hilbert space.
Moreover, o (¢, u) dW is the random force field acting on the fluid and g is the deterministic part of the force.

To formulate the stochastic Navier—Stokes equations, we introduce the following standard spaces:

V={vEH()I(D;Rz):Vm:Oa.e.,inD},

with the norm

1/2
||v||v:=</ |Vv|2dx) = vl
D
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and denote by ((-, -)) the inner product of V. H is the closure of V in the L2-norm

1/2
lv|p = <f |v|2dx) =v|.
D

The inner product on H will be denoted by (-, -).
Define the operator A (Stokes operator) in H by the formula

Au=—vPyAu, YueH*(D;R*)NV,

where the linear operator Py (Helmhotz—Hodge projection) is the projection operator from L? to H, and the nonlinear
operator B

B(u,v) = Py ((u-V)v),

with the notation B(u) = B(u, u). Obviously the domain of B requires that (1 - Vv) belongs to the space L2,
By applying the operator Py to each term of the above stochastic Navier—Stokes equation (SNSE), we can rewrite
the SNSE in the following abstract form:

du(t) + Au(t)dt + B(u(t))dt = f()dt + o (t,u(t))dW(t) in L*(0,T; V') (L.1)
with the initial condition
uQ)=ug in H, (1.2)

where W (¢) is a Brownian motion taking values in a Hilbert space U, and V' is the dual of V.

There exists a great amount of literature on the stochastic Navier—Stokes equation. Let us mention some of them.
A good reference for stochastic Navier—Stokes equations driven by additive noise is the book [4] and the references
therein. The existence and uniqueness of solutions for stochastic 2-D Navier—Stokes equations with multiplicative
noise were obtained in [8], [13] and [14]. The ergodic properties and invariant measures of the stochastic 2-D Navier—
Stokes equations were studied in [9] and [11]. The small noise large deviation of the stochastic 2-D Navier—Stokes
equations was established in [14] and the large deviation of occupation measures was considered in [10].

The purpose of this paper is to study the small time asymptotics (large deviations) of the two-dimensional sto-
chastic Navier—Stokes equations driven by multiplicative noise on C ([0, 1]; H). After the existence, uniqueness and
continuity of the solution of SNSE are established, it is still generally difficult to quantify the behavior of the solution
at a position x and a positive time ¢. It might be relatively simple to estimate the limiting behavior of the solution
in time interval [0, 7] as ¢ goes to zero, which describes the behavior of the velocity of the fluid at a given point in
space when the time is very small. This is one of the motivations for studying the small time asymptotics. Another
motivation will be to get the following Varadhan identity through the small time asymptotics:

liI%ZtlogP(u(O) € B,u(t) € C) = —d*(B, C), (1.3)
—

where d is an appropriate Riemannian distance associated with the diffusion generated by the solution of the SNSE.
This will be a topic of future study.

Apart from the above motivations, the small time asymptotics is also theoretically interesting, since the study
involves the investigation of the small noise and the effect of the small, but highly nonlinear drift. We like to mention
that the study of the small time asymptotics (large deviations) of finite dimensional diffusion processes was initiated
by Varadhan in the influential work [16]. The small time asymptotics of infinite dimensional diffusion processes were
studied in [1,2,7,12] and [17].

To establish the small time large deviation for the stochastic Navier—Stokes equation, as one expects, the main
difficulty lies in dealing with the nonlinear term B(u) = Py ((u - V)u) and the unbounded term Au = —v Py Au,
which barely belong to V'. To control B(u), our idea is to show that the probability that the solution stays outside
an energy ball is exponentially small so that we can restrict the solution in a sufficiently large energy ball. We hope
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that this method used for treating the non-linear term could be useful in some other study of stochastic Navier—Stokes
equations. Another key step of obtaining the small time large deviation is to prove that the law of the solution of the
Navier—Stokes equation u(et) is exponentially equivalent to the law of the solutions of the equation:

t
vg(t)zx—i—ﬁ/ a(ss,vg(s)) dW (s). (1.4)
0

This is done through several approximations. A remarkable martingale inequality proved by Barlow, Davis and Yor in
[5] and [3], plays an important role throughout the paper. We point out that this martingale inequality is more precise
than most of the B-D-G’s inequalities stated in the literature because the constant on the right is p!/? (see (3.11)), but

not p.
The rest of the paper is organized as follows. In Section 2, we collect some preliminaries which are frequently used

in the sequel. Section 3 is the main part of the paper, where we proved the small time large deviations for stochastic
Navier Stokes equation. In Section 4, we further relax the conditions on the diffusion coefficient o (-).

2. Preliminaries

Identifying H with its dual H', we consider Eq. (1.1) in the framework of Gelfrand triple:
VCHZH cV.

In this way, we may consider A as a bounded operator from V into V’. Moreover, we also denote by (-, -}, the duality
between V and V’. Hence, foru = (u;) € V, w = (w;) € V, we have

(Au,w):vZf diuj dyw; dx = v((u, w)). 2.1)
—' JD
ij
Introduce a trilinear form on H x H x H by setting
2
b(u,v,w):Z/ u;divjw; dx, (2.2)
ij P
whenever the integral in (2.2) makes sense. In particular, if u#, v, w € V, then
2
(B(u, v), w) = <(u - Vo), w) = Z/ ujdjvjw;dx =b(u, v, w).
—'JD
ij

By the integration by parts,

b(u, v, w)=—b(u, w, v), (2.3)
therefore
b(u,v,v) =0, VYu,veV. 2.4)

There are some well-known estimates for b (see [15], for example), which will be required in the rest of this paper
and we list them here. Throughout the paper, we denote various generic positive constants by the same letter c. We
have

b, v, w)| < clull - o]l - w], 2.5)
b, v, w)| < clul - vl - | Aw], 2.6)
b, v, w)| < cllull - o] - |Aw, @.7)

|bGu, v, w)| < 20wl Jul? w2 w2y (2.8)
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for suitable u, v, w. Moreover, combining (2.3) and (2.8), we obtain a useful estimate as follows:

|Buly: = sup |b(u,u,v)| = sup |b(u,v,u)| <2|ull - |ul. (2.9)

i<l llvl=1

3. Small time asymptotics

First, we introduce the precise assumptions on o. Let (§£2, F, P) be a complete probability space with a filtration
Fi, t > 0 that satisfies the usual conditions. Let W (-) be a H-valued Brownian motion on (£2, 7, P) with the covari-
ance operator Q, which is a positive, symmetric, trace class operator on H. Let L g denote the class of linear operators
T such that T Q'/2 is a Hilbert—-Schmidt operator from H to H. L is endowed with the norm |T |iQ =Tr(T QT™),

where Tr(7T QT*) denotes the trace of operator T QT*. Let LE denote the class of linear operators T such that 7 Q'/2
is a Hilbert—Schmidt operator from H to V, endowed with the norm |T |iv =Tr(T QT*). Introduce:
0

(A.1) Elug|* < +o0o, feL*0,T; V).
(A.2) There exists a constant L such that |o (z, u)|2LQ <L+ u)?), forallt€(0,T), andall u € H.

(A.3) There exists a constant L such that for lo(t, u)|iv < i(l + |lu)|?), forallz € (0,T), andallu € V.
0

(A.4) There exists a constant K such that |o (t,u) — o (t, v)|%Q <K|u— v|2, forallr € (0,7T), and all u,v € H.
(A.5) There exists a constant K such that lo(t,u) —olt, U”iv < I€||u — ]|, forallr € (0, T)andall u,v e V.
0

It is known that (see, for example, [14]), under the assumptions (A.1), (A.2) and (A.4), the SNSE

{ du(t) + Au(t)dt + B(u(t)) dr = f(1)dr + o (t,u()) dW (), 3.1)
ul)=xeH ’

has a unique strong solution u € L2(£2; C([0, T]; H)) N L*(£2 x [0, T]; V), i.e.,

t t
u(t):x—/tAu(s)ds—/ B(u(s))ds+/ f(s)ds—i—/td(s,u(s))dW(s). 3.2)
0 0 0 0

Let ¢ > 0, by the scaling property of the Brownian motion, it is easy to see that u(et) coincides in law with the
solution of the following equation:

ut(t) =x —S/OZAME(S)dS —5/: B(ug(s)) ds +8/01 f(es)ds +\/E/0t0'(8s, ug(s)) dW(s). (3.3)
Let pf be the law of #®(-) on C([0, 1]; H). Define a functional I (g) on C([0, 1]; H) by
1(g) = inf {1/1|h(t)|il dt},
her, |2 Jo 0
where Hy := Q'/2H endowed with the norm |h|%10 =10~ Y2h|*(h € Hy), and
I, = {h € C([O, Tl; H): h(-) is absolutely continuous and such that

t
g(t) =x +/ o (s, 8(s))h(s)ds, 0 <t < 1}.
0
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Theorem 3.1. . satisfies a large deviation principle with the rate function I (-), that is,
(1) For any closed subset F C C ([0, 1]; H),

limsup ¢log ux (F)<-— 1nf (I (g))

e—>0,x,—>x
(ii) For any open subset G C C([0, 1]; H),

liminf ¢log [,Lx (G)=-— 1nf (I(g))
X

e—0,x,—>

Proof. Let v®(-) be the solution of the stochastic equation

t
V() =x+ ﬁ/ a(ss, vg(s)) dW (s), (3.4)
0

and v® be the law of v®(-) on the C([0, 1]; H). Then by [4], we know that v® satisfies a large deviation principle
with the rate function 7(-). Our main task is to show that two families of the probability measures uf and vé are
exponentially equivalent, that is, for any § > 0,

l1m 810gP< sup |u t)—v (t)‘ >8) —00. 3.5)

0<r<l1

Then Theorem 3.1 follows from (3.5) and Theorem 4.2.13 in [6] for x,, = x. Slight modifications of the proof yields
the general case. d

Because of the non-linear form B(-, -, -), and the unbounded operator A, the proof of (3.5) is quite involved. We
split it into several lemmas. The following result is an estimate of the probability that the solution of (3.3) leaves an
energy ball.

Lemma 3.1.

lim sup 810gP((|u |V(1)) >M) —00, (3.6)

M—000<e<]
1
where (|uf | (1))? = supy,<| |u®(0)1> + ev [y uf(@)]|dr.

Proof. Since (B(u®(s)), u®(s)) =0, applying It6’s formula , we get
t t
’u‘g(z‘)’2 =|x|? — 28/ (u®(s), Au®(s))ds —|—28/ (ug(s), f(es))ds
0 0

t t
+2«/§f (ug(s),a(ss,ug(s)) dW(s))+£f |a(ss,u8(s))|ig ds
0 0

that is,

t t t
|u€(z)|2+2su/ ||u€(s)||2ds: |x|2+28/ (ug(s),f(es))ds+2¢5/ (U (s), o (g5, u’ (5)) AW (s))
0 0 0

t
PR
—1—5_/(; |o(es,u (s))|LQ ds
= x>+ + 1L +1. (3.7)

For /1, we have

t t 1
I 528/0 |uf )| - |fes)], ds 551)/0 ”ug(s)szs—i—;Ifliz(o’mv,). (3.8)
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In view of (A.2),
t
|13] 58~L/ (14 [u()[?) ds. (3.9)
0

Putting (3.7), (3.8) and (3.9) together, it follows that

t 1 t
|u5([)|2+g\)/0 2 ds < <|x|2+th+;|f|iz(0’ o V,)> +eL/O |u (5| ds

t
(us (s), (T(SS, ut (s)) dW(s)) ‘
0
Therefore,
1 T
(Juf [y (D)) < 2(|x|2 +eLT + ;|f|iz(O,8T;V,)> + ZEL/O (|uf ()] 11 ()7 ds

+44/e sup
0<t<T

t
/ (ug(s), a(ss, ug(s)) dW(s))‘.
0

Hence, for p > 2, we have,

: 2071/ 2 T et nzac) )
(E(ju® |5 (m)*")"? <2 x|+ 6LT + - |f|L2(OgT vy ) +2eL| E A (|u]} ()" ds

PN\ I/p
)) . (3.10)

To estimate the stochastic integral term, we will use the following remarkable result from [3] and [5] that there exists
a universal constant ¢ such that, for any p > 2 and for any continuous martingale (M;) with My = 0, one has

+ 4ﬁ(E< sup

0<t<T

t
f W (s), o (es, us(s)) dW (s))
0

|m7 |, < ep'?] ()], G.11)

p

where M = supy,-, |M;| and || - ||, stands for the L? -norm.
Using this result, we have

t P\ l/p
4J§(E( sup / (u®(s), o (es,u(s)) dW (s) > )
0

0<t<T

s4c¢ﬁ<E<fT|u8<s>|2 o (e5,u* () |7 ),, )W

<4C\/_< </ luf )2 (1 4+ [uf ) ) 1/p
<dc./pe ( ( 1+|u (S)| ) )p/2>2/p}1
<dc./pe (E( 1+|ug(s)|4)ds>p/2>2/p}1/z

T 1/2
<4dcpe f 1+ (E|uf(9)]*) /Pd} , (3.12)
0
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where c is a constant which may change from line to line. On the other hand,

T p\1/p T
28L<E</0 (\ugy’v’(s))zds>) 528L/0 (E(|uf] 5 ())*7)"/ ds. (3.13)

Combining (3.10), (3.12) and (3.13), we arrive at
H 2p\2
(B (|| ))*"”
<8(xP+eLT + 112 “rsenr [ 6)?)
=8| IxI"+e +;|f|L2(0, e vy ) T0€ A (E(|u |V(S)) ) S
r H, \(\2p\2
+32€2p8T+3262p8/ (E(}u€|v(s)) p) /P gs. (3.14)
0
Applying the Gronwall’s inequality, we obtain
H, \\2p\2
(B (|| )7y
1 2
< |:8(|x|2 +el+ ;|f|iz(o,g;v/)) +32c2pa} -exp (8e2L2 +32¢% pe). (3.15)
Since P((lu®|H (1))? > M) < M—PE(Ju®|H (1))?7, let p= 1 in (3.15) to get

810gP((|u8|CI(1))2 > M)

< —log M +log(E(|u®]}} (1))*")"/?

1 2
< —logM + log [8<|x|2 +eL+ ;|f|§2(0, W)) + 3zc2} +4e2L? +16c%.

Therefore,

sup ezlogP((|u‘g|CI(l))2 > M)

0<e<l

1 2
<—logM + log\/[8<|x|2 +L+ =1 fla0,: V,)> + 32c2] +16¢* +4L%.
v s 1
Letting M — oo on both side of the above inequality, we finish the proof. 0

Since V is dense in H, there exists a sequence {x,}7> ; C V such that

lim |x, —x|=0.
n—+00o

Let uf () be the solution of (3.3) with the initial value x,,. From the proof of Lemma 3.1, it follows that

lim sup sup elog P((Ju]{ (1))* > M) = —occ. (3.16)

M—+00 p 0<e<l1

Let v () be the solution of (3.4) with the initial value x,, and we have the following result.
Lemma 3.2. ForanyneZ™",

lim sup elogP(Osup1 [ vﬁ(t)“2 > M) = —00.
<i<

M—000e<]
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Proof. Applying It6’s formula to ||V} (¢) |2, one obtains

||v (t)|| = [|xx|l —|—2f/ vi(s), o es v (s))dW(s) +8/ \a es (s))|ig ds.

By (A.3) and inequality (3.11), we have

2/ r P/2\ 2/p
(E[ sup ||vfl(t)||21’]) b <2|xnll* + 8cep| E / Hv,ﬁ(s)”z}a(ss,vf,(s))’iv ds
0<t<r 0 0
A r 2/p
—|—42L2<+/E RO d)
e“Ler|\r A ( [Osfl;gsnv ()” ]) N

4 r ! 3 2p 2p
< 2llxall* + 16cepl. r—l—/ (E[sup lvs )| ]) ds
0 0<I<s

A 2/p
+482L2r<r+/ ( [Sup I3 (l)||2p]) ds). (3.17)
0 0<i<s
By Gronwall’s inequality,
2/p A A 7 7
(E[ sup | v,i(z)||2”]) < (2xall* + 16cepl + 462 L2)e 0P L4717, (3.18)
0<t<l
The rest of the proof is the same as that of Lemma 3.1. ]
Lemma 3.3. Forany § > 0,
lim sup 810gP< sup |u (t) — un(t)| > 8) —00. 3.19)
n—=>+00 g e<| 0<r<1

Proof. For M > 0, define a stopping time

t
Te.M =inf{t: sv/ ||u8(r)||2dr > M, or ’us(z‘)|2 > M}.
0

Clearly,
(sup @) =y > 8, (ju? [y (1) < M) = (sup IRORAQIET R NESY
0<r<l 0<r<l
< P( sup  |uf () —uE )] > 5). (3.20)
0<t<1ATe. m

YATE.M c 2
—ke [y NS 148 (£ A 76 1) — Ul (t A tepm)|?, we get

Let k be a positive constant. Applying Itd’s formula to e
INTe M INTe,M PN
e—ksfo flu (A)Hst |I/L£(t A TE,M) o Mfl(l‘ A TS,M)|2 + 281)/ e—ké‘fo llu (V)HZdr ||ME(S) . Mf, (S) ||2dS
0
INTe M _ " . 2 5 5
=l ke [ R RORE )t ) a0 s
0
INTe. M S e 2
— 2 / e ke Jo I IR (1 (42 (5), u® (), u® () — uly(s))
0

— b(ufl (), u (), u®(s) — uf,(s))) ds
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INTe, M Syoe 2 5
+ 8/ e—ke Jo lluf ()1l d’|a(es, u®(s)) — o (es, uf,(s))|LQ ds
0

INTe, M

+ 2¢§f e—ke Jo lu® )1 dr (4 (s) — ul(s), (o (es,u®(s)) — o (es, ui(s))) AW (s)). (3.21)
0

Notice that by (2.4), we have
b(uy, (1), 143, (0), u® (1) — up, (1) = b(uy, (1), u® (1), (1) — uy, (1)),
hence by (2.9),
|b(u (1), u® (1), uf (1) — ul (1)) — b(ul (1), ul (1), u® () — uly ()|
= [b(u® (1) = up (1), u® (1), u® (1) — uy, () |
<2uf () —ul )| |u* @] - |u* @) —ub@®)].
Therefore, by (3.21),

INTe M\ o INte,m S 1€
e—ke fo llu (‘Y)”zd“!us(t ATem) —ug(t A rt,;,M)|2 + 281)/ e—ke Jo lut())*dr Hus(s) - uf;(S)szs
0
INTe, M 5 .
<t —te [ HBWORE e  Pu) ~o s
0
INTe M ke ¥ 1t 24
+48/ e~ke Jo lu* )l "uf (s) —ul ()| - ut )| - |ut () —ub(s)| ds
0
INTe M " .
+ aK/ e ke Jo llu (r)HZdr|u8(s) - ui(S)|2ds
0

+2J¢

AT, .
f " ke Jo Iut )12 dr (ug(s) —ub(s), (0 (ss, ug(s)) - a(ss, ufl(s))) dW(s))
0
INTe M s e
<|x —xul? - ks/ e ke Jo I O e (5) 12 |u (5) — ut (s) | ds
0

INTe, M S oe 2 2
+ 81)/ e ke Jo Ilu (1% dr [ (s) — ul(s)| " ds
0

AT, NETE
N 478 ek IO e (0) 8 () [ (5)] ds
0

INTe M " . 2 5
+8K/0 e~ke Jo luf ™I dr|u€(s) — ufl(s)| ds

IATg, T
+2Ve / RIS A TGRS (1 (s) — u(s), (o (85, u®(5)) — o (es, Ui (s))) dW(s))‘. (3.22)
0

Choosing k > % and using (3.11), we have,

(E[ sup (e_kfév Hug(r)||2dr|ug(s) _ uf,(s)|2)]p)2/p

0<s<tATe.m

! e PN2/P
§2|x—xn|4+2£2K2/ (E[( sup e ke gl <l>”2d’|u8(r)—u§(r)|2) ]) ds
0

0<r<sAte,m

t 5 Nl p/27\2/p
+ 8capK2/ (E[( sup e—2ke fo llu (l)||2dl|ug(r) _ ufl(r)rt) ]) ds
0

0<r<sAte.m
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! r e 2/
§2|x—xn|4+2€2K2/ (E[( sup e kel I (l>ll2dl|uf(r)—u;;(r)|2)p]) " ds
0

0<r<sAtem

! r 2/p
2 —ke 7 lut )2 dl _ 2\»
+8cepk /O(E[( sup e kelo lu () — ul ()] ) ]) ds. (3.23)

0<r<sAte.m
Applying Gronwall’s inequality, one obtains,
—ke f; luf ()% ds |, e e 2yP NP
(E[ sup (e 0 |u (t)—un(t)| ) ])
0<t<IAtem

22 2
<2|x — xp|te2e K HBcep KT (3.24)

Hence,

(E[ sup  (Jut (1) — uf,(t)|2)”]>2/p

0<t<1ATe. p

. InTg, o 2
< (E[ sup (7RSI @IPAs| e gy e (1) [2)Pekpe M T (s>||2ds]) /»

0<t<IATe M

< e2kM (E[ sup (e—ksfo’ HMS(S)Hst’MS(t) _ ui(t)|2)p])2/17

0<t<IATe.m

S 262kM|X _ Xn|46282K2+8C8pK2. (325)
Fix M, and take p =2/¢ to get

sup elogP( sup |u8(t)—uf,(t)|2>5>

O<e<l 0<t<1ATe M

E[SUPg</<ipr, ,, 115 () — uf (1) 7]
< sup elog :

0<ex<l oP

<2kM +2K? + 16¢K? — 21og 8 + log2|x — x,|*

— —00, asn— +oo. (3.26)
By Lemma 3.1, for any R > 0, there exists a constant M such that for any ¢ € (0, 1], the following inequality holds,
P((juf | (1)* > M) <e /e, (3.27)
For such a M, by (3.20), (3.26), there exits a positive integer N, such that for any n > N,

sup slogP( sup |u® (1) —uf,(t)|2 >6,(

0<e<l 0<t<1

w [y )’ =M) =R, (3.28)

Putting (3.27) and (3.28) together, one sees that there exists a positive integer N, such that for any n > N, ¢ € (0, 1]

P( sup |uf (1) — ul. (1)) > 5) <2¢ R/e, (3.29)
0<t<l
Since R is arbitrary, the lemma follows. O

We have the following similar result for v®(-) and v ().
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Lemma 3.4. Forany § > 0,

lim  sup 810gP< sup |v€(t) — v;(t)|2 > 8) = —00. (3.30)

n—>+000_e<] 0<r<l

Proof. The proof is similar to that of Lemma 3.3. Applying Itd’s formula to [v® () — v}, (t) |2, and taking (3.11), (A.4)
into consideration, it follows that

(E[ sup |vg(s) — vj(s)|2p])2/p

0<s<t

13
<20x — xa|* + (8cepk + 2521<2)/0 (E[ sup Jo*e) - vf,(r)’z"’Dz/p ds. (3.31)

0<r<s

Applying Gronwall’s inequality,

2/p X
(E[ sup [v¥ (1) — u;(t)|2p]) < 2Yx — x, [eBeerKP+2E7 K3 (3.32)
0<r<l1
The rest proof is the same as that of Lemma 3.3. g

Lemma 3.5. For any § > 0, and every positive integer n,

lim ¢ log P( sup |u2(t) — v,‘i(t)|2 > 8) = —o0. (3.33)
e—0

0<r<l1

Proof. For M > 0, define the following stopping times:
t ) )
t;;; :inf{t >0: 8/ |ug(s)||“ds > M, or |uf ()| > M},
' 0

tf,:; =inf{r > 0: ||vi(t)||2 > M}.
Then we have

P( sup |ufl(t) - v,‘i(t)|2 >4, (

0<r<l1

iy () <M, sup [0 < M)
0<r<l1

2
= P( sup fuy0) = v’ > 8.1 <7l ATl
0<r<1 ' '

<P sip |l @) — i@ > 5). (3.34)

- 1,n 2.n
OstslAts,MArs,M

Put ), = 1:61,';[ A '1:52,"1,, Applying It6’s formula to |uf, (r A T/ ) — v (7 A rs'fM)lz, we get
) INT )
|ufl(t A th) - vﬁ(t A r&ffM)| + 281)/ ||uf1(s) - v,‘i(s)” ds
0
[/\‘L'E’M t/\Ta,M
= —28/ <u8(s) —vi(s), Avi(s))ds — 28/ b(ufl(s), ut (s), us(s) — vfl(s)) ds
0 0
AT

t/\rg"_M ,
+ 28/ (u(s) = vi(s), f(es))ds +s/ o (es, uf(s)) — o (es. v,ﬁ(s))|ig ds
0 0

[/\T:.
+ 2\/5/ M(ufl(s) — v (s), (a (8S, us (s)) — o(ss, vl (s))) dW(s))
0



Two-dimensional stochastic Navier—Stokes equations 1013

ATy EAT 3y
= —2sf (s (s) — v5(s), Av(s))ds — 28/ b(u(s) — vi(s), uly(s), uly(s) — vi(s)) ds
0 0

n
INT, y

t/\rg'f ’
26 [ b0 . ) ds 26 [ b0 i), Sen)ds
0 0
ATy 2
-|—g/ |U(8s,ufl(s))—G(SS,Uz(S))|LQdS
0
ZAI;M
208 [ 00— 1500, 0 o5, 059) — o e, 259) W),
0
Applying the inequality
4
2ab5 Ka2+—b2, (l,bZO,
4 v

and by (2.3), (2.4), (2.9), we have,

) tArgM )
|ufy (e ATl yg) —vn (e ATl y) |+ 281)/0 [ug (s) — vi(s)|| " ds
t/\rZM
< 28/ |<ufl(s) —vi(s), Avfl(s))| ds
0
tAr;fM
+ 28/0 |uf () = V5 ()| - [[ul ()| - [Jul (s) — vE(s)|| ds

AT
+2e/0 [ve(s)| - u(s) — v ()| - ||v5(s) | ds

ATy,
+ 28/ |<ufl(s) — v,ﬁ(s), f(gs)” ds
0

INT 2
+g/ ’o(ss,ufl(s)) —U(ss,vf,(s))|LQ ds
0

Ny
+2.¢ / (ufl(s) — v (s), (a (es, ufl(s)) - a(ss, vﬁ(s))) dW(s))
0

tAr;M
<2 /0 a5y () = v ) - v ) [ds
N
+ 28/0 |1l () = V()] - ub )| - [l (s) — v ()| ds

n
t/\tg,M |

tArgM
+28/0 |v,§(s)|-“ufl(s)—vﬁ(s)|| . ||vZ(s)|| ds+2€/0 |uf,(s)—vﬁ(s)“-|f(8s)|v,ds
NV )
+s/ |o (es, U (s)) —U(ss,vfl(s))|LQ ds
0

AT\
+2./¢ / (ufl(s) — v (s), (a (es, ui(s)) - U(SS, vﬁ(s))) dW(s))
0
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Furthermore, by (A.4), we get

n
/\TE,M |

t
|u (e ATl ) — V(e A rgM)‘z +25v/0 |us (s) — vZ(s)szs

AT t t
551;/ M||u;(s)—v§(s)”2ds+%e/ ||v5(s)||2ds+%g/ |ufl(s)—vi(s)|2||ufl(s)”2ds
0 0 0

4 [AT;M 4 4 s(tArgM) )
+—8/ ||v2(s)|| ds+—/ |f(s) V,dS+8K/
v Jo v Jo 0

INT . . )
|u (s) — vi(s)|"ds

n

l‘/\‘[gv
+2¢ / M(u;(s) —v(s), (o (es, u5(5)) — o (e, V5 (5))) AW (s)) . (3.35)
0
Using the Gronwall’s inequality,
Jun (AT ) = v (2 A rsn,M)|2
4 t/\r; 4 t/\re’,” 4 s(t/\r:, )
< <_8/ o Pas+ e [ ol e S [ ol
v 0 v 0 vV Jo
AT
+2¢ / (uz(s) — v (s), (a (ss, ufl(s)) - o(ss, vZ(s))) dW(s)) )
0
« e@re fy M s o) ds-reKe (3.36)

By the similar techniques used in the previous lemma, (3.11), and the definition of the stopping time 7.’ ,, we deduce
from (3.26) that

(E sup ‘uf,(s) - vfl(s)|2p)2/p

n
Ofsft/\rs,M

tAT! P\ 2/p At P\ 2/p
< e(BM/v+2eK) | (i—gez(E(/o MHUZ(S)”2(1S> ) +‘3)—§82<E</0 M||v,§(s)||4ds) )

e 2 ,
+%</ |f(S)}2V/ds) +8cep1<2/ (E sup |Mi(r)—v,§(r)|2”>2/pds>

OSerAr:vM
5 2
v ds> )

t 2/p
+ eBM/v+2eK) 8cp8K2/ (E sup |”f: (r) — vfl(r)|2p> ds. (3.37)
0

n
Ofrgs/\r&M

< eB/VM+26K) 282M2 + 252M4 + 32 /€|f(s)
V2 p2 V2 0

Therefore, let Ce 3y = e®/VM+2¢K) . 8cpe K2, we get

(E s Jures) - o))"

n
0<t<Intly,

32 32 32/ (€ 2
< e®WMA2eK) (T2 202 4 TR 2ty / | £(s) 2V,ds eCem (3.38)
v2 v2 2\ Jo

From (3.16) and Lemma 3.2, we know that, for any R > 0, there exists a M such that

sup slogP((‘ufl|€/1(l))2>M) < —R, (3.39)
O<e<l
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g2
sup elogP( sup an || > M) <—R.
0<e<l 0<t<l1
For such a constant M, let p =2/¢ in (3.38) to obtain

slogP( sup |ufl(t) — vj(t)|2 > 3§, (
0<t<l

usly (D) = M. sup [[v;]* < m)
0<t<l

< 810gP< sup |uf,(t) - Uﬁ(f)|2 > 5)

n
OftglArg_M

2/p
< log(E sup |ufl(t) - vﬁ(t)|2p> —log 82

n
OgtglAr&M

8 32 32 32/ (¢ 2
<M +2¢K +10g(—282M2 + e Mt + —2</ Kol ds> ) + Cyre —logs?
v v v v 0

— —00, ase— 0.

Thus, there exists a gy such that for any ¢ satisfying 0 < & < &,

P( sup |uf()) — vi()]* > 8, (

usly () = M. sup o |* = M) e ke,
0<t<1 0<t<1

Putting (3.39), (3.40) and (3.42) together, we see that there exists a constant &g such that for any ¢ € (0, &g],

P( sup |ufl(t) - v,‘i(r)|2 > 8) <3¢ R/,

0<r<l1

Since R is arbitrary, the proof is finished.
Proof of (3.5). By Lemmas 3.3 and 3.4, we have for any R > 0, there exists a Ny satisfying

P( sup [u () — uly, O] > 8) <e™®/* foranye € (0,1],

0<r<1

and

P( sup ]va(t) - v}i,o(t)]2 > 8) <e R/¢ foranye e (0,1].

0<r<l1
In view of Lemma 3.5, for such Ny, there exists a gy such that for any ¢ € (0, go]

P( sup [y, (1) — vy, (0] > 5) <e R/,
0<t<l

Thus, for any ¢ € (0, 9],

P( sup |u€(t) - vg(t)| > 8) <3¢ R/,

0<r<l1

Since R is arbitrary, we conclude that

elii%slogP< sup |u®(t) — v‘g(t)|2 > 8) = —00.

0<r<l
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(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)
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4. Further results

In this section, instead of assuming (A.3) and (A.5), we suppose that there exists a sequence of mappings {o" (-)}}>"_,
which satisfy:

(A.6) There exists a constant C(m), which may depend on m, such that forallu € V, |6 (¢, u) |i‘é <Ci(m)(1+

llul|?) forall z € [0, T].
(A.7) There exists a constant C; such that for all u € H and m, |o™ (¢, u)l%Q < Cy(1 + |u|?) forall r € [0, T).

(A.8) There exists a constant C3(m), which may depend on m, such that forallu, v € V, |6 (¢, u) —o™ (¢, v) |iV <

C3(m)|lu — v||* forall t € [0, T].

(A.9) There exists a constant C4 such that for all u, v € H and m, |0 (¢t,u) — o™ (t, v)|iQ < C4lu — v|? for all
tel0,T].

(A.10) |o™(t,u) —o(t, u)|iQ — 0 as m — 400, uniformly on the bounded subsets of [0, c0) x H.

Theorem 4.1. Under the assumptions (A.1), (A.2), (A.4) and (A.6)—(A.10), the large deviation principle stated in
Theorem 3.1 still holds for |15

Under the assumptions (A.6)—(A.10), the stochastic equations
du®™(t) + e Au®" (t)dt + SB(us”" (t)) dt =ef (et)dt 4 /o™ (et, ut™m (t)) dwW (1)
and
dv®" (1) = ea™ (st, v (1)) AW (1)

admit unique strong solutions. We denote by u;™ and v}, the solutions of the above stochastic equations respectively
with the same initial value as ¢, and v}, in Section 3.
In order to show Theorem 4.1, arguing as in the proof of Theorem 3.1, it is sufficient to prove:

(1) Forany n and § > 0,

lim sup 810gP( sup |u (t)—u‘””(t)| >8> —00. 4.1

Mm—=>000e<] 0<r<l

(2) Forany n and § > 0,

lim sup elogP( sup |vn(t) — v”’(t)| > 8) —00. 4.2)

Mm=>000g<] 0<t<

(3) Forany n,m and § > 0,

lim slogP( sup |us™ (1) — vE ()] > 5) = _o0. 4.3)

0<r<1

Proof of (4.1). Similar to the proof of Lemma 3.3, for any fixed 7, define the stopping time

t
8(n13/1 _1nf{t zO,av/ ||uf;(s)||2ds > M, or |ufl(t)|2 > M}.
0

(n)

Applying It6’s formula to e*kgfo CACIRER s (¢ A t(") ) — ut™(t A r(") )|? yields
0]
bl IO e (1 7 2 ) i (6 )
0!

eM S e 2 2
+28v/0 e~k Jo lun ()17 dr Hu,i(s)—u,i’m(s)H ds
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(n)

< ke / ek IO e ()|t (5) — " (5) | ds
0

ATy -
+ sv/(; M eke 7 @1 dr s (s) — us™ () | ds
e [ —ke [y llug ()2 dr, e e V2 e (e |2
+; A e 0 n |un(s)—un (s)‘ -||un(s)|| ds
Y )
+28/ —ke Jo lun ()] dr|a(ss u (s)) -0 (ss un(s))| ds
0

! £, s e
+ 28/0 M e_ksfo Hun(")”zdr‘o'm(gs’ ufl(s)) o™ (es, ”f{m (S))ﬁg ds

(n)

t &M S e
+2./¢ / ke Jo lluy, () dr (ufl(s) —us"(s), (a (8s, ufl(s)) — om(ss, ui(s))) dW(s))‘
0

tar®

Taking k > % and using (3.11), we obtain

. P\2/P
(E[( sup e B1mORo e ) — iz 2)7])

0<r<tnt’),

<85 [ Jo(els Ao nel) = 0" (o At s A ) s

) PT\2/P
+882C4/0< [( sup e kel "”"(’)"2dl|ui(r)—u,i”"(r)|2) ]) ds

0<r<s/\r(")

t

r & 2/
+408PC4%/ (E[( sup ek lo ||“"(l)”2dl’uf1(r)—ufl’m(r)|2)p]) " ds

0 OgrfsArs(”A)/[

+4cspC4/ o (e A w5 A zlp)) =0 (els Azl (s AT, ds

(E[( s e B mORI ) —im o)) as

0<r<S/\‘L’(")

t

+ 8cspCf/
0

where | - L, ,, denotes the essential upper bound of | - |1, with respect to w.
By Gronwall’s inequality, we deduce that

(E[( s e BIOP S e 0 —um o))"

OstglArg(f’lfl

(88 +4cspC4 / |(T s/\r(n) ) (s/\r(") )) —Um(s(s/\t;%),un(s/\t(”) )) ds

|LQ<>0

2
% e&s C4+12cspcz%

M ek fo Ny ()12 dr (us () —uf™ (), (0™ (g5, uy(s)) — 0™ (es,uf™ (5))) AW (s)) ’

1017

(4.4)

(4.5)

(4.6)
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Therefore,

2\ 2/p
(E[( sup |uf,(t)—ufl’m(t)‘>])
O<t<1Ar(’”

1
= GZkM(Sez + 4cspCf) /0 |O'( (s A r( 1\)/1) a(s A TE("X,I)) —o"(g(s A rénﬁ),l) 2(s A rs(nﬁ)’l)”ig,oo ds

x eSﬁCi-‘,—lchpCf. 4.7
Taking p = 2/e, one obtains

sup elogP( sup |ufl(t)—u,i’m(f)|2>5)

O<e<l 0<r<int"),

< sup log<E( sup  |ub (1) —u,ﬁ’m(t)|2>p)2/p —2logé

0<e=l ost<inty

(2kM + 8C4 + 12¢Cy) + 10g(8 +4CC4) 2log$

7
(

+log sup sup |o( tA ) (t/\r(") ))—a ( (t/\r(")), n(t/\t(”) ))|L . 4.8)
0<t<10<e<l Q00
Since
sup sup |u (tAr(nA),,)| <M, P-as,

0<t<10<e<l
hence, by (A.10), it follows that

A sup - sup [o(e(t Azly). (A Tly)) = o™ (o0 A ely). (0 Ay )iy =0
Therefore, since M is arbitrary, by the same argument as in the proof of Lemma 3.3, (4.1) follows. U

Proof of (4.2). The proof is similar to that of (3.32). Notice that by the same proof of Lemma 3.1, we have for any n

lim sup P( sup |v (t)| > M) —00. 4.9)

M—+000<e<]  No<r<l

Define, for M > 0,
6("}3,, 1nf{t>0 |v (t)| >M}

Similar to (4.5), we have

(B[ o |v,i<s)—v;’m(s)|2p])2/p

0<s<tA_(")

<8¢ /|a s/\t(")) (sAt(")))—a’ ( (s/\r(")) (s/\f(n)))|LQoods

+882q%/0 (E[( s |v,§(r)—vf;'"(r)|2)p])2/pds

=(n)
Ofrfs/\rg‘M
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! 2/p

(E[( sup |v§(r)—vfl'm(r)|2)p]> ds

Az
OgrfsArg_M

+ 4cepCy /
0

t
+ 4cepCf/ o (e(s A f;"]‘),[), Vi (s A rs(nﬁ),[)) —o"(e(s A fs(nle,l), vh (s A fa("A),I)) |iQ ds
0 s s s s ,00

! PN2/P
+8cepC2 / (E[( s [ope)—vpmo?)"]) " as. (4.10)
0 0§r§sAf£(j1A)/1
The rest of the proof is the same as that of (4.1). (|

Proof of (4.3). The procedure of the proof is exactly the same as that of Lemma 3.5. Just in this situation, we need to
show, for any n, m

lim sup elog P((’ui’m’(j(l))z > M) = —o0,

M—+000e<]
and

MEIEOOOT;EI slog P<0§t121 I vi»m(;)||2 > M) = —00.
The above results can be obtained as in the proof of Lemmas 3.1 and 3.2. (|
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