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SPLITTING UP METHOD FOR THE 2D STOCHASTIC
NAVIER-STOKES EQUATIONS

H. BESSAIH, Z. BRZEZNIAK, AND A. MILLET

ABSTRACT. In this paper, we deal with the convergence of an iterative scheme
for the 2-D stochastic Navier-Stokes Equations on the torus suggested by the Lie-
Trotter product formulas for stochastic differential equations of parabolic type.
The stochastic system is split into two problems which are simpler for numerical
computations. An estimate of the approximation error is given either with peri-
odic boundary conditions. In particular, we prove that the strong speed of the
convergence in probability is almost 1/2. This is shown by means of an L?(Q,P)
convergence localized on a set of arbitrary large probability. The assumptions
on the diffusion coefficient depend on the fact that some multiple of the Laplace
operator is present or not with the multiplicative stochastic term. Note that if
one of the splitting steps only contains the stochastic integral, then the diffusion
coefficient may not contain any gradient of the solution.

Keywords: Splitting up methods, Navier-Stokes Equations, hydrodynamical
models, stochastic PDEs, strong convergence, speed of convergence in probability

Mathematics Subject Classification 2000: Primary 60H15, 60F10; 60H30; Sec-
ondary 76D06, 76M35.

1. INTRODUCTION

Assume that D is a regular bounded open domain of R? with boundary 0D and
let n denote the external normal field to the boundary. Our results remain valid
also for the case of space-periodic solutions, see section 4 for details. Moreover, in
the latter case, our convergence rates are better than in the general case, see 5. We
consider the Navier-Stokes Equations in D

Ju(t .
% —vAu(t,z) + (u(t,x) - Vu(t,z) + Vp(t,z) = G(t,u(t,z))W(t,z), (1.1)
t € [0,7], z € D, with the incompressibility condition
V-u(t,z) =0, tel[0,T], x€D, (1.2)
the boundary condition
(u,m) =0 on 9D (1.3)
and the initial condition
u(0,x) = up(x) x € D. (1.4)

Here, u is the velocity, p is the pressure, v is the viscosity coefficient, W is an
infinite dimensional Wiener process and G is an operator valued function acting on

divergence free vector fields. Details will be given in the next sections.
1
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The well-posedness of the system (1.1)-(1.2) has been extensively investigated.
Under very general conditions on the operator G we refer to [13] for martingale
stationary solutions; the uniqueness of the 2-dimensional case has been investigated
in [20]. For the strong solutions and more general models in hydrodynamic we refer
to [9]. For a comprehensive setting and higher dimension, we refer to [12] and the
references therein.

In this paper, we deal with the convergence of some iterative schemes suggested
by the Lie-Trotter product formulas for the stochastic differential equations of par-
abolic type. The stochastic system is split into two problems which are simpler for
numerical computations. Other numerical schemes have been used in the literature.
This method has been used for purely theoretical purposes of proving the existence
of solutions of stochastic geometric heat equation in [14]. Let us mention two recent
papers on the topic of numerical approximations to 2D stochastic Navier-Stokes
Equations.

Carelli and Prohl [7] studied the speed of the strong convergence of some fully and
implicit semi-discrete Euler time and finite element based space-time discretization
schemes. As in [19] for the stochastic Burgers equation, they proved the L*(€),P)
convergence of the error term localized by a set (depending on the discretization),
whose probability converges to 1 as the time mesh decreases to 0. They assume that
the initial condition ug € L¥(, V), and that the diffusion coefficient of the multi-
plicative noise may depend on the gradient of the solution. These authors studied
the speed of convergence in probability (introduced by Printemps in [19]) of the fully
implicit scheme to the solution in two different spaces C'([0,T]; H)N L*(0,T; V) and
C([0,T); V'YNL*(0,T; H) (here V and H are the usual functional spaces used for the
Navier-Stokes equations, they will be defined later on). They showed that these are
equal respectively to 1/4 — a and 1/2 — « for some positive «. Finally, they showed
that the difference between the fully and the semi-implicit schemes converges to 0
in probability in C([0,T]; V') N L*(0,T; H) with the speed 1/2 — . The speed of
convergence of some space-time discretization was also investigated. Note that in
the present paper, no projection on divergence-free fields is made and the pressure
term is part of the discretized process.

Using the semi-group and the cubature techniques, Dorsek [10] studied the weak
speed of convergence of a certain Strang time-splitting scheme combined with a
Galerkin approximation in the space variable for the SNSEs with an additive noise.
Two equations were solved alternatively on each time interval of the subdivision to
approximate the Galerkin approximation: one deterministic equation only contains
the bilinear term and the other one is the stochastic heat equation. The weak speed
of convergence of this approximation was given in terms of the largest eigenvalue N
of the space of eigenvectors of the Stokes operator where the projection is done: if
a function ¢ belongs to C®(L?(D)) with some exponential control of its derivatives
of order up to 6, then the speed of convergence of the error term between the
Strang time splitting v with time mesh T'/n of the Galerkin approximation u', i.e.
’E(cp(uN(t))) —E(p(ul(1)))], is estimated from above in terms of N and n. Finally,
let us note that in [10] the noise is both additive and finite-dimensional and that
the initial condition again belongs to the space V.

One of the aims of the current paper is to show that a certain splitting method
for the stochastic Navier-Stokes Equations with multiplicative noise is convergent.
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Our splitting method is implemented using on each time interval two consecutive
steps. In the first step, the deterministic Navier-Stokes Equations (with modified
viscosity) is solved. The corresponding solution is denoted by u". In the second
step the linear parabolic Stokes equation (again with a modified viscosity) with
a stochastic perturbation is solved. The corresponding solution is denoted by y".
The goal of the paper is twofold. On one hand, we establish the ”strong” speed
of convergence in L?(D) uniformly on the time grid after the two steps have been
performed, that is for the difference |y™(¢,) — u(tx)|. We furthermore prove that
the same speed of convergence holds in L*(0,7;V) for u" — u and y" — u. The
regularity assumptions on the diffusion coefficient and on the initial condition are
similar to that in [7]. For instance we assume E||uo||$, < oo, but either the topology
we use is sharper for a similar speed of convergence or the speed of convergence is
doubled in the same topological space. While the first step consists in solving the
deterministic Navier-Stokes equations, the next step consists only of computing the
stochastic integral (with no smoothing Stokes operator), no gradient is allowed in
the diffusion coefficient and in that case the regularity of the corresponding process
y" is weaker than that of the terminal process. Following the definition introduced in
[19], we deduce that the speed of convergence in probability (in the above functional
spaces) of this splitting scheme is almost 1/2. When the second step of the splitting
contains some part of the viscosity together with the stochastic integral, due to
the smoothing effect of the Stokes operator, the diffusion coefficient may contain
some gradient terms provided that the stochastic parabolicity condition holds. In
fact the convergence of the scheme requires a stronger control of the gradient part
in the diffusion coefficient. The main result states an L*(§2,P) convergence of the
error term localized on a set which depends on the solution and whose probability
can be made as close to 1 as required. Furthermore, for technical reasons, the
speed of convergence is obtained for 2" — w in L>(0,T; H) N L*(0,T;V), where
2™ is a theoretical process which is defined in terms of v and y" and such that
(1) =y (1) = ().

In section 7 of a paper [5] by the first named authour with Carelli and Prohl, the
convergence of the finite element approximation for the 2-D stochastic Navier-Stokes
Equations by using the local monotonicity trick of Barbu, see for instance [1] and
[21], was proved. The use of the Barbu trick allowed the authours to identify the
strong solution without using a compactness method. In this respect that paper is
similar to ours. However, the time-splitting approximation we use in the current
paper as well as the proofs are completely different.

The strong convergence of the splitting method has already been studied in a series
of papers by Gyongy and Krylov ([15], [16]) but for parabolic stochastic PDEs with
some degenerate stochastic parabolicity condition. However, the linear setting used
in these papers does not cover the hydrodynamical models used in the present one.
The splitting method was also studied in [6] for SPDEs including the stochastic
linear Schrodinger equations.

Section 2 describes the properties on the hydrodynamical models, the noise, the
assumptions on the diffusion coefficients ensuring well-posedeness of the solution
in various functional spaces. It also describes both splitting schemes, depending
on the fact that some multiple of the Stokes operator is kept with the stochastic
integral or not. Section 3 proves several a priori bounds such as the control of the
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norms of the approximating processes independently of the time mesh, as well as the
control of the difference of both processes introduced in the steps of the algorithm in
terms of the time mesh. Note that the abstract properties of the operators needed
to prove the results in sections 2 and 3 are satisfied not only by the stochastic
2D Navier-Stokes Equations, but also by various hydrodynamical models, such as
the Boussinesq, magneto-hydrodynamical and Bénard models; the framework also
contains the shell and dyadic models of turbulence (see e.g. [9]). Sections 4 and 5
focuse on the 2D Navier-Stokes Equations on the torus ; they require some further
properties involving the Stokes operator and the non linearity, more regularity on the
initial condition and additional properties on the ”diffusion” coefficient G. Section
4 provides further a priori bounds ”shifting” the spatial regularity. Section 5 proves
the L*(Q,P) convergence of a localized version of both algorithms with some explicit
control on the constant used in the localization. This enables us to deduce the speed
of convergence in probability.

As usual, we denote by C' (resp. C(T')) a positive constant (resp. a positive
constant depending on 7') which may change from line to line, but does not depend
on n.

2. PRELIMINARIES AND ASSUMPTIONS

2.1. Functional setting. We at first describe the functional setting and the oper-
ators of the 2D Navier-Stokes Equations. As in [23] we denote by V the space of
infinitely differentiable divergence free and compactly supported vector fields u on
D.

Let the Hilbert space (H,|-|) be the closure of V in the L? = L*(D,R?) space.
Let also F be the Hilbert space consisting of all u € IL? such that divu € L?(D).
It is known, see [23, Theorem 1.1.2], that there exists a unique bounded linear map
Yo i B — H™3(3(D)), where H~2(8D) is the dual space of HY/2(9D) (and equal to
the image in L*(0D) of the trace operator vy : H"*(D) — L*(0D)) such that

Yu(u) = the restriction of u-n to 9D, if u € C*(D). (2.1)

Then, it is known that H is equal to the space of all vector fields u € E such that
Yn(u) = 0. Let us denote by V' the separable Hilbert space which is equal to the clo-
sure in the space H"? = H?(D,R?) of the space V equipped with the inner product
inherited from H'? and with corresponding norm denoted by || - ||. Identifying H
with its dual space H', and H' with the corresponding natural subspace of the dual
space V', we have the standard Gelfand triple V- C H C V'’ with continuous dense
embeddings. Let us note that the duality pairing between V' and V' agrees with the
inner product of H.

Moreover, we set D(A) = H"? NV and we define the linear operator A : D(A) C
H — H as Au = —PAu, where P : > — H is the orthogonal projection called
the Leray-Helmholtz projection. It is known, see [8], that A is self-adjoint, positive
and has a compact inverse.

The fractional powers of the operator A will be denoted by A%, a € R. It is
known that V' coincides with D(A'?) with equivalent norms and in what follow we

can use on V the norm |u| = |AY?u| = \/fD |Vu(x)|?du.
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Let b(-,+,+) : V x V x V — R be the continuous trilinear form defined by

b(u,v,z) = / (u-Vo) -z,
D
which, by the incompressibility condition satisfies
b(u,v,v) =0, u,v € V.

By the Riesz Lemma there exists a continuous bilinear map B : V x V — V' such
that

(B(u,v),z) = b(u,v, z), for all u,v,z €V, (2.2)
which also satisfies
(B(u,v),z) = —(B(u, z),v) and (B(u,v),v)=0 wu,v,z€ V. (2.3)

Moreover, as it has been pointed out by V. Barbu [1] and proved in [21, Proposition
2.2] the following Assumption is satisfied with the space X = L4(D).

Assumption 2.1. (1) There exists a Banach space X such that V. C X C H
continuously and densely and there exists a constant C' > 0 such that

ulx < Clulllull, weV. (2.4)
(2) Forn >0, there exists a constant C,, > 0 such that for allu; € V,i=1,2,3,
[(B(u1, u2), uz)| < Cluafx|ua|x|lus|- (2.5)

Remark 2.2. [t is easy to see the Assumption 2.1 (2) implies that for any n > 0
there exists Cp, > 0 such that for allu; € V, i =1,2,3,

[(B(ur, u2), us)| < nllus|® + Cylur X |uzl. (2.6)
Moreover, the last property together with (2.3) implies that for all (u;)3_, € V,
[(B(ur, wr) = Buz, uz), ur — uz)| < nflur — uzl* + Cylug — uaf?funx (2.7)

Note that this abstract setting (where one only assumes that the operators A
and B satisfy the conditions in subsection (2.3) - (2.7)) includes several classical
hydrodynamical settings subject to random perturbations, such as the 2D Navier-
Stokes Equations, the 2D Boussinesq model for Bénard convection, the 2D Magneto-
Hydrodynamics equations, the 2D magnetic Bénard problem, the 3D Leray a-model
for Navier-Stokes Equations, the GOY and Sabra shell models of turbulence, and
dyadic models; see [9] for more details. To be precise we assume that
(i) (H,|.]) is a Hilbert space,

(ii) A is a linear positive unbounded operator in H,

(iii) V = D(A'?) endowed with the norm || - || is a Hilbert space,
(iv) a bilinear map B : V x V — V’ satisfies (2.3)

(v) Assumption 2.1 holds for some Banach space X.

In the sequel, we will work in this abstract framework containing the above example
of the 2D Navier-Stokes Equations.

We assume that K is a separable Hilbert space, (Q, F, (F)i>0),P) is a filtered
probability space and W = (W(t)):;>o is a K-cylindrical Wiener process on that
probability space.
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Hence, the stochastic hydrodynamical systems (including the stochastic 2D Navier-
Stokes Equations) are rewritten in the abstract form

du + (Au + B(u,u) — f)dt = G(u)dW,
{ u(0) = uy.
For simplicity we will assume that f = 0.

We also introduce a Coriolis type of term R : [0,7] x H — H, for example
R(t, (u1,us)) = co(—uz,uq) (precise assumptions are given below), and set for ¢ €
[0,7] and u € V:

F(t,u) = Au+ B(u,u) + R(t,u)

and consider the evolution equation.

du(t) + F(t, u(t))dt = G(u(t)) dW (1), u(0) = up. (2.8)

2.2. Assumptions and results on the stochastic NSEs in H. Through the
paper, we will assume that vy € H (or ug € L*(Q2, Fo, H)). Let us denote by
To(K, H) the space of Hilbert-Schmidt operators from K to H.

Assumption (G1): Let us assume that G is a continuous mapping G : [0, 7] x
V— To(K,H), (resp G : [0,T] x H —— T5(K, H) for £ = 0) and that there exist
positive constants (K;)?_, and (L;)?_;, such that for any ¢ € [0, T, u,u1,us € V,

Gt )G < Ko+ EKifu® + ¢ Kollul?, (2.9)
G(tuz) = Gt u) ey < Lilue —wl* +e Lofluz —wi|®. (2.10)

Assumption (R1): Let us assume that R is a continuous mapping R : [0, 7] x
H — H such that for some positive constants Ry and R

IR(t,0)| < Ry, |R(t,u) — R(t,v)] < RiJu—v|, wouveH  (211)

There is huge literature for the well posedness of 2D Stochastic Navier-Sokes equa-
tions. The following result is similar to that proved in [7] for the 2D Navier-Stokes
Equations. We refer to [9] for the result given below. Indeed, the a priori estimates
in Proposition A.2 of [9] imply that the sequence wu,,j, of Galerkin approximations
satisfies sup,, sup,c 4, E( SUP;c(o.7] |Un,n(t)[* ) < oo and the subsequence used in Step
1 of the proof of Theorem 2.4 in [9] can be supposed to be weak-star convergent to
up, in L?P(Q2, L°°(0,T; H)). In our case, there is no random control, that is h = 0.

Theorem 2.3. Let us assume that assumptions (G1) and (R1) are satisfied with

Ky < Ly < 2. Then, for any T > 0 and any Fy-measurable H-valued random

variable such that E|ug|* < oo, there exists a unique adapted process u such that
uwe€ C[0,T); H)n L*(0,T; V)N L*0,T;X) a.s.

and P-a.s., u is solution of the equation (2.8), that is in the weak formulation, for
allt € [0,T) and ¢ € D(A):

(u(t).6) + [ (u(s), A0} ds+ [ (Blu(s),u(s).0)ds+ [ (Rls.uls), o) ds
0 0 0 (2.12)

— (o, 8} + / (G(s, u(s))dW, 6),
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Moreover, if g € [2,1 + K%), then there ezists a positive constant C' = Cy(T') such
that if Elug|? < oo,

B( sup [uOF + [ )P0+ o)) ds) < CO+Bluol?). (213)

t€[0,T]

Finally, if Ky < %, then

IE/O u(s)|% ds < C(1 + Eluo|*). (2.14)

2.3. Description of the scheme. LetII = {0 =1, <t <--- <t, =T} beafinite
partition of a given interval [0, 7] with constant mesh h = 7'/n. We will consider the

following splitting scheme similar to one introduced in [3] for deterministic NSEs.
Let ¢ €[0,1) and let F. : [0,7] x V — V' be defined by:

F.(t,u) = (1 —e)Au+ B(u,u) + R(t,u). (2.15)

Note that fy = F.

Step 1. Set t_; = —L. For ¢ € [t_1,0) set y"(t) = u"(t) = ug and F, = Fy .

The scheme (y™,u™) is defined by induction as follows. Let i = 0,---n — 1 and
suppose we have defined processes u™(t) and y™(t) for t € [t;_1,t;) such that y"(¢;)
is an H-valued F-measurable function. This clearly holds for ¢ = 0. Then we
define u™(t), t € [t;,t;+1) as the unique solution of the (deterministic) problem with

positive viscosity 1 — ¢ and with ”initial” condition y"(¢; ) at time ¢;, that is :
Lun(t) + B, a'(0) = 0, £ € [totinr), w'(E)) ="(t0). (2.16)

Note that u"(t;, ) is a well defined H-valued F;, measurable random variable. Thus
we can define y™(t), t € [t;,t;4+1) as the unique solution of the (random) problem
with ”initial” condition the F;-measurable random variable u"(t;, ) at time ¢;:

dy"(t) + e Ay"(t)dt = G(t,y" (1)) AW (1), t € [ti, tina),  y"(E7) = u"(ti,)- (2.17)

Indeed, if ¢ > 0, it is classical that, provided that the stochastic parabolicity
condition holds (that is ¢ Ky, € Ly are small enough), there exists a unique weak
solution to (2.17), see e.g. [17]. If ¢ = 0, the smoothing effect of A does not act
anymore, but the coefficient G satisfies the usual growth and Lipschitz conditions
for the H-norm. Therefore, in both cases y"(¢;,) is a well defined H-valued F;,,,
measurable random variable.

Finally, let u™(T") = y™(T").

Remark 2.4. As in [3], we notice that the processes u™ and y™ are not continuous.

In order to prove the convergence of the above scheme, we will need to establish
a priori estimates on u™ and y". They will be different if ¢ =0 and ¢ € (0,1). We
at first introduce some notation. Recall that [I ={0=1t;, <t; <--- <t, =T}. Set

dy(t) :=t;, di(t):=tyq fort €[t tiyr), i=0,1,...,n—2,
d,(t) :=t,_1 di(t):=t, fort€ [t, 1,t,].
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With the above notations, the processes " and y" can be rewritten as follows:
For every ¢ € [0,T] we have:

t dn(t)
u™(t) = up — /0 F.(s,u"(s))ds + /0 [—e Ay"(s)ds + G(s,y"(s))dW (s)], (2.18)

& (1) ¢
y"(t) = ug — /0 F.(s,u"(s))ds + /0 [—e Ay"(s)ds + G(s,y"(s))dW (s)]. (2.19)

3. A PRIORI ESTIMATES FOR THE INITIAL DATA IN H AND GENERAL
STOCHASTIC HYDRODYNAMICAL SYSTEMS

We at first suppose that the conditions (G1) and (R1) are satisfied.

Lemma 3.1. Let ug be Fo-measurable and such that Elug|? < oo, and fire € [0,1).
Let Assumptions (G1) and (R1) be satisfied with Ko < Ly < 2. Then there exists
a positive constant C, depending on Elug|?, ¢ , T and the constants R; and K; such
that for every integer n > 1:

sup E<|y"(t)\2+ sup |u"(s)|2>+E/0 lun(s)2ds < C. (3.1)

t€[0,T] s€ldn (t),d (1))

Furthermore, if e € (0,1) we can choose the constant C' such that:

T
supE/ ly"™(s)|*ds < C. (3.2)
0

neN
Proof. Let o = 2Ry + Ky and a = 2(Ry + R;) + K. We use an induction argument
to prove that for [ = —1,--- .n—1,

+1
aT ol jaT

E( swp [w0F)+ swp El(OF < Bl + L3 e, (33)
te n

[titit1) teltitit1) j=1

where we use the convention Z?:p IR = 0if p > q. Note that (3.3) clearly holds
for I = —1. Assume that (3.3) holds for [ = —1,0,--- ,i— 1. Take the scalar product
of (2.16) by u™ and integrate over (t;,t| for ¢t € [t;, t;11); the anti-symmetry property
of B and Assumption (R1) yield

[u" ()] +2(1 —¢) /t lu™()1I* ds = [y (t:)[*
- 2/# (B(u"(s),u"(s)),u"(s)) ds+ 2 /t (R(s,u"(s)),u"(s))ds
<ly"(t;)]* + 230% + 2/ (Ro + Ri)|u"(s)|* ds. (3.4)

t

The It6 Lemma yields for t € [t;, t;41):

t t
Ely"(t) + 2 ¢ E / ly"(s)|? ds = Elu(t7,,)]? + 2E / 1G5, 57(5)) agre s
ti t;
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K,T

< Bl (t5) + =2

¢ ¢
+ K, / Ely™(s)|*ds + ¢ KQE/ ly™(s)||>ds.  (3.5)
ti t;

Since Ky < 2 we may neglect the integrals of the V-norm in both inequalities (3.4)
and (3.5). Taking expected values in (3.4), using the Gronwall Lemma and the
induction hypothesis, we obtain:

B( sw o0F) < (El60R+

t;<t<tii11

2R0T 2(Ro+R1)T
e n
n

%
ailT | 2(Rg+R)T 2ROT 2(Ro+R)T o jaT | 2(Ro+R)T
n —+ e n _ n

< Elug|?e™ * e ,
n n <
7j=1
and
KT KT
sup By (0 < (Bl + 500 ) o
1 <t<tit+1
i
< E|u0‘2€zaT:aT n QROTe% I KOTey i ge% e%.
n n st

Since o > 2Ry and a > 2(Ry + R;), we deduce that the induction hypothesis (3.3)
holds true for [ =i+ 1. Hence we deduce that

naT T " jaT
sup E( sup \u"(s)\Q) \Y ( sup E|y"(t)\2) < |uplPe ™ + LN
dn ( ) n

0<t<T 1) <s<dj(t 0<t<T =

T
ol are* —1
< IE‘7“L0|2eaT t—en —5
n en —

< E|UO‘2€aT—|— ge2aT.
a

This proves part of (3.1). Using this last inequality in (3.5), and in (3.4) after taking
expected values, yields for every : = 0,--- ,n — 1:

n(p— 2 fit n 2 n/ii—\|2 CT
Elu™(t, )" +2(1 - €)E lu"()II" ds < Ely" (&) + ==,
t;

B tit1 . . cT
Bly"(t) P+ (2 Ka)e B [ " 6)|P ds < Bl (e )P +
t

Adding all these inequalities from ¢ = 0 to @ = n — 1 concludes the proof of (3.1)
and proves (3.2) when ¢ > 0. O

As usual, we can use higher moments of the H-norms and deduce the following.
Lemma 3.2. Fize € [0,1) and let Assumptions (G1) and (R1) be satisfied with

Ly < 2 and Ky < ﬁ for some real number p > 2. Then there exists a positive

constant C':= C'(e ,T) such that for every integer n > 1:

T
sup [E(_suwp (o)) + By @] + E [ @) (9)20 Vas < €.
te[0,7) SE[dn (t),dx (£)) 0
(3.6)

Furthermore, if ¢ € (0,1) then C can be chosen such that:

T
swE/|W%W%WﬂW”%SC- (3.7)
0

n>1



10 H. BESSAIH, Z. BRZEZNIAK, AND A. MILLET

Proof. By repeating an argument similar to that used in the proof of Lemma 3.1 we
can show that for i =0,...,n — 1 and for all t € [t;,t;41)

t
u™(6)]* + 2p(1 — 6)/ u" ()PP u” ()17 ds = |y ()]
t;

— 2 /t [(B(u"(s),u™(s)),u"™(s)) + (R(s,u™(s)),u"(s))] |u"(s)[*P~Y ds

RoT
<y (&) + 2p=— + 2p(Ro + Ry) / u"(s)[ 7 ds. (3.8)

Thus, the Gronwall Lemma implies

RyT T
E sup |Un(t)|2p§ {Ew( )|2p_|_2p 0 } 2p(R0+R1)Z.

1 <t<tit1

On the other hand, for fixed i = 0,...,n — 1, the Itd6 Lemma yields for ¢ € [t;, t;11)
P 2e [ ORI ds = i)
[ (G5, () AW (5), 57 (5l (5%
p [ (16006 Bl P+ 200 = VIG5, D GV ()20 .

Using assumption (G1), we deduce:

t
Ely"(t)[* +2pe / Ely"(s)[*[ly" ()77~ ds < Elu"(t;;,)[*
t;

t t
(Ko + K) / Ely"(s)ds + K, ¢ / Ely" (s)P® 1y ()] s .

KT
+p(2p—1)[ TOL
ti t;
(3.9)

Since Ky < 1, in inequality (3.9) we may neglect the integrals containing the

V-norms of u( ) and by applying the Gronwall Lemma we then infer that
2 — KT 2p(p—1 T
sup By (O < (Blur(t 4 2T DT ) oo,
1 <t<tit1 n
Let us put
b:=2p(Ro + R1) + p(2p — 1)(Ko + K1) and 8 := 2pRo + p(2p — 1) Ky;

then by a mathematical induction argument (see the proof of Lemma 3.1 for a similar
one), we infer that for i =0,...,n—1,

T
E( sup |u"<t>|2”) V( sup E\y()|2p><E\u a0ty OT Zeﬂ’%.
t; <t<tjt1 t; <t<tjt1

Hence we deduce:

( sup E[ sup |u"(s)|2p]) \Y% ( sup E|y"(t)|2p> §E|u0|2pebT+BeQbT (3.10)
[ ) 0<t<T b

0<t<T SE[dn (t),d% (¢
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Adding (3.8) and (3.9) for i =1,...,n — 1 and using (3.10), we deduce that
T
Ely™(T7)[* +p2 — (2p — 1) K] e /E|y"(8)|2(”_1)||y"(8)||2d8
0

T
+2p(1 —¢) / E|u"(s)|2(”_1)||u"(s)||2ds < E|u0|2p(1 + bTebT) + 8T (1+ eQbT).
0

This completes the proof using once more the fact that (2p — 1)Ky < 2 when
e >0. Ul

Finally we will prove an upper estimate of the H norm of the difference of both
processes u" and y".

Proposition 3.3. Let us assume that ug is Fo-measurable such that Elug|* < oo
and that the Assumptions (G1) and (R1) hold with Ky < % and Ly < 2. Then for
any € € 10,1), there exists a positive constant C' such that for any n € N

E/T e (t) — g (o)t < EL. (3.11)

n
Proof. Case 1: Let ¢ = 0; then (2.17) and Assumption (G1) prove that for any
te0,7),

t

t
Ely"(t) —u"(d;,(t))]* = E/d . IG (s, 4™ () T3¢,y s < E/d ()[K0+K1|y"(8)|2] ds.
n(t n(t

Therefore, Fubini’s theorem and (3.1) yield

T T dy(s)
B[ - w@ofe < cE [ apereF [

T
< (CO—. 12
< ol (312)
We next prove that for any e € [0,1), we have
T
T
E/ |u™(d5 (1)) — u"(t)|*dt < % (3.13)
0

This estimate together with (3.12) concludes the proof of (3.11) when ¢ = 0. The
evolution equation (2.18) shows that

dy (t)
u"(dy, (1)) —u"(t)[* = Q/t (u"(s) —u"(t),du"(s)) = Zﬂ(t),
where

dy, (t)
Tt ==21-2) [ (A (s)a () — " (0) ds,
dy, (t)
Ty(t) = —2 / (B(u"(s), u"(s)), u"(s) — u"(t)) d.
dy, (t)
Ty(t) = —2 / (R(s, u"(s)), " (s) — " ()} ds.
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Using Lemma 3.1 and the Young inequality, we deduce that

= [ nod| = |0 -oe & [ [ R 2ol o) as

(1-¢)E / dt/ t)l 2[[u” (s)II* + 2llu"(s)]* + ||u ()||2]

1— dn(t) r
< E/ o) [ s < <
2 0 t

IA

n

Furthermore, using the upper estimate (2.5), the Cauchy-Schwarz inequality, the
Fubini Theorem, Lemmas 3.1 and 3.2, and (2.4), we deduce

)E/ T (t dt’<2/ dt/ ()2 | (8)]| ds
< 2(E / oy Pae) " (& [ ] / ewra] )
/ dt— /d " lu™(s \de) v

2. CT
<C / ds|u / dt < —.
( sl )<

Using Assumption (R1), the Cauchy-Schwarz inequality, the Fubini Theorem and
(3.1), we have:

e /OTTBW\ < | L " e o
+C(E/OT\U (0)dt)’ 2(1E/0Tczt[/tdz(t)<1+ u(s))ds] )"
<t [ aste o | (e [ [ s weenra)”

n(S

T T T s 1/2 T
< C_+c( / ds(1+|u"(s)|)2/ at) " < cr
0 dn(s)

n n

This concludes the proof of (3.13) and hence of (3.11) when ¢ = 0.
Case 2: Suppose that ¢ € (0,1). Then for t € (0,7 we have

i (t) t ¢
Yy (t) —u"(t) = —/t F.(s,u"(s))ds—¢ /d (t)Ay"(s) ds+/ (t)G(s,y"(s))dW(s).

Therefore, the It6 Lemma implies that

T 5
E [ o) - woFd =Y T
0 i=1

where

_ T dy (t)
Ty =2(1 — 5)E/0 dt/t (Au"(s),y"(s) —u"(s)) ds,
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7, :QE/OTdt/dnt Bu™(s), 1" (s)), 47(5) — u"(s)) ds,
T; = 2E /OTdt/d ¥ (R(s,u™(s)),y"(s) — u"(s)) ds,
e 2ok [ di / (Ay™(5), 57(5) — u"(s)) ds,

0 dn(t)

T

T,—E dt/ 1G (s, 5" ()1 e 1) s
0 dn(2)

Let us note that since A = A* is non negative, we have, for all y,u € D(A):
(Au,y —u) = (Alu—y),y—u) + (Ay,y —u) < (Ay,y —u),  (3.14)
2(Au,y —u) < (Au,y—u)+ (Ay,y —u) = (Aly +u),y —u)
= (Ay,y) — (Au,u) < (Ay,y) = [lyl*. (3.15)

Therefore, the Fubini Theorem, the Cauchy Schwarz inequality, and the estimate
(3.2) yield

1—¢

T s
T < (1—8)1@/ ds Hy"(s)H?/ dt < C
0 n(s)

n

Similarly, the Cauchy Schwarz inequality and the upper estimates (3.1) and (3.2)
yield

T s
T,<2¢ E/ ds [2]jy"(s)* + [|u"(s)]]?] / dt < o,
0 dn(s) n

The Fubini Theorem and the upper estimates (2.6) with n = 1, (3.1), (3.2), (3.6),
(2.5) and (2.4) yield

_ T s T
0 dn(s)
Using Assumption (R1), the Fubini Theorem and (3.1), we deduce that
_ T s T
ngCE/ ds [1+|u"(s)|2]/ dt < C—.
0 dn(s) n
Finally, Assumption (G1, (3.2) and the Fubini Theorem yield
_ T s T
Ts SE/ ds [Ko + Ki|y™(s)|* + 5K2||y"(s)||2]/ dtSCg.
0 dn(s)

This concludes the proof of (3.11) when £ € (0, 1). O
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4. STOCHASTIC NAVIER-STOKES EQUATIONS WITH PERIODIC BOUNDARY
CONDITIONS

In this section we will discuss the stochastic NSEs with periodic (in space) bound-
ary conditions, or as it is usually called, on a 2-D torus. The difference between
the periodic boundary conditions and the Dirichlet ones investigated in the previous
section is that in addition to the properties satisfied for both cases, the periodic case
has also one additional (4.1), see below. This assumption allows one not only to
solve the problem with the initial datum g belonging to V' but also to get a priori
bounds similar to that of (2.13) for the solution and to that of Lemmas 3.1 and 3.2
for the scheme, shifting regularity by one level.

All what we have discussed throughout the paper until now applies to the case
when the Dirichlet boundary conditions are replaced by the periodic boundary con-
ditions. In the latter case it is customary to study our problem in the 2-dimensional
torus T? (of fixed dimensions L x L), instead of a regular bounded domain D. All
the mathematical background can be found in the small book [22] by Temam. In
particular, the space H is equal to

H={uelLj:div(u) =0 and y(u)r,., = (W), j=1,2},
where 7, is defined in (2.1) and L2 = L2(T? R?) is the Hilbert space consisting of
those u € L*(T? R?) which satisfy [, u(z)dz=0and I';, j=1,---,4 are the four
(not disjoint) parts of the boundary of 9(T?) defined by
Fj = {.T = (%1,1’2) € [O,L]2 Ty = 0}, Fj+2 = {SL’ = (%1,.272) € [O,L]2 T = L}, j =
Similarly, the space V is equal to
V= {uelin H(T* R?) : divu =0 and ujy2) = 0}.

The Stokes operator A can be defined in a natural way and it satisfies all the
properties known in the bounded domain case. In particular A is positive and the
following identity involving the Stokes operator A and the nonlinear term B holds:

(Au, B(u,u))y =0, ue D(A); (4.1)

see [22, Lemma 3.1] for a proof.

We will also need to strengthen the assumptions on the initial condition u and on
the coefficients G and R to obtain a uniform control of the V-norm of the solution.
This is done in the following subsection.

4.1. A priori estimates for the initial data in V' for the Stochastic NSEs
on a torus. Given u € V, recall that we define curlu = 0,,us — 0,,u;. The fol-
lowing results are classical; see e.g. [24], or [4] where they are used in a stochastic
framework.

|Aul?* = |Veurl ul?, for u € Dom(A), (4.2)
|Vul|pz < Cleurl ulzz, foru eV, (4.3)
(curl B(u,u),v) = (B(u,curl u),v), foru,v e Dom(A). (4.4)

To ease notations, we denote by |curl u| the L%-norm of the one-dimensional function
curl u.

1,2.
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Suppose that the coefficients G and R satisfy the following assumptions:
Assumption (G2): G : [0,T]xD(A) = To(K,V) (resp. G : [0, T|xV — To(K, H)
if ¢ =0), and there exist positive constants K;,7 =0, 1,2 and L;,7 = 1,2 such that
for every t € [0,7], and u,v € D(A) (resp. u,v € V):

|curl G(t, u)\%(K,V) < Ko+ Kileurlu* + & Ky|Aul?, (4.5)
|curl G(t,u) — curl G(t,v)|272(K7v) < Lyleurl (u —v)> + & Ly|Au — Av|?.(4.6)

Assumption (R2): Let us assume that R is a measurable mapping R : [0,7] X
V' — V such that for some positive constants Ry and R,

|curl R(t,u)|z2 < Ro, |curl [R(t,u) — R(t,v)]|z2 < Ry|curl (u — v)|2, u,v € V.
(4.7)
Let us put £(t) = curl u(t) where u is the solution to (2.8). Then ¢ solves the
following equation on [0, 7] with initial condition £(0) = curl uy:

dé(t) + [AL(t) + curl B(u(t), u(t)) + curl R(t, u(t))]dt = curl G(u(t)) dW(t).

An easy modification of the arguments in the proof of Proposition 2.2 in [4] proves
the following.

Theorem 4.1. Let us assume that ug is a V-valued, Fo-measurable random variable
with El|ue||* < oo for some real number p > 2. Assume that that assumptions
(G1) and (G2) are satisfied with Ky < Tzl and Ly < 2, and that the assumptions

(R1) and (R2) hold true. Then the process u solution of (2.8) is such that u €
C([0,T; V) L*(0,T; D(A)) a.s. Moreover, there exists a positive constant C' such
that

B sup [+ [ AR+ Jul)P7) ds) < CO1+ Blual7). (49

t€[0,7]

In the rest of this subsection we suppose that the coefficients G' (resp. R) satisfy
both Assumptions (G1), (G2) (resp. (R1) and (R2). This will enable us to upper
estimate the V-norm of the difference y” —u", and hence to strengthen the inequality
(3.11).

For every t € [0,T) let £"(t) = curlu"(t) and n™(t) = curl y"(¢). Equations (2.16)
and (2.17) imply that £"(¢t) = n™(t) = curlug for ¢t € [t_1,t5) and fori =0,--- ,n—1
and t € [t;,t;41), we have

de™(t) + [(1 — ) AL (t) + curl B(u"(t), u"(t)) + curl R(t,u"(t))]dt = 0,
't =n"t;). (4.9)
and
dn"(t) + ¢ An"(t)dt = curl G(¢t,y"(t)) dW (),
7' () = &"(ti)- (4.10)

The processes (£™(t),t; <t < t;11) (vesp. (n"(t),t; <t < t;y1)) are well-defined pro-
cesses which are F;,-measurable (resp. (F;)-adapted). Furthermore, these equations
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can be reformulated as follows for ¢ € [0, T7:

t

dn(t)
£"(t) = curlug —/Ocurl F.(s,u"(s))ds + /0 [—e An"(s)ds + curl G(s,y"(s))dW (s)],

(4.11)
dx (1) t
n"(t) = curlug —/0 curl F_(s,u"(s))ds + /0 [—e An"(s)ds + curl G(s,y"(s))dW (s)] .
(4.12)

We at first prove the following analog of Lemmas 3.1 and 3.2.

Lemma 4.2. Assume that p is a integer such that p > 2. Assume that G satisfies
Assumptions (G1) and (G2) with Ky < % and Ly < 2, and R satisfies Assump-
tions (R1) and (R2). Let ug be an Fy-measurable, V-valued random variable such
that E||lug||** < oo. Then fore € [0,1), there exists a positive constant C' such that
for every integer n > 1

T
sup E([lu”(0)[1* + ly"(6)*) +E/ (L + [l ()PP~ V) [Au™ (1) Pdt < C. (4.13)
t€[0,7] 0

Furthermore, if ¢ € (0,1), there exists a positive constant C' such that for every
integer n > 1

B[ (1 IOy )P < C. (4.14)

Proof. We briefly sketch the proof, which is similar to that of Lemmas 3.1 and 3.2.
Let us fix n € N. First note that, using Lemmas 3.1 and 3.2, (4.2) and (4.3), it is
easy to see that the upper estimates (4.13) and (4.14) can be deduced from similar
upper estimates where ||u”||, [|y"||, |Au"| and |Ay"| are replaced by [£"], |n"|, ||£"]|
and ||n"|| respectively. We prove by induction that for [ € {—1,0,--- ,n — 1},

I4+1
(+ner T jaT

E( suwp ¢ 0F) v ( sup Blp(t)P)] < Bleurlugf?e ™ + 25 37 5
telty tit1) telt; tit1) n i1
(4.15)
(+uer ﬁT s bT
E( s e OF) v ( s B e)Pr)] < Eleuluofre s + 23R
telt; tit1) teltytir1) n |
(4.16)

Where a = 2<R0 + Rl) + K17 o = 2R0 + K07 b = 2p<R0 + Rl) +p<2p — 1)<K0 + Kl)
and 5 := 2pRy + p(2p — 1) K. Indeed, these inequalities hold for [ = —1. Suppose
that they hold for [ <7 —1, i <n — 1; we prove them for [ = 1.

We at first prove (4.15) for [ = i. The identities (4.9), (4.4) and Assumption (R2)
imply that for ¢ € [t;, t;+1), we have

EaD2 +2(1 - ¢) / len(s) |2 ds = (67 — 2 / (curl R(s, u"(5)), £"(s)) ds

RyT
S\n”(t;)\2+2i+2 (Ro+ Ry) / 1€ (s)|? ds,
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while the identities (4.10) and (4.2), the 1t6 Lemma and Assumption (G2) imply

t t
Bl (0 + 2 B [ o (s)|P ds = BIg" (e + B [ leul 6(s.57(5) e ds
ti t;

K T t t
<E[¢" (1)) + ——+ KlE/ " (s)|* ds + e KQE/ 1" (s)]%] ds.
ti t;

n

Then arguments similar to that used in the proof of Lemma 3.1 yield (4.15) and
then for every ¢ € [0,1) and C independent of n

T
sup E([Jlu"(0)[* + [ly"(®)]%) +SUIN>E/ | Au"(t)?dt < C.
ne 0

t€[0,T)

Furthermore, for ¢ € (0,1) we have
T
E/ | Ay™(t)|?dt < C.
0

We then prove (4.16) for [ = i. Using once more (4.4) and Assumption (R2), we
deduce that for t € [t;, t;11), we have

‘§n<t)|2p -+ 2p<1 — g)/t H£n<S>H2‘£n<S)‘2(p71) ds

= 007 = 2p  fewr RGs, (), X)€" ()P s

RyT K
<P+ 2570 4 2p(Ro + ) [ e ds
t;

Similarly, (4.10), the It6 Lemma and Assumption (G2) imply that for t € [t;, t;11),
we have

t
B0 + 20 B [ () (o) ds
ti
t
= E|¢"(t;.1)] + 2p(p — I)E/ ||curl G(s,y"(s))||%(K7H)|n"(3)|2(p—1) ds
t
< E|™(t 2p KOT ! n 2Pd
<E[E" (1)1 + 2p(p — )= = + 2p(p = (Ko + K)E [ |n"(s)[* ds
ti

t
+%@—D6&E/MWﬂHW@W“Wh
t;

Then arguments similar to those used in Lemmas 3.1 and 3.2 yield (4.16), and then
(4.13) and (4.14). This concludes the proof of the proposition since (2p — 1)Ky < 2
when ¢ > 0. O

We finally find an estimate from above on the V' norm of the difference of ™ and
y". This estimate will be used to obtain the speed of convergence of the scheme.

Proposition 4.3. Assume that ug is Fo-measurable with E|lug||* < co; let T > 0 and
e €10,1). Assume that Assumptions (G1) and (G2) are satisfied with Ky < 2/3
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and Ly < 2, and that Assumptions (R1) and (R2) hold. Then there exists a positive
constant C := C(T'), such that for every integer n > 1

E/O ly™(t) — u™(t)||2dt < % (4.17)

Proof. Using (3.11) and (4.3), we see that the proof of (4.17) reduces to check that

E / o) e wPar < & (4.18)

We only prove this inequality when e € (0,1). The proof in the case ¢ = 0 can be
done by adapting the arguments in the proof of Proposition 3.3. So let us assume
that ¢ € (0,1). Then the It6 Lemma, (4.13) and (4.14) imply that for any ¢ € (0,7):
dy (t)
Bly(1) - €'0F = 2B [ (1= (A€ 0(5) - €(5)
¢
+ (B(u"(s),£"(s)),n"(s) = £"(s)) + (curl R(s,u"(s)),n"(s) — §"(s))| ds
t

t
% / AT €6 + / el Gl ") s s
n n(t

Integrating on [0, 7], using (2.6) with n = 1, Assumptions (R2) and (G2), the
Fubini Theorem and Lemma 4.2, we obtain

B [ () = €'(0)Fde < 28 | ds[(1 =) Aw () AG6) = (o)) + 4G s) =7 (5

s T dr (s)
+ ORI OR] [ der2E [ as(a P + P [
dn(s) 0 s
T d? (s)
+E/ ds[Ko + K|n"(s)|* + Kye |Ay"(s)|2]/ dt
0 s
STE/O (IAu"(s)[* + [Ay" () + [lu™(s)[I* + [u"(s)|* + 1€"(5)[*| Au"(5)[?) ds
cT
§—7
n
where the last inequality can be deduced from Lemmas 3.2 and 4.2. This concludes
the proof. O

4.2. A priori estimates for the process 2. For technical reasons, let us consider
the process (2"(t),t € [0,T]) defined by

t dn(t) t
2" (t) = ug —/0 F.(s,u"(s))ds —¢ /0 Ay™(s) ds —l—/o G(s,y"(s))dW (s). (4.19)

Note that for € = 0 the process 2" (t) coincides with u"(¢t*) and y"(¢7) on the time
grid, i.e.,

2M(ty) = y"(ty) =u"(t)) fork=0,1,--- n. (4.20)
The following lemma gives upper estimates of the differences 2" —u™ and 2" — y™ in
various topologies.
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Lemma 4.4. Let ¢ €[0,1) and let uy be Fo-measurable.

(i) Assume that ug is H-valued with Elug|?? < oo for some integer p > 2. Suppose
that Assumption (G1) holds with Ky < % and Ly < 2 and that Assumption (R1)
is satisfied. Then there exists a positive constant C := C(T,¢e) such that for every
integer n > 1,

sup E|2"(t) —u"(t)|* < ¢ (4.21)

t€[0,T] np

(ii) Assume that ug is V-valued with Eljug||* < oo, let Assumptions (G1) and
(G2) hold with Ky < % and Ly < 2 and let Assumptions (R1) and (R2) be satisfied.
Then there exists a positive constant C':= C(T,€) such that for every integer n > 1,

E / (12(0) — w011+ [12(0) — v ()Yt < & (4.22)

Proof. For t € [0,T], we have
20 -0 = [ Gl ()W)
dn(t)

Let the assumptions of (i) be satisfied. Since E|ug|?? < oo and K, < %, the
Burkholder-Davies-Gundy and Holder inequalities together with Assumption (G1)

and Lemma 3.2 imply that for any ¢ € [0, T,

p

E[z"(t) —u"()[* < G

t
/d O30 e
n(t

t

TPl n 2 n 2p
<G(3) B[ Ko+ ml e+ e Kl ds
dn (t)
CP<T> p p n 2p p p n 2p T CP<T>
< "o K8+ KD sup Bl () + <0 K sup Bl (7] < 220

t€[0,T]

Let the assumptions of (ii) hold true and let (" (¢) = curl z"(¢); then

¢"(t) = curlug — /o [(1—=2)AC™(s) + curl B(u"(s), u"(s)) + curl R(s, u"(s))] ds

dn (t) t
—€ / An™(s) ds—i—/ curl G(s,y"(s))dW (s).
0 0
Therefore, ("(t) — £"(t) = f;n(t) curl G(s,y"(s))dW (s); the Ito6 Lemma, the Fubini
Theorem and Assumption (G2) imply that
T T t )
/ E|C™(t) — £"(t)|* ds = / E/ . }curlG(s,y"(s))’B(ka) dsdt
0 0 ot
7 (5)

< /OT [Ko+ Ki|n"(s)]* + € Ko Ay"(s)|’] (/Sd dt) ds

T T
< g[KOTHE/ (Kl (O + & Kol Ay (1) )]
0
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Hence, Lemma 4.2 and (4.21) applied with p = 1 yield

[ El@ - weopa < 40

This upper estimate and Proposition 4.3 conclude the proof of (4.22). O

5. SPEED OF CONVERGENCE FOR THE SCHEME IN THE CASE OF THE
STOCHASTIC NSES ON A 2D TORUS

In this entire section we consider the Stochastic NSEs on a 2D torus. Thus, we
suppose that ug is Fy-measurable such that E|ju||® < oo and fix some T > 0.
We also assume that Assumptions (G1) and (G2) are satisfied with K5 < 2 and
Ly < 2, and that the Assumptions (R1) and (R2) hold true. Our aim is to prove
the convergence of the scheme in the H norm uniformly on the time grid and in
L*(0,T; V).

The non linearity of the Navier-Stokes Equations requires to impose a localiza-
tion in order to obtain an L?*(£2,P) convergence. However, the probability of this
localization set converges to 1, which yields a speed of convergence in probability
as defined by Printems in [19]. Thus, for every M > 0, t € [0,7] and any integer
n>1, let

(1) = {weﬂ : /Ot(|u<s,w>|;z+|u”<s,w>|;§)dssM}- (5.1)

This definition shows that Q7 () C Q},(s) for s < ¢ and that Q7},(¢) € F; for any
t € [0, T]. Furthermore, Lemma 3.1 shows that sup,,~; P(2},(7)°) — 0 as M — 0.
Let 77, = inf{t > 0 : fot (Ju(s,w)[x + |[u"(s,w)|%) ds > M} AT; we clearly have
vy =T on the set Q7 (T).

The following proposition proves that, localized on the set Q% (7"), the strong
speed of convergence of 2" to u (resp. of u™ and y" to u) in L>(0,T; H) (resp. in
L2(0,T;V)) is 1/2.

Proposition 5.1. Let ¢ € [0,1), ug be Fo-measurable such that Eljug||® < oo.
Suppose that the Assumptions (G1), (G2), (R1) and (R2) hold with K, < 2,
Ly < 2 with € Ly strictly smaller than 2(1 — €). Then there exist positive constants
C(T) and Cy such that for every for every M > 0 and n € N, we have:

B( sup 20— u@P + [ [0 = )] + "0 - u(e)Par) <

tel0,77;]
(5.2)
where 2" is defined by (4.19), u is the solution to (2.8) and

K(M,T) = C(T)exp (C(T)eM),

Proof. First of all let us observe that in view of Proposition 4.3 we only have to
prove inequality (5.2) for the first two terms on the left hand side. For this aim let
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us fix M > 0 and a natural number n > 1. To ease notation we put 7 := 73;. Then
we have

tAT dn (tAT)
2YENT) —u(tAT) = —/0 [F.(s,u™(s)) — F(s,u(s))]ds—¢ /0 Ay"(s)ds

tAT
+ [ G, 6)) = Gls.u(o)]aW (o), for any t € 0.T)
0
(5.3)
The Ito Lemma yields that

[2"(EAT) —u(t AT)[P =) Ti(t) +1(t), forte0,T],

where, also for ¢ € [0, 71,

dn (tAT)
n) = =2 [ (e - Au), (s) = uls) ds.
T5(t) = —2¢ /d (; )(Au(s), 2"(s) —u(s)) ds,

Ti(t) = / 1G5 7 (5)) — G5, u(s)) s e ds. (5.5)

We at first upper estimate the above term T (t) as follows: Ty(t) < 320, Th.(t),
where

Tia(t) = —2(1— 5)/0 T(Au”(s) — Au(s), u"(s) — u(s)) ds,
Tio(t) = —2(1— 8)/0 T(Au”(s) — Au(s), 2"(s) — u"(s)) ds,

Ty5(t) = —2/0 T<B(U"(S),U"(S)) — B(u(s), u(s)) , u"(s) — u(s)) ds,

Ta(t) = —2 / ([B(u(s) = uls), u"(s)) + Blu(s), u"(s) = u(s)), 2"(s) = u"(s) ) ds,

Tis(t) = —2(1— 5)/0 T(R(s, u™(s)) — R(s,u(s)), 2"(s) — u(s)) ds. (5.6)

The definition of the V-norm implies that

Tia(t) = —2(1 — 5)/0 ' |u™(s) — u(s)||* ds, (5.7)
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while the Cauchy-Schwarz and Young inequalities yield that for any n > 0:

Tyo(t) <2(1 - 6)/0 T [u"(s) = u(s)[| 12"(s) = u"(s)]| ds

1—¢

<) / " (s) — u(s) P ds + / C2(s) — un(s)|P ds. (5.8)

Using (2.7) we deduce that for any n > 0 we have:
Tt <o [ (s) —ulo) 7 ds 20, [ () — (o) lats) s
<o [ ) —ats) s +40, [ 1) — o) Pluls) s
+4C, /OMT |2"(s) — u”(s)\2|u(s)|§<ds. (5.9)

Furthermore, condition (2.6) on B, property (2.4) of the space X and the Cauchy-
Schwarz and Young inequalities yield for any n > 0:

Tra(t) < 2/0 T[2n||2"(8) —u(s)|* + Cylu”(s) — uls)[% ([u"(s)[% + [u(s)[X)] ds

<8y / "l (s) — u(s) s + 8 / l27(s) — u(s)|Pds

w200, [t - uoias) ([

([ s+ )™
#200,( [ urts) = wts)as) ([T ) —ul [l + o) 141

u(s) — 2"(s)]ds) v

1/2

tAT tAT
<107 / " (s) — u(s)|%ds + 8 / 127(s) — u(s)|Pds
0 0

tAT T

0D [T - = tas) ([ o+ ] as)
+ C% /0 AT|z”(3) — u(s)|2[|u(s)|§( + |u"(5)\§(}ds. (5.10)

Finally, Assumption (R1) and the triangular and Cauchy Schwarz inequalities
imply

Tis(t) <2R, / " u(s) — uls)| |7(s) — uls) ds

§3R1/0 ' 12"(s) — u(s)|*ds + R1/0 ' 12" (s) — u"(s)|* ds. (5.11)
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tAT

First note that 75 = —2¢ [, (V(y"(s) —u(s)), V(2"(s) — u(s)))ds. Replacing u
by u", and using the Cauchy-Schwarz and Young inequalities we deduce

dn (EAT) dn (tAT)
Ty(t) < — 22 / " (s) — us) |2 ds + 2 / ly7(s) — u(s)[12"(s) — u"(s) | ds
dn (tNT)
T2 / () — u([l9"(s) — w ()] + [12(s) — w(s)]] ds

dn (tAT)
< 2 /O ly™(s) — u"(s)[[l|z"(s) = u"(s)[ ds. (5.12)

The Cauchy Schwarz and Young inequality imply that for every n > 0, we have

tAT

Ty(t) <2¢ / lu(s)II([12"(s) = u"(s)]l + [Ju"(s) — u(s)l]) ds

dn (tAT)

AT
<en / [ (s) — u(s)| ds

n(EAT)
c tAT ) 1/2 tAT . . ) 1/2
+—(/ Ju(s) |2 ds) (/ () = w"(s)|2ds) . (5.13)
n dn (tAT) dn(tAT)

Finally, since € Ly < 2(1 — ¢) we can choose a > 0 such that ¢ Ly <2(1 —¢) — (2+
Ly)a; thus the Assumption (G1) yields

Tit) < L, / Tl (s) — u(s)P + < Lally™(s) — u(s)|?] ds

< 2[4 /tm\z"(s) —u(s)]*ds + e La(1 + ) /MTHU”(S) —u(s)]|* ds
o 1 e
+ 21,4 /o ly"(s) — 2"(s)[*ds + ¢ Ly <1 + a) /0 ly"(s) —u"(s)||* ds.
(5.14)
Fix n > 0 such that 137 < a. Put
X(t) = S[élp | 12"(s) —u(s)|?, Y(t):= /MT |u™(s) — u(s)||*ds, fort € [0,T].
s€[0,tAT 0

Then inequalities (5.3)—(5.14) imply that
AT
X(t)+aY(t) < o(s)X(s)ds+ sup |I(t)|+ Z(t), for t € [0,T],
0 s€[0,tAT]
where I(t) is defined by (5.4), while the processes ¢ and Z are defined as follows:

o(5) =G (o)l + C2 (o) -+ 10" (G)IR) +3Ra + 2L
Z(t) = / T (5 20410 ) 127(6) =0 O + () = u () (Fa+ 4G, u(s) )

+ [g Lo (1 + é) 426+ 4L, } ly"(s) — u"(s)||2] ds
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S0 [T -2 as)” ([T ek ki)

c tAT 1/2 INT . " 1/2
(L uteras) ([ s - ar)ras)
n d dn()AT

n(E)AT
The definition of the stopping time 7 implies the existence of constants C and Cs
larger than 1 and independent of n such that:

/ ¢(s)ds < (3Ry +2Ly)T + M (4C, + C%) = O\ T + CyM = C(yp).
0

Since V' C X, using Propositions 3.3, 4.3 and 5.1, we deduce the existence of a
constant C'(7) depending on 7" (and not on n) such that

- 1
E[Z(T)] g[% + Ry +4e + 8L, +¢ Ly(1 + 5)}%

—|—4C,7<IE/OT|,Z”(5)—u"(s)\4ds>1/2<E/0T y\u(s)y\8ds)1/2
+C%<E/OTAT|u"(s) —z”(s)\4ds>1/2<E/0TAT

e/T 1/2 T

+2(5 s Blu)I?) (& [

AN selo,1) 0
(5.15)

Furthermore, Assumption (G1), the Burkholder-Davies-Gundy, the Cauchy-Schwarz
and the Young inequalities imply that for any £ > 0:

() + lu() ) ds)

c(T)

12" (s) — u"(S)H2ds)1/2 <A

B sup 1166)1) < 128( [ 160,576) = GlosulsD il (5) — (o) d5)

s<tAT

< B ( sup |2"(6) = (o)) + SB[ [Lly(s) = ulo) 2 Laly"(s) = (o)) ds

S<tAT ﬁ

Ly(1 ! Ly(1 9
< BEX () + W/ EX (s)ds + 50 2; +02) EY (t) + % (5.16)
0
where C' = C(B?f‘fgl) + ;81%;). Choose 3 > 0 such that 28(1 + C(p)e®)) = 1.

Then suppose that € Ly is small enough to ensure that

1
72(1 + 0y)e BLQ(l + C((p)ec(“’)) < a.
Using the argument similar to that used in the proof of Lemma 3.9 in [11] we deduce
that
X(t)+aY(t) < [Z+ sup [I(s)]](1+ C(Qp)ec(w))_

s<tAT

Then taking expectation, using (5.16), the Gronwall lemma and (5.15), we deduce

EX(T) + aBY (T) < 2(1 + C(¢)e“) [E(2) + %] exp [ L4411 (14 1) (1 + C(p)e”?)?]
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O(T) + C

< exp [C(T)e?’CQM}

for some positive constant C'(7") which does not depend on n. This completes the
proof of (5.2) O

The following theorem proves that, properly localized, the sequences u" and y”
converge strongly to u in L?(Q,P) for various topologies, and that the "localized”
speed of convergence of these processes is 1/2.

Theorem 5.2. Let ¢ € [0,1); suppose that Assumptions (R1), (R2), (G1) and
(G2) hold with Ly small enough and Ky < 2, and let ug be Fo-measurable with
E|juo||® < oo. Then the processes u™ and y™ defined in section 2.3 converge to the
solution u to the stochastic Navier-Stokes Equations (2.8) on a 2-D torus. More

precisely, given any M > 0 there exist positive constants C(T') and Cy, which do not

depend on n and M, such that for any integer n =1, --- we have
K(M,T
Bl s (s () —u(s)f + [y (s - u(o?)| < THET)
k:(],---,nfl Se[tk,tk+1) n
(5.17)

Bl [ () = wlol + l(s) — ute)Plas)] < EELE g

where K(M,T) := C(T)exp [C(T)e*], and
Qmw:%ulQMW@&+W@MM@%§A@%HEWI}

Proof. First note that on €, (t) we have 7,, > ¢. Hence using Propositions 5.1, we
deduce that (5.18) holds true. Furthermore, the Cauchy Schwarz inequality and

(4.14) prove that
tet1 2
/ Ay™(s) ds )
tg

E( swp |2() - " (4)F) =B sup <2
52ZE< sup /tk+1 }Ay"(s)}zds) < C(T)gz.

k=1,-,n k=1, n
n k:17"'7n t n

VAN

Therefore, since 2" (t) = u"(t;) = y"(t;,), Proposition 5.1 yields
K(M,T)

E [1%@ sup (Jut(6) —ult)l” + 1y (6 — u<tk)|2)] < ——= (519)

Finally, using Assumption (G1), Young’s inequality and Lemma 4.2, we obtain that
forany k=0,--- ,n—1:

B(_sw 0 -v"DP) <E[ [ Gl + [Ko+ Kuly (o) + & Kl (s17]) ds

Lt tht1) 128

+ / ) — DR Ko+ Kol (5)P + Ko e 7(5)] dSW

ty

1 T
<E( s 0 -y @)P) + O sup Elly(s)]”

te(ty try1) s€[0,T]
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so that
E( sup [y"(0) —y"(th)) <
te(th th+1)
Using the It6 Lemma, the inequalities (2.5) and (4.8), the Schwarz and Young
inequality, the Assumptions (G1) and the Burkholder Davies Gundy inequality, we
deduce that

B(, sw Jult)—u(t)P) <E(_sw /t:[—2Hu(s>H2+2Hu<s)HHu<t:>H

tk,tk+1) tG(tk,tk+1
Flu()Eu(s) — () ? + (Bo + Balu()]) u(s) — u())
+ (Ko + Kiu(s)? + ¢ KgHu(s)H2)] ds)
SB[ ) — )P Ko + Kafulo) + & Kallu(s)|] ds)

ty

o 20

1 C
< — _ +\2 = 4
< gB(_swp fult) —u(t)P) + - (1+ sup Blus)]?).

ostit1) t€[0,7]
and hence
C(T)

; (5.21)

E(te(sup lu(t) — u(t;)|2) <

tiotrt1)

A similar simpler argument using the inequalities (2.5) and (4.13) yields

B( s () - ()P) < S (1 s B+ o)1) < S

tE (testrg1) n t€[0,7
(5.22)

The inequalities (5.20)—(5.22) and (5.19) conclude the proof of (5.17). O

Corollary 5.3. Let ¢ € [0,1); assume that the assumptions of Theorem 5.2 are
satisfied. For any integer n > 1 let €,(T) denote the error term defined by

en() = s )+ [ T or-utsas) e [lars-ueeas)”

k=

Then €,(T) converges to 0 in probability with the speed almost 1/2. To be precise,
for any sequence (z,)°2, converging to oo,

o z(n)
nlggop(en(T) > \/ﬁ) — 0. (5.23)
Proof. Let z(n) — oo and let M(n) := In(In(In(z(n)))); then M(n) — oco. Thus,
using (2.13) and (4.13) for p = 2 and the Markov inequality, we deduce that
P(25(,)(T) = 0 as n — oo . Finally, note that C'(T')(In(In 2(n))* — In(2(n) — —oc
as n — oo for any positive constant C'(7). Therefore, using the inequalities (5.17)
and (5.18), the explicit forms of K (T, M(n)), the choice of M(n) and Markov’s
inequality, we deduce that

P<é”(T) = %) <P (L) (T)) + WE(lszM(n)(T)én(T)2>

<P(Qy (1)) + C(T) # = explC(T) (n(In(=(n))))?] -+ 0

n
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as n — o0o; this concludes the proof. O

Acknowledgments: This paper was partially written while H. Bessaih was in-
vited professor at the University of Paris 1 Panthéon-Sorbonne. Parts of this paper
were also written while the three authors were visiting the Bernoulli Center in Lau-
sanne. They would like to thank the Institute for the financial support, the very
good working conditions and the friendly atmosphere.

(1]
2]

3]

[4]

REFERENCES

Barbu V., private communication (October 2011, Innsbruck, Austria).

Bensoussan A., Some existence results for stochastic partial differential equations, Pitman Res.
Notes Math. Ser., 268, Longman Sci. Tech., Harlow, (Trento, 1990), p. 37-53.

Bensoussan, A., Glowinski, R. and Rascanu A., Approximation of Some Stochastic Differential
Equations by Splitting Up Method, Applied Mathematics and Optimization, 25 (1992), p. 81—
106.

Bessaih, H. and Millet, A., Large deviations and the zero wiscosity limit for 2D stochastic
Navier-Stokes Equations with free boundary, STAM J. Math. Anal., Vol. 44-3 (2012), p. 1861—
1893.

Brzeiniak, Z., Carelli, E. and Prohl, A., Finite element based discretizations of the incom-
pressible Navier-Sokes equations with multiplicative random forcing, IMA J. Numer. Anal. 33
(3), (2013), p. 771-824

Brzezniak, Z. and Millet, A., On the splitting method for some complez-valued quasilinear evo-
lution equations, Proceedings in Mathematics and Statistics, Vol 22, Springer Verlag (2012),
p. 57-90.

Carelli, E. and Prohl, A., Rates of convergence for discretizations of the stochastic incom-
pressible Navier-Stokes Equations, SIAM J. Numer. Anal., 50-5 (2012), p. 2467-2496.

L. Cattabriga, Su un problema al contorno relativo al sistema di equazioni di Stokes, Rend.
Sem. Mat. Univ. Padova 31, (1961), p. 308-340

Chueshov, I and Millet, A., Stochastic 2D Hydrodynamical Type Systems: Well Posedness and
Large Deviations, Appl Math Optim, 61-3 (2010), p. 379-420.

Dorsek, P., Semigroup splitting and cubature approximations for the stochastic Navier-Stokes
Equations, STAM J. Numer. Anal., 50-2 (2012), p. 729-746.

Duan, J. and Millet, A., Large deviations for the Boussinesq equations under random influ-
ences, Stochastic Processes and their Applications, 119-6 (2009), p. 2052-2081.

Flandoli. F., An introduction to 3D stochastic fluid dynamics, in SPDE in hydrodynamic:
recent progress and prospects. Lecture Notes in Mathematics, 1942. Springer-Verlag, Berlin;
Fondazione C.I.M.E., Florence, (2008), p. 51-150.

Flandoli F., and Gatarek D., Martingale and stationary solutions for stochastic Navier-Stokes
equations, Probability Theory and Related Fields, 102 (1995), p. 367-391.

Funaki, T., A Stochastic Partial Differential Equation with Values in a Manifold, J. Func-
tional Analysis, 109., (1992), p.257-288.

Gyongy, L., Krylov, N.V., On the splitting-up method and stochastic partial differential equa-
tions, The Annals of Probability, 31-2 (2003), p. 564-591.

Gyongy, L., Krylov, N.V., An accelerated splitting-up method for parabolic equations, SITAM
J. Math. Anal., 37 , no. 4, (2005) p. 1070-1097.

Krylov, N. and Rosovskii, B., Stochastic evolution equations, J. Soviet Mathematics, 16
(1981), p. 1233-1277.

N. Nagase, Remarks on nonlinear stochastic partial differential equations: an application of
the splitting-up method, STAM J. Control and Optimization, Vol 33-6 (1995), p. 1716-1730.
Printems J., On the discretization in time of parabolic stochastic partial differential equations,
M2AN Math. Model. Numer. Anal., 35 (2001), p. 1055-1078.



28 H. BESSAIH, Z. BRZEZNIAK, AND A. MILLET

[20] Schmalfuss B., Qualitative properties for the stochastic Navier-Stokes equation. Nonlin. Anal.,
28, (1997), p. 1545-1563.

[21] Sritharan, S.S. and Sundar, P. Large deviations for the two-dimensional Navier-Stokes Equa-
tions with multiplicative noise, Stochastic Process. Appl. 116, no. 11, (2006), p. 1636-1659.

[22] Temam. R, NAVIER-STOKES EQUATIONS AND NONLINEAR FUNCTIONAL ANALYSIS, CBMS-
NSF Regional Conference Series in Applied Mathematics, 41, Society for Industrial and Ap-
plied Mathematics (STAM), Philadelphia, PA, (1983).

[23] Temam. R, Navier-Stokes equations. Theory and numerical analysis. Studies in Mathematics
and its Applications 2, North-Holland Publishing Co., Amsterdam-New York (1979).

[24] Yudovich, V.L., Uniqueness theorem for the basic nonstationary problem in the dynamics of
an ideal incompressible fluid, Mathematical Research Letters, 2 (1995), p. 27-38.

UNIVERSITY OF WYOMING, DEPARTMENT OF MATHEMATICS, DEPT. 3036, 1000 EAST UNI-
VERSITY AVENUE, LARAMIE WY 82071, UNITED STATES
E-mail address:  bessaih@uwyo.edu

UNIVERSITY OF YORK, DEPARTMENT OF MATHEMATICS, HESLINGTON, YORK YO10 5DD,
UK

E-mail address: zdzislaw.brzezniak@york.ac.uk

SAMM, EA 4543, UNIVERSITE PARIS 1 PANTHEON-SORBONNE, 90 RUE DE TOLBIAC, 75634
PARIS CEDEX FRANCE and LABORATOIRE DE PROBABILITES ET MODELES ALEATOIRES, UNI-
VERSITES PARIS 6-PARIS 7, BOITE COURRIER 188, 4 PLACE JUSSIEU, 75252 PARIS CEDEX 05,
FRANCE

E-mail address: annie.millet@univ-parisl.fr and annie.millet@upmc.fr



