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The existence and uniqueness of adapted solutions to the backward stochastic Navier-Stokes
equation with artificial compressibility in two-dimensional bounded domains are shown by Minty-
Browder monotonicity argument, finite-dimensional projections, and truncations. Continuity of
the solutions with respect to terminal conditions is given, and the convergence of the system to an
incompressible flow is also established.

1. Introduction

The Navier-Stokes equation (NSE for short), named in honor of Navier and Stokes, who
were responsible for its formulation, is an acknowledged model for equation of motion for
Newtonian fluid. It is closely connected to the theory of hydrodynamic turbulence, the time
dependent chaotic behavior seen in many fluid flows.

The well-posedness of the Navier-Stokes equation has been studied extensively by
Ladyzhenskaya [1], Constantin and Foias [2], and Temam [3], among others. Although some
ingenious approaches have been made, the problem has not been fully understood. The
nonlinearity, part of the cause of turbulence, made the problem extraordinarily difficult. In
hope of taking advantage of the noise, randomness has been introduced into the system and
some pioneer work has been done by Flandoli and Gatarek [4], Mikulevicius and Rozovsky
[5], Menaldi and Sritharan [6], and others. Although the introduction of randomness is
not very successful in overcoming the difficulty, it provides a more realistic model than
deterministic Navier-Stokes equations and is interesting in itself.

The vast majority of work on the Navier-Stokes equations is done for viscous
incompressible Newtonian fluids. In a suitable Hilbert space and under the incompressibility
assumption V - u = 0, the two-dimensional stochastic Navier-Stokes equation in a bounded
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domain G C R? with no-slip condition reads

ou+ (u- V)udt —vAudt = —Vpdt + f(t)dt + o(t,u)dW(t), (1.1)

where v is the constant viscosity, u is the velocity, p is the pressure, f is the external body
force and W is the infinite-dimensional Wiener process. The assumption of incompressibility
works well even for compressible fluids such as air at room temperature. But there are
extreme phenomena, such as the diffusion of sound, that are closely related to fluid
compressibility. Also the constraint caused by the incompressibility creates computational
difficulties for numerical approximation of the Navier-Stokes equations. The method of
artificial compressibility was first introduced by Temam [3] to surmount this obstacle. It also
describes the slight compressibility existed in most fluids. The model has its own interest,
and is given below with the parameter «:

1
oru, —vAu, + (ue - V)ue + E(V ‘ug)ue + Vpe =1, (12)

€0pe + V- u. = 0.

Backward stochastic Navier-Stokes equations (BSNSEs for short) arise as an inverse problem
wherein the velocity profile at a time T is observed and given, and the noise coefficient has
to be ascertained from the given terminal data. Such a motivation arises naturally when
one understands the importance of inverse problems in partial differential equations (see
Lions [7, 8]). Linear backward stochastic differential equations were introduced by Bismut
in 1973 [9], and the systematic study of general backward stochastic differential equations
(BSDEs for short) were put forward first by Pardoux and Peng [10], Ma, Protter, Yong, Zhou,
and several other authors in a finite-dimensional setting. Ma and Yong [11] have studied
linear degenerate backward stochastic differential equations motivated by stochastic control
theory. Later, Hu et al. [12] considered the semilinear equations as well. Backward stochastic
partial differential equations were shown to arise naturally in stochastic versions of the Black-
Scholes formula by Ma and Yong [13]. A nice introduction to backward stochastic differential
equations is presented in the book by Yong and Zhou [14], with various applications.

The usual method of proving existence and uniqueness of solutions by fixed point
arguments does not apply to the stochastic system on hand since the drift coefficient in
the backward stochastic Navier-Stokes equation is nonlinear, non-Lipschitz and unbounded.
The drift coefficient is monotone on bounded L*(G) balls in V, which was first observed by
Menaldi and Sritharan [6]. The method of monotonicity is used in this paper to prove the
existence of solutions to BSNSEs. The proof of the uniqueness and continuity of solutions
also relies on the monotonicity assumption of the coefficients. Existence and uniqueness of
solutions are shown to hold under the Hj boundedness on the terminal values.

The structure of the paper is as follows. The functional setup of the paper is introduced
and several frequently used inequalities are listed in Section 2. The a priori estimates for
the solutions of projected BSNSEs are given under different assumptions of the terminal
conditions and external body force in Section 3. The existence and uniqueness of solutions
of projected BSNSEs are shown in Section 4. Also the existence of solutions of BSNSEs under
suitable assumptions is shown by Minty-Browder monotonicity argument. The uniqueness
of the solution under the assumption that terminal condition is uniformly bounded in H!
sense is given in Section 5. The continuity of solutions and the convergence as ¢ approaches
zero are also studied.
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2. Preliminaries

Suppose that G is a domain bounded in R? with smooth boundary conditions. Let ¢
be a positive parameter which vanishes to 0. The artificial state equation for a slightly
compressible medium is defined as

P =po+ep, (2.1)

where p is the density, p is the pressure, and py is the first approximation of the density. By
adjusting the equations of motion according to the state equation, we obtain the following
family of perturbed systems associated with the parameter &:

1
o, —vAu, + (u, - V)u, + - (V- u)u. + Vp, = f,
2 (2.2)

€0pe +V-u. =0,

where u, € L2 = L2(G) is the velocity, p. € L? = L*(G) is the pressure, f € L? is the external
body force, and v is the kinematic viscosity. Readers may refer to Temam [3] for details.

Denote by (-,) the inner product of L?, (-, ) the inner product of H} = H}(G), H!
the dual space of Hj, and (-, -) the duality pairing between H] and H™. Let | - | be the norm
of L? and let || - || be the norm of Hj. Without causing any confusion, we also use the same
notations to denote the norms of L? and H; = H}(G). For any x € L? and y € HJ, there exists
X' € H™!, such that (x,y) = (X,y). Then the mapping x — X' is linear, injective, compact and
continuous. A similar result holds for H™! and L.

Suppose that (Q, ¥, P) is a complete probability space. Let W(t) be an L>-valued Q-
Wiener process, where Q is a trace class operator on L?. Let {e]-}]f’i1 € L?>n H(l) N L* be
a complete orthonormal system in L? such that there exists a nondecreasing sequence of
positive numbers {)L]'};il, lim; ,,A; = co and —Ae; = Aje; for all j. Let Qex = grex with
1 qr < oo, and {bk(t)} be a sequence of independent standard Brownian motions in R.
Then Wiener process W(t) is taken as W (t)=3>;2, ﬁbk(t)ek.

Let Q be a trace class operator on L?. Similarly, we can define a complete orthonormal
system {e;}7;, a nondecreasing sequence of positive numbers {x;}72; such that —Ae; = x;e;,
and positive numbers g; such that Qe; = gie; and 372, 4; < oo. Let W(t)=37Z, \/;;bf(t)ej.
Then W (t) is an L*-valued Q-Wiener process. From now on, let {F;} be the natural filtration
of (W(t)} and {W(t)}, augmented by all the P-null sets of F. A complete definition of Hilbert

space-valued Wiener processes can be found in [15].
With inner product

(F,G),, = tr(FQG") = tr(GQF") (2.3)

for all Fand G € Lg, let Ly denote the space of linear operators E such that EQ'/2 is a Hilbert-
Schmidt operator from L? to L?. Similarly, we define Lq for Q, the trace class operator on
L2
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To be realistic in nature, let us introduce randomness into the system to obtain

ou(t)
ot

Aw(t)
ar '

—vAu.(t) + (u(t) - V)ue(t) + %(V “u.(D)ug(t) + Vpe(t) = £(t) + o(t)

£0pe(t) + V - uc(t)dt = 0, (2.4)

u:(0) =uo,  pe(0) = po,

where ug and py are initial conditions, and o(dW/dt) is the noise term. Here (1/2)(V - u;)u,
is called the stabilization term.

If a terminal time T is given and the terminal conditions are specified as u.(T) = ¢ and
pe(T) = 1, one obtains a backward system:

du,(t) + vAu(t)dt + B(u.(t))dt + Vp.(t)dt = £(t)dt + Z.(H)dW(t),
edp.(t) + V - u (t)dt = Z.(H)dW (¢), (2.5)
us(T) = gr Pe (T) =N

A

for 0 < t < T, where Au £ —Au and B(u,v) £ (u- V)v + (1/2)(V - u)v, with the notation
B(u) £ B(u,u). The processes Z and Z, are in spaces Lg and Lo, respectively.

Let 7 be a ¥;-stopping time when the observations are available. Suppose that
the observed velocity and pressure at 7 are u.(7) = ¢ € L%CT(Q; L?) and p(r) = 1 €
Lécr (Q; L?), respectively. Then we introduce the backward stochastic Navier-Stokes equation
with artificial compressibility and stabilization in random duration:

du,(t) + vAu, (t)dt + B(u,(t))dt + Vp.(t)dt = £(t)dt + Z.(t)dW(t),
edpe(t) + V -u ()dt = Z(t)dW (), (2.6)

u(7) =6, pe(7) =1

for 0 < t < 7, where the ¥;-stopping time 7 is assumed to be bounded by a time T > 0. Note
that processes Z, and Z, measure the randomness that is inherent in the hydrodynamical
system. It is this randomness that has possibly led us to the observations at time 7. For
instance, in wind tunnel experiments, the form and the magnitude of the randomness has
to be ascertained from the velocity observations. This backward system helps us to make
an attempt at uncertainty quantification. Here f is taken to be deterministic and is always
assumed to be in L?(0, T; H™).

Definition 2.1. A quaternion of ¥;-Adapted processes (u., Z.,p., Z;) is called a solution of
backward Navier-Stokes equation (2.6) if it satisfies the integral form of the system

T T

{vf&ug(s) + B(ua(s)) + Vpe(s) - £(s) }ds - J Z.(s)dW(s),

tAT

u:(tAT) :§+f
tAT

(2.7)

T T

V - u.(s)ds - f Z:(s)dW (s),

tAT

epe(t AN T) =s11+f

tAT
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P-a.s., and the following holds:
(a) ue € LZ(Q; L*(0,7;1.%)) N LE(Q; L*(0, 7; Hy));
(b) Ze € LZ(Q;L*(0,7; Lg));
(0) pe € LE(Q; L*(0,7; L) N LZ(Q; L*(0,7; Hy));
(d) zZ; € L%L(Q; L%(0,7;Lg)).

The following simple results are frequently used and given as lemmas. Readers may
refer to Temam [3] for similar proofs.

Lemma 2.2. For any u,v,w € H(l) and p € L2, one has
(1) (Au,w) = 3, ; [ du;0iw;dx = (Aw,u) = (0, W)y,
2) ((u-V)yv,w) = 3, [ ui(d;v))w;dx,
3) ((u-V)v,w) ==((V-w)w,v) - ((u- V)w,v),
(4) (B(u,v),w) = —(B(u,w),v),
(5) (-Vp,u) = - 3, [ 0ip widx=[, pdiuidx = (p,V - u).

Remark 2.3. Sometimes (B(u, v), w) is denoted by E(u, V,W).

Lemma 2.4. The following results hold for any real-valued smooth functions ¢ and ¢ with compact
support in R%:

¢y < Cl| 01|l g2l s

A , , (2.8)
¢l < Cle[[Ve|™
Proposition 2.5. For any u and v in H(l) and w € L, one has
~ 1
|G, v, w)| < sl llwlles + S vl wils. (2.9)

Below is a backward version of the Gronwall inequality used frequently in this paper,
and the proof is straightforward.

Lemma 2.6. Suppose that g(t), a(t), p(t), and y(t) are integrable functions, and B(t), y(t) are
nonnegative functions. For 0 <t <T, if

T
() < a(t) + B) f Y(p)3(p)dp, (2.10)
then

g(t) <a(t) +p(t) f a(n)y(n)el PO gy, (2.11)
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In particular, if a(t) = a, f(t) = pand y(t) = 1, then

g(t) < aefT, (2.12)

3. A Priori Estimates

The purpose of the this paper is to show the existence and uniqueness of the randomly
stopped backward stochastic Navier-Stokes equation (2.6). We employ Galerkin’s method
by defining orthogonal projections Py : L? — le\], where ]L%V = span{ey, ey,...,en}, for all
N € N. An important result is that the Galerkin-type approximations converge weakly to the
solution of the Navier-Stokes equation.

First of all, let us establish some a priori estimates. Let us define the projected operators
AN 2 PyA and BN £ PyB. Under projection Py, let us construct a finite dimensional system.
Let

WN(t)éPW(t)=i b (t)e; N(t) & _ S Jabi e
N Vaib' (e, WN(B) £ PaW () = S Japi(Des,

i=1 i=1 (3.1)
) 2 Pntr), N EE(PngIFY), 1N 2 E(Pun| FY),

where {?fv } is the natural filtration of {WN ()} and {WN(t)}. The projected system with
solution (ul,ZN,pN, ZN) is defined as follows:

dul () = -vANuY (1)t - BN (u (1) )dt - VpN (hdt + £ (Dt + 2 (AW (1),
edpN(t) + V- uN (B dt = ZN (H)dWN (1), (3.2)

uN(r)=¢N,  pNr)=n"

forO<t<r.

Proposition 3.1. Let ¢ € LE (Q;1?), n € LE (Q; L?), and £ € L*(0, T;H™"). Then for any solution
of system (3.2), the following is true:

(u¥,zN) e {Le (10,71 x L) L2 (120,71 ) ) | x L2 (210,75 Lg) ), )
(PN, 2N) e {Lz (10,71 x @ 12) n 12 (% 12(0,m: Hy ) ) | x 12 (@ 12(0, 75 Lg) ). '

Proof. Applying the Ito formula to |[pN (#)|? to get

dlpX®f =-2(v-wX e, pN @) )t + 2 (zN0aw N 0, pN 0) + % 2N 002N 1)) |ar

2

-2 w0 )i L2 0w 0,0 0) + 2002 0) Ja

(3.4)



International Journal of Stochastic Analysis 7
thus we get

0| -2(zX hawd e, o) - 1|

2(VpX (1), ul¥ () )dt = ed -

ZN () ”;dt. (3.5)

By means of the It6 formula, one has

T

ug"(t/w)r - |§N|2+2f

tAT

(vANUY (s) + BN (uX () + VPN (5) ~ £¥(s),ul (5) )dis

- - , (3.6)
] FCACTUORCIE f zXs)|; ds
Clearly,
(BV(u)(s)),ul(s) ) =0, (37)
and Lemma 2.2 yields
|2<fN(s),u§I(s)>|§||fN(s)“H2{_1+ u?](s)”2='fN(s)|;_l+(ANu£\’(s),u£V(s)). (3.8)

For 0 < r < t, taking the conditional expectation with rgspect to F,ar, and by (3.5), the above
two equation and along with the fact that [u.(s)||* = (Au,(s), uc(s)), one gets

T

Efre ué\[(s) ||2ds

2 T
ulN(tA T)‘ + Efre f

tAT

zN (s)”;ds + EFoe f

tAT

< EFe £N(s) ”;I_lds (3.9)

2 T
§N| +2(v + 1)EF f

tAT

<AN11‘IEV(5); ué\T (S) >ds + E?rm IT

tAT

T
+ gEFre f d

tAT

2 1 T
PN )] ——E*"”f
€ tAT

ZN(s) “;ds,

P-a.s. Since Ae]- = Ajejand \; < A fori < j, one gets

<ANu§ (s), ulN (s)> < Anu (s)|2. (3.10)
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Thus

2
E?r/\'r ui_\](t A T)' + EE?”\T

T
+ E?r/\r f
tAT

ud (s)”zds

N 2 ’
pe (EA T)' + EFrme f

tAT

zN (S)”;ds + EE%T fT

tAT

zN (s)”;ds

(3.11)
N|? N|? ' N 2
< EFm|¢ | + eEFre 1 | +2(V+1).)LNJ‘ E¥|ul (S/\T)| ds
t
T 2
+ E¥or f 1€V, s,
0 H
P-a.s., and by Lemma 2.6, the backward Gronwall inequality, and letting r = t, we get
2 2 T 2
ué\l(t/\’r)| +5p§’(t/\7‘)| +E%TJ‘ ué\[(s)” ds
tAT
T 2 1 o 2
+ EFi ZN(s)|| ds+ —EF zZN(@s)|| ds (3.12)
2 2
tAT Lo € tAT Lo

2
§N| + gE?f/\T

S <E?MT

P-a.s. Because of the integrability of ¢, 77, and £, there exists a constant K, depending on N
only, s.t.

T
UN|2 s E%TJ' ”fN(s)”z ds>ez(v+1))LN(T—t)
0 B ’

2 2 4 2 T 2 4 2
ug’(t)| +e pf(t)| +Ef | uf(s)” ds+Ef | zy(s)”L ds+Ef | zg‘f(s)”L ds < Kn,
0 0 Q 0 )
(3.13)
forallt € [0, 7], P-a.s.
Similarly, making use of (3.4), it follows that pN € Lé (Q; L2(0,7; HY)). O

Proposition 3.2. Let { € Lj (Q;1.%), n € LE (@ L?), and £ € L*(0, T;H™), for all n € N and
n > 2. The following is true for any solution of system (3.2):

ud e 1% (0,5, L8 (% 12)) n Ly (@ L(0, 7} ),
(3.14)
pN e L (0, T; Ll (Q; L2>) nL: <£2; L (0,7‘; H&)).

Proof. Let us prove it by the method of mathematical induction. Similar to Proposition 3.1, it
is easy to obtain the result for n = 2. Suppose that it is true for all m < n — 1. Let us show that
the proposition holds for m = n.
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An application of the It6 formula to [uN ()[" yields
|u§] (tAT) |n
n T
[ [
AT

T
— nJ‘
AT

Clearly [VpN(s)| < ClpN(s)|| < C/xnlpN(s)|, where kn, as stated in Section 2, is the
eigenvalue of —A for ey. Taking the expectation, one obtains

n T
+E
tAT
T
+nE f
INT

< E|§N|n + (v/\Nn + )L’ff)EJq |ué\](s)|nds +nE IT |ué\](s)|n_1'Vpé\7(s)|ds
tAT tAT

T
+ EEI
2 tAT

<E[gV|" + (wanm+ 232+ gAN)EfT

tAT

n (n-1)/n T N n 1/n
uy(s)| ds} {Ef p! (s)| ds}

tAT

u(s) |"72 (vANUY (5) + BN (u(s) ) + VP (s5) - £¥(s), ul (5) )ds

uN(s) |n_2||Z£\T(s) ||;ds.

(3.15)

W] (@ eane,ue) -

T

EluN(tAT)

ué\[(s)”nds < E|§N|n + )L"N/ZEI

tAT

ué\](s) |nds

WX ()| (VANuN (5) + Tp (s) ~ £¥(s), ul (s) s

u(s)

"‘2<||fN(s)||;_1 + AN|u§(s)|2>ds

ul(s) 'nds

+nC\/H{ELT

AT

N T

2o e

ul(s) 'n_z}ds

o] 2

T n
+ <V)LN7’1 + )L"N/Z + gJ\N + (n- 1)C«/KN> f E|u?](s A T)| ds
t

T
+ C\/KNJ‘ E
t

pN(s /\T)|ndS

T n T n
§K+K(n,N)J‘ E'u?’(s/\7‘)| ds+K(n,N)I E|p£\’(s/\7‘)| ds,
t t

(3.16)
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where K is a constant, and K(n, N) is a constant depending on n and N. Both constants may
vary throughout the proof. But we keep the same notations for simplicity. Applying the It6
formula to [pXN (#)|", one obtains

T

Epf(tAT)|n+EJ

tAT

PN )| as

P )| (Tp ), u) (5) s

n T n T
S£E|71N| +K'](]/2E pé\I(s)| ds —nE
tAT tAT

T T

< eEin‘n + K"N/ZEJ

tAT

e

pN(s) |nds + an/KNEJ‘

tAT

u(s) ‘ds

(3.17)

T

< sE'rlN|n + K'I({ZEJ

tAT
T
{e]
tAT

T
§K+K(n,N)f E
t

n (n-1)/n
P )| ds}

pé\](s)rds + nC\/KN{EJ‘
tAT

" 1/n
u?](s)| ds}

" T
pi\](s/\’r)i ds+K(n,N)f E
t

uN(sA T)|nds.

Adding up (3.16) and (3.17), one gets

E{ pé\r(t/\’r) ’ u?f(s) n+

n
ué\I(t/\T)| +€

{

pé\](s /\T)|n}ds.

n} +ELAT pé\](s)”n}ds

(3.18)

n
uf(s/\’r)' +

T
< 1<+1<(n,N)f E{
t
An application of the Gronwall inequality (2.11) yields the result. O

4, Existence of Solutions

The following lemma states the monotonicity of drift coefficients. The proof involves
Proposition 2.5 and is straightforward.

Lemma 4.1. Assume u,v € H} and w € L*. The following inequalities are true:

(a) [(B(u), W) < 2ful™ful/[wlly,

(b) [(B(w) = B(v), u=v)| < (v/2)[[u=v|* + (27/29")[u - v |IVIIs,

() (vA(u-v) +B(u) - B(v),u-v) + (27/20%)||v|[{:[u - v> > (»/2)]lu - v|.
Furthermore, if w € H, then there exists a constant C depending on v, such that

(d) (vA(u-v) +B(u) —=B(v),u-v) + C|v|*lu- v > (v/2)|u-v|*
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Corollary 4.2. Forany uand v € L*, let
27 (! 4
ha(t) = w1, lu(s)llz:ds,
27 (*
() = 2% [ IVOILds:
V2 Jo

Then

<v,&(u —-v)+B(u) - B(v) + %hi(t)(u -v),u —v> >0, i=1,2.

11

(4.1)

(4.2)

The proposition below is used in the proof of the existence, and we provide a brief

proof. Readers may refer to [14, 16] for a similar and detailed proof.

Proposition 4.3. Let ¢ € LZ (Q;1?), n € LE (;L?), and £ € L*(0, T;H™"). Then the projected

system (3.2) admits a unique adapted solution (ulN,ZN,pN,ZN) in

{Lz (10,71 x@12) n12(Q:12(0, 1)) ) } < L2( 120,75 L))

x{Lz (10,71 x 1) N L2 (12(0,7; HY ) ) | x L2 (10,7 L) )-

(4.3)

Proof. For every M € N, let Lj; be a Lipschitz C* function which has the following property:

1 if ||ull < M,
Ly(flull) =40 if lul| > M+1,

0<Lp(Jull) £1 otherwise.
Applying the truncation Ly to B, it is easy to show that LB is Lipschitz and
Lt (IxINBN (x) - Lm(IIYII)ﬁN(Y)| < Cumlix-yll
for any x,y € L3, and M € N. Let us define a truncated projected system:

duMM(t) = —vANuNM(t)dt - LM(

uMM (1) H)ﬁN <u§'M(t)>dt — VpNM (1)t
+HN (B dt + ZVM (B dWN (1),
edpNM(t) + V - ulMydt = ZNM(BdwN (1),

uMMry =N, pNM(r) = ¢V,

(4.4)

(4.5)

(4.6)
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For fixed p € LZ ([0, 7] x Q; L*) N LZ(Q; L*(0,7; Hy)), let us map

dud™ () = —vANu}M™M (t)dt - L (

uNM (1) n)fsN (uf'M(t))dt — VpNM (1) dt
+HN () dt + ZVM () dWN (1), (4.7)

M (r) = ¢V

to RN, and the image of the system is equivalent to the system. Since the coefficients in the
image system are Lipschitz, a well-known result in RN (see [14, page 355]) guarantees the

existence of a unique adapted solution. Let the solution be (uX"™, ZN"™). Then for

edp™M(t) + V - uNM(t)dt = ZNM(HdWN (t)
o (4.8)
pE ’ (T) = ﬂN/

there is a unique adapted solution (pN™, ZN™). Thus we can define an operator ¥, such

that ¥(p) = pN"™. It can be shown that ¥ is a contraction mapping. Thus the unique adapted
solution of (4.6) can be obtained. Let us take the limit of the solution as M approaches infinity.
It can be shown that the limit is the unique solution of the projected system (3.2). O

From now on, let us assume the external body force to be an operator and denote it by
F. We also assume the following coercivity and monotonicity hypotheses in this paper. Such
an approach is commonly used in studying the stochastic Euler equations so that a dissipative
effect arises. Also they are standard hypotheses in the theory of stochastic PDEs in infinite
dimensional spaces (see Chow [15], Kallianpur and Xiong [17], Prévot and Rockner [18]).

Assumption A. (A.1) F: Hj — H™ is a continuous operator.
(A.2) There exist positive constants a and f, such that

(vAu-F(u),u) < aluf - pllull’;

(4.9)
- ~ ) 2
<vAu - F(u),Au> <alul* - ﬁ”Au“ .
(A.3) For any u and v in H! a constant ¥ > v, and a positive constant a,
<1<A(u—v) — (F(u) —F(v)),u—v> < alu-v|* (4.10)

(A4) Forany u € H(l) and some positive constant a,

|(F(w), w)| < allul® (4.11)
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Remark 4.4. Assumption (A.2) is usually called the coercivity condition of the dissipative
term and the external body force. Assumption (A.3) is the monotonicity condition of
dissipative term and the external body force. The first half of the inequality is used in the
proof of the uniqueness in Section 5. The second half of the inequality is used in the proof
of the existence in Section 4. Assumption (A.4) is the linear growth condition of the external
body force.

Under above assumptions, we adjust systems (2.6) and (3.2) to the following two
systems:
du,(t) + vAu,(t)dt + B(u(t))dt + Vp.(t)dt = F(u.(t))dt + Z,(t)dW (),
edp:(t) + V - u (H)dt = Z.(t)dW (1), (4.12)
u (1) =¢,  pe(7) =1
du (t) = -vANuY (t)dt - BN (ul (1) )dt - VpX ()t + BV (¥ (1) ) dt + ZY ()W (1),
edpN (t) + V -ul (t)dt = ZN (Hdw ™ (1), (4.13)
u(m =g, pm=n"
for 0 < t < 7. The existence and uniqueness of an adapted solution of (4.13) can be easily
checked in the same fashion as in Proposition 4.3.

Lemma 4.5. Assume u and v € L. Then the following inequality is true:

27

(B - B, u-v)| < e=v)u-vI+ s

lu = v(|v][fs. (4.14)

Corollary 4.6. Let uand v € L*. Define

N 27 s
L(t) = f {2“ + m”ﬂ@”y}ds,

t

N 27 .
L(t) = L {Za + WHV(S)HU}LIS.

(4.15)

Then

<w§(u -v) +B(u) - B(v) — (F(u) - F(v)) + %l}(t) (u-v),u- v> <0, i=12  (4.16)

Remark 4.7. To prove Corollary 4.6, the monotonicity assumption (A.3) is used.
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Proposition 4.8. (i) Let ¢ € LE (Q;1.%) and n € Lg (Q; L?). Then for any solution of system (4.13),
the following is true:

(uy,zy) € {L;.f([o, 7] x Q;]L2> nLZ <£2; L2<0, T,-Hg)))} x L} (Q; 12(0,7; LQ)),

(4.17)
(PN, ZN) e 12 ([0,7] x ; L7) x L (2 13(0, 73 Lg) )
Moreover, there exists a constant K, independent of N, such that
sup N(t)| +Ef ” N(s)” ds + € sup N(1f)|
te[0,7] te[0,7] (4 18)

+ EIO ”zgf(s)”Lst +E fo ||z§(s) ”;ds <K,

P-a.s.
(ii) Let ¢ € LéT(Q; L?) and n € Lér (Q; L?). The following is true for any solution of system
(4.13):

(a¥,zY) e {17 (0,712 (1%)) n 12 (@ 12(0, 7)) ) | x L3 (9 L2(0,7; L)),

(4.19)
(PN, 2N) e 1= (0, 12 (@ 12) ) x L3 (9 L2(0, 73 Lg)).
Moreover, there exists a constant K, independent of N, such that
sup E| N(t)| + E'[T ”ué\](s)“ ds + € sup E|p t)|
te[0,7] 0 te[0,7] (4.20)

e[ e, asve[ |z22o); as<x

Proof. (i) Similar to the proof of Proposition 3.1, utilizing Assumption (A.2), (3.6) becomes
2
|uN (tAT) |

)§N| +ZI < ANu?’(s)+l§N<u§(s)>+Vp£\’(s)—FN<u£V(s)>,u§(s)>ds
t

AT

—2fm (Z (5)aWN (5),ul (5) ) - L z§<s>||;ds @21
<le ez {afarof -pluo]

-2 LAT <Z£](s)dWN(s), ué\f(s) > - ij

+ (PN (s, 0 () ) Jots

ZN (s)”;ds.
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For 0 < r <t, taking the conditional expectation with respect to ¥, one gets

T

E¥m ul(s) ||2ds

2 T
ul(t A T)| + E%”J‘

tAT

zy (s)”i ds + ZﬂE%TJ‘
Q

tAT

T

2
< EFe PN ()] (4.22)

§N|2 + 2aEFre f

tAT
T
_ 1E¢rl\r J‘
€ tAT

P-a.s. By the backward Gronwall inequality, and letting r = t, we get (4.18).
(ii) The proof is similar to (i). O

2 T
uf(s A T)| ds + eE*r f d

tAT

ZN (s)“;ds,

Proposition 4.9. Suppose that & € LE (QH)) and 1 € LE (Q; Hy). Then for any solution
(ug, Z;, pe, Z¢) of system (4.13), there exists a constant Ky, such that

sup]nug(t)nZ + sup]||pg||2 < Ko. (4.23)

te[0,T te[0,7

Proof. The proof involves an application of the Itd formula to |lu.(t) I, and the second half of
the coercivity assumption. We skip the proof since it is similar to Proposition 3.1. O

Theorem 4.10. Let ¢ € L;"T(Q; Hé) and 1 € L‘;’T(Q; H&). For system (4.12), there exists a solution
(ue, Z¢, Pes Z;) in

L;;([O,T] x Q; Hé) L3 (Q; 12(0,7; LQ)> x L‘;;([O,T] x Q; Hg) x L} (Q; L2(0,7; LQ)>.
(4.24)

Proof. We have the following steps.

Step 1 (The limits). Clearly, by Proposition 4.8, there exist u,, p., Z¢, and Z,, such that

WV 2w, in Lé(Q; L2<O, T;Hé)),

pN pe in L2 ([0,7] x Q;17),

(4.25)
M%7, inlk (Q; 12(0,7; L@)>,
ZN 2 7, in IE(Q12(0,75Lg)),
for a subsequence N. Since A is a continuous map from H(l) to HL,
|Aw|, , < Cllul (4.26)
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for all u, € Hj and some constant C. Thus combined with the assumptions on F, one knows

that
vANey Nk _ gNe (uﬁ‘fk) A inI2 <£2; 2 (0, 7; H‘1>>
for some function A and some subsequence N. By Lemma 4.1,
o e, - g (B (o))

3/2 1/2
u¥ O @ Iwl

< sup 2|
f[wii=1

<K ug"(t)||3/2.

Thus

BN ((Ne) @ T4/3( 0. 74/3 -1
BY: (ul*) 5B in LY* (@14 (0,7;H))
for some function B and some subsequence N. For every t, we define

2, 13 (120,75 Lg) ) — L3 (@ 12(0,H ™))

M — ' M(s)dW(s).

tAT

It can be shown that .Z; is a bounded linear operator. Hence

IT ZN+ (5)dWNx (s) 2 ’ Z.(s)dW(s) in Lg(Q;LZ(o,T,-H-l)).

tAT tAT

Similarly, one can prove that

IT {VANkuéV"(s) — FNk (uﬁ\]k (s)) + BN« (ué\]" (s)> }ds = ' {A(s) + B(s)}ds

tAT tAT

in LY/*(Q; L*3(0,7;H™)) and

IT ZNk(5)dW Nk (s) 2 ' Z.(s)dW(s) in L%,(Q;U(O,T;H‘l)).

tAT tAT

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)
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Also
.o .72 2(0.72 . py-1
QP%<MﬂxQL»HLAQL@JjI»,

T (4.34)
pr— Vp(s)ds

tAT

is a bounded linear operator. Since pé\] Fe LZ([0, 7] x & L?), we have

jvﬁ@@ﬁ vmmsm@@ﬁmmﬂ» (4.35)
tAT tAT
Similarly,
’ Ni w (* o 12(0.72 -1
f V-u,*(s)ds — V-u.(s)ds in L?<Q,L <O,T,]HI >> (4.36)
tAT tAT
To sum up,
u(tAT)=¢+ f {A(s) + B(s) + Vp.(s) }ds — f Z.(H)dW(s),
tAT ) ) tAT (437)
epe(tNT) =€en+ j V - u.(s)ds — f Z:(s)dW(s)
tAT tAT
hold P-a.s.

Step 2 (The It6 formula). For convenience, let us denote Ny by N again. Let M < N and
(Hp) pr = Par(Hp). For any v € LZ ([0, 7] x ©; (Hj) ;) and some constant K, such that [|v]| < K
uniformly, define

— ! 27 4
r(t) = ft {2“ + WK }ds (438)

Applying the It formula to e ®|ulN (t) 2, we get

ul(s) |2ds

[ el of = [ -reer
0
+2 J: e’ <—vANu§](s) -BN (u?’(s)) - Vpé\](s) w39
+FN <ué\](s)>,u£](s) >ds

23 (s)

T T 2
+ ZJ e’ <Zf(s)dWN(s),u§’(s)> + f e’ ds.
0 0 Lo
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By taking the expectation, we get

E|§N|2 _ Eefr(o>|u§(o)|2 + ZE,[ e’f‘S)<Vp§(s),u§(s)>ds

T
0
T
= EI e )
0

-2E Jq e’ <vANué\](s) -FN <u§](s)> +BN (u?(s)) + %i‘(s)uf(s),u?(s)>d5.
0
(4.40)

ZN(s) ||;ds

Clearly, limy — o E[EN > = E|¢|*. By (3.5), it is clear that

T 2 2 1 T 2
ZEI e <Vp£\[(s),u§’(s)>ds = gE|11N| ~gEe©® |pé\’(0)| - —EJ e Zé\’(s)” ds.
0 € Jo Lo
(4.41)
Because of (4.40) and (4.41), one gets the following;:
: T e [ ANGN N (. N BN (. N 1. N N
lim 2E | e vAtu. (s) - F (us (s)> +B <u€ (s)> + =7(s)u, (s),u. (s) )ds
N — o 0 2
2 v 2
= —Ei + lim Ee*r(o)lué\’(o)l + lim EI e Zé\’(s)” ds
N -0 N—-ow 0 Lo
(4.42)

T
—5E|rl|2+gli_mI-Ze”(o)|pé\7(0)'2+1 li_mEf e Zé\’(s)”2 ds
N—w EN-w 0 Lo

>2E J‘T e’® <A(s) +B(s) + %f(s)ug(s),ug(s)>ds.
0

Note that one gets the last inequality by applications of the It6 formula to (4.37), and the fact
that

2
lim Ee™@[uX(0)|" > Ee®u. ()P,

N —

i e 00 2 V0,
N — o

(4.43)

T 2 T
lim £ [ e O2No); ds>E[ ezl ds,
0 2 0

N — oo

T 2 T
lim E j e 28| dsZEj O Z.(5)]2, ds.
N—-w 0 Lo 0 ¢
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Step 3 (Monotonicity). By Corollary 4.6, we get
E J‘OT e’ <v§u£\[(s) + ﬁ(uf(s)) - F(uf(s)) + %f(s)u?’(s),ui\[(s) - v(s)>ds
i (4.44)
< EI e <v,&v(s) +B(v(s)) - F(v(s)) + 1f(s)v(s),ugV (s) - v(s)>ds.
0 2
Note that v € L‘;’([O,T] x Q; (H}J) M) Wwhere M < N. An application of (4.42) yields
E f e (A(s) + B(s) + %f‘(s)ug(s),ug(s) - v(s))ds
’ (4.45)

<E J' ’ e (vAv(s) + B(v(s)) - F(v(s)) + %r’(s)v(s),ug(s) —v(s))ds.
0

Since the above inequality is true for all M € N and K > 0, it remains true for all
v e LZ([0,7] x Q;Hp). Thus let v = u, + Aw where w € LZ ([0, 7] x Q; Hj) and A > 0, and

E f e " (A(s) + B(s) — vAu.(s) — B(ug(s) + Aw(s)) + F(uz(s) + Aw(s)), Aw(s) )ds
0

r (4.46)
> Ef e (AvAwW(s) + %f(s)w(s),iw(s))ds.
0

By the fact that

(B(u.(t) + Aw(t)), w(t))

= —(B(u(t) + Aw(t), w(t)), ue(t) + Aw(t))

= —(B(uc(t) + Aw(t), w(t)), ue(t)) (4.47)

= ~(B(uc(t), w(t)), uc(t)) - A(B(w(t), w()), uc(t) )
= (B(u (1), w(t)) + L(B(w(b), uc(6), w(t) ),

we have

Ef e’ <A(s) +B(s) — vAu.(s) - B(u.(s)) + F(us(s) + Aw(s)), w(s) >ds
0

T
> )LEf e

(4.48)
<w&w(s) +B(w(s),u.(s)) + 1f(s)w(s),w(s)>ds.
O 2
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Letting A — 0, and by the arbitrariness of w and the fact that F is continuous, we know that
A(s) + B(s) = vAu,(s) + B(us(s)) — F(u.(s)) P-as., (4.49)

and this completes the proof. 0

5. Uniqueness, Continuity and Convergence of Solutions
5.1. Uniqueness and Continuity

The backward Navier-Stokes equation is well-posed if the regularity of the terminal condition
in Proposition 4.9 is imposed. Only the uniqueness and continuity are left to check. Let us first
prove the following lemma.

Lemma 5.1. For any u and v in H} and w € L*, one has
| (Bw) —B(v), w)| < Clllulls + IVlla) fu = vilwlles + CClull + Vi)l = Vil Wil (5:1)

Proof. By Proposition 2.5,

—<l§(u,W),u—v - <B(u—v,W),V>| (5.2)

1
< lJullysffu = villwllzs + S llalllfu = Vil liwlis + fla = vl villiwli

1
+ 5l = iVl [wlls

< Cllhullps + vl lla = villwlies + CCllall + vl la =il {[wilcs-
O

Theorem 5.2. Let ¢ € L;"T(Q; H(l)) and 1 € L;"T(Q; Hé). System (4.12) admits a unique adapted
solution in

Ly ([o,r] xQ; H5> xI2 <Q; L2(0, 7; L@)) xLZ ([0, TIxQ; H01> xI2 (Q; L2(0,7; LQ)). (5.3)
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Also the solution is continuous with respect to the terminal conditions in

L= (10,71 L2 (1)) x L3 (QL2(0,7;Lg) ) x L=([0, 7] L2 (@ 12) ) x L2 (R 12(0,7; Lo) )
(5.4)

Proof. The existence of an adapted solution is shown in Theorem 4.10. Suppose that
(W1, Ze1, Pe1, Ze1) and (Ug2, Zgo, e, Ze2) are solutions of system (4.12) according to terminal
conditions (¢&;,71) and (&, 172), respectively. The regularity of the solutions is guaranteed by
Proposition 4.9. Denote

U =W U, Z;=Za-2Zy, Z.=Zu-Zo,

. (5.5)
Pe=Pa—P2, §=8-& T=m-1
Then one has
du.(t) + AT ()t + (B(ua(t) - B(ua(t) )dt + Vp, (b,
= (F(ua1 (1) — F(uea (b)) dt + Ze () dW(1),
(5.6)

edp (t) + V - . (t)dt = Z.(t)dW (t),

u(r)=¢  p(1) =17

Similar to Corollary 4.6, let us define

— ! 27 2
l(t) = J; {26[ + WKO}dS, (57)

where K| is the constant in Proposition 4.9. An application of the Itd formula to e™'®[u (t)[?
and Corollary 4.6 imply

T
eI (AT + J e

tAT

_ 2
Z.(s) Lﬁds

Q

= ¢ +2 f el <v1§ﬁg(s) - (B(ua(s)) - B(uea(s))) - (F(we(s)) = Fuea(s))

tAT

+%i(s)ﬁ5(s),ﬁg(s)>ds
(5.8)

T

+2 f e (VP _(s),u.(s))ds - zf

tAT tAT

< |g_§|2 +EIT

tAT

e (Z(s)dW(s),6e(s) )

T
e_l(s)d|ﬁg(s)|2—lf e 1) Z(s)”2 ds
€ Jinr Lo

- f " O (Zu (AW (s),B.(5))ds - 2 f ¢ (Z,(5)dW(s), Te(5) ).

tAT tAT
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Taking the expectation, the above inequality becomes

T T

E[a.(t A7) + €E|B.(tAT)| +Ef

tAT

zg(s)”i@ds + %EI

tAT

— 2
ZE(S)“LQdS

(5.9)
<el® {E‘gr + £E|rl|2}.

Thus we have proved the uniqueness and continuity of system (4.12). O

Remark 5.3. The uniqueness and continuity with weaker terminal conditions, such as when
the terminal conditions are uniformly bounded in L? sense, are still open. The difficulty lies
in the nonadaptiveness nature of the backward system. For instance, the function [; defined
in Corollary 4.6 is not ¥; adapted. This is why we defined another function [(t) in the proof of
the uniqueness based on the H(l)—bound of the solution. Fortunately, [(t) is ¥; adapted and has
similar properties as /1 (t). One can also show the uniqueness and continuity using Lemma 5.1,
without introducing the function I(t).

5.2. The Convergence of the Solution As ¢ Approaches Zero

Itis very interesting to study the asymptotic behavior of stochastic Navier-Stokes system with
artificial compressibility. We are going to show that as artificial compressibility vanishes, the
limit of the solution becomes the solution of the corresponding Navier-Stokes system for a
viscous incompressible flow given below:

du(t) = —vAu(t)dt — B(u(t))dt — Vp(t) + E(t)dt + Z(t)dW(t),
Veou(t) =0, u(r)=¢§, p(r)=1

(5.10)

where Au £ —(Au) and B(u,v) £ ((u- V)v) with the notation B(u) = B(u,u) (see Temam

(3]).

Theorem 5.4. Assume the conditions in Theorem 4.10(ii). Then as € approaches 0, the first three
elements in the solution of (4.12), (u., Z, pe), converge to (u, Z, p), the solution of (5.10).

Proof. Similar to Step 1 of the proof of Theorem 4.10, we know that there exist u, p, Z and a
sequence of positive numbers {g;}?; such that &; — 0, u,, — u, p,, — p and Z, — Z in
corresponding spaces.

From (4.18) and (4.20), one knows that along a subsequence,

E<\/adp:’,h> — E<dD h> (5.11)

d dt’
for some D € LZ(Q; L*(0,7;L?)) and for all h € LZ(Q; L*(0, 7; L?)). Thus we get

dpfi
dat”’

E(e; h) —0 (5.12)
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in the sense of distribution. Since
(edpe,(t) + V - ug, (H)dt, h(t)) = (Z.,(H)AW (t), h(t)), (5.13)
we know that

EIT(V “u(t), h(t))dt = 1imEfT<v . (t), h(t))dt = —limEfT<£dpgi (),h(t)) =0  (5.14)
0 t—oo 0 i— oo 0

for all h € LZ(Q;L*(0,7;L%)). So V - u = 0 P-ass. This shows that the limiting system is
incompressible.

Similar to Steps 2 and 3 in the proof of Theorem 4.10, we are able to show that (u, Z, p)
solves (5.10). O
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