N

N

On strong L? convergence of time numerical schemes for
the stochastic 2D Navier-Stokes equations
Hakima Bessaih, Annie Millet

» To cite this version:

Hakima Bessaih, Annie Millet. On strong L? convergence of time numerical schemes for the stochastic
2D Navier-Stokes equations. IMA Journal of Numerical Analysis, 2019, 39 (4), pp.2135-2167. hal-
01684077v2

HAL Id: hal-01684077
https://hal.science/hal-01684077v2
Submitted on 10 Jul 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01684077v2
https://hal.archives-ouvertes.fr

STRONG L?> CONVERGENCE OF TIME NUMERICAL SCHEMES
FOR THE STOCHASTIC 2D NAVIER-STOKES EQUATIONS

HAKIMA BESSAIH AND ANNIE MILLET

ABSTRACT. We prove that some time discretization schemes for the 2D Navier-Stokes
equations on the torus subject to a random perturbation converge in L*($2). This refines
previous results which only established the convergence in probability of these numerical
approximations. Using exponential moment estimates of the solution of the stochastic
Navier-Stokes equations and convergence of a localized scheme, we can prove strong con-
vergence of fully implicit and semi-implicit time Euler discretizations, and of a splitting
scheme. The speed of the L?(£2)-convergence depends on the diffusion coefficient and on
the viscosity parameter.

1. INTRODUCTION

An incompressible fluid flow dynamic is described by the so-called incompressible Navier-
Stokes equations. The fluid flow is defined by a velocity field and a pressure term that
evolve in a very particular way. These equations are parametrized by the viscosity coef-
ficient v > 0. Their quantitative and qualitative properties depend on the dimensional
setting. For example, while the well posedness of global weak solutions of the 2D Navier-
Stokes is well known and established, the uniqueness of global weak solutions for the 3D
case is completely open. In this paper, we will focus on the 2D incompressible Navier-
Stokes equations in a bounded domain D = [0, L]?, subject to an external forcing defined
as:

ou—vAu+ (u-V)u+Vr =Gu)dW in (0,T) x D, (1.1)
divu=0 in (0,7)x D, (1.2)

where T > 0. The process u : Qx (0,T)x D — R? is the velocity field with initial condition
up in D and periodic boundary conditions u(t,z + Lv;) = u(t,x) on (0,7) x D, where
vi, i = 1,2 denotes the canonical basis of R?, and 7 : Q x (0,T) x D — R is the pressure.

The external force is described by a stochastic perturbation and will be defined in detail
later. Here G is a diffusion coefficient with global Lipschitz conditions. Let (Q, F, (F%),P)
denote a filtered probability space and W be a Wiener process to be precisely defined
later.

There is an extensive literature concerning the deterministic models and we refer to the
books of Temam; see [17, 18] for known results. The stochastic case has also been widely
investigated, see [11] for some very general results and the references therein. For the 2D
case, unique global weak and strong solutions (in the PDE sense) are constructed for both
additive and multiplicative noise, and without being exhaustive, we refer to [7, 10].
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2 H. BESSAIH AND A. MILLET

Numerical schemes and algorithms have been introduced to best approximate and con-
struct solutions for PDEs. A similar approach has started to emerge for stochastic models
and in particular SPDEs and has known a strong interest by the probability commu-
nity. Many algorithms based on either finite difference, finite element or spectral Galerkin
methods (for the space discretization), and on either Euler schemes, Crank-Nicolson or
Runge-Kutta schemes (for the temporal discretization) have been introduced for both the
linear and nonlinear cases. Their rates of convergence have been widely investigated. The
literature on numerical analysis for SPDEs is now very extensive. When the models are
either linear, have global Lipschitz properties or more generally some monotonicity prop-
erty, then there is extensive literature, see [1, 2]. Moreover, in this case the convergence is
proven to be in mean square. When nonlinearities are involved that are not of Lipschitz
or monotone type, then a rate of convergence in mean square is difficult to obtain. Indeed,
because of the stochastic perturbation, there is no way of using the Gronwall lemma after
taking the expectation of the error bound because it involves a nonlinear term that is
usually in a quadratic form. One way of getting around it is to localize the nonlinear term
in order to get a linear inequality and then use the Gronwall lemma. This gives rise to a
rate of convergence in probability, that was first introduced by J. Printems [16].

The stochastic Navier-Stokes equations with a multiplicative noise (1.1) have been in-
vestigated by Z. Brzezniak, E. Carelli and A. Prohl in [8]. There, space discretization
based on finite elements and Euler schemes for the time discretization have been imple-
mented. The numerical scheme was proven to converge in probability with a particular
rate. A similar problem has been investigated by E. Carelli and A. Prohl in [9], with more
focus on various Euler schemes including semi-implicit and fully implicit ones. This gave
rise to a slightly different rate of convergence, although still in probability. Again, the
main tool used is the localization of the nonlinear term over a probability space of ”large”
probability. In [3], the authors used a splitting method, based on the Lie-Trotter formula,
proving again some rate of convergence in probability of the numerical scheme. In [12], P.
Dorsek studied a semigroup splitting and used cubature approximations, obtaining inter-
esting results for an additive noise. When the noise is additive, a pathwise argument was
used by H. Breckner in [7]; convergence almost sure and in mean was obtained, although
no rate of convergence was explicitly given. To the best of our knowledge there is no
result about a strong speed of convergence for the stochastic Navier-Stokes equations in
the current literature.

Numerical schemes for stochastic nonlinear models with local Lipschitz nonlinearities
related with the Navier-Stokes equations have been studied by several authors. For non-
linear parabolic SPDEs, in [6] D. Blomker and A. Jentzen proved a speed of convergence
in probability of Galerkin approximations of the stochastic Burgers equation, which is a
simpler nonlinear PDE which has some similarity with the Navier-Stokes equation. In
[5], an abstract stochastic nonlinear evolution equation in a separable Hilbert space was
investigated, including the GOY and Sabra shell models. These adimensional models are
phenomenological approximations of the Navier-Stokes equations. The authors proved the
convergence in probability in a fractional Sobolev space H®, 0 < s < %, of a space-time nu-
merical scheme defined in terms of a Galerkin approximation in space, and a semi-implicit
Euler-Maruyama scheme in time. For the Burgers as well as more general nonlinear
SPDEs subject to space-time white noise driven perturbation, A. Jentzen, D. Salinova
and T. Welti proved in [15] the strong convergence of the scheme but did not give a rate
of convergence.
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In this paper, we focus on the stochastic 2D Navier-Stokes equations and would like to
go one step further, that is, obtain a strong speed of convergence in mean square instead
of the convergence in probability. In fact, the main goal is twofold. On one hand, we
will improve the convergence from convergence in probability to L?(£2)- convergence, the
so-called strong convergence in mean square. On the other hand, we will also improve the
rate of convergence from logarithmic to almost polynomial.

To explain the method, the paper will deal with two different algorithms: the splitting
scheme used in [3] and the implicit Euler schemes used in [9]. In the case of a diffusion
coefficient G with linear growth conditions, which may depend on the solution and its
gradient for the Euler schemes, we prove that the speed of convergence of both schemes
is any negative power of the logarithm of the time mesh % when the initial condition
belongs to W2 and is divergence free. In the case of an additive noise - or under a slight
generalization of such a noise - we prove that the strong L?(§2) speed of convergence of the
fully or semi implicit Euler schemes introduced by Carelli and Prohl in [9] is polynomial
in the time mesh. This speed depends on the viscosity coefficient v and on the length
of the time interval T. When T is small, or when v is large, this speed is close to the
best one which can be achieved in time, that is almost %. This is consistent with the
time regularity of the strong solution to the stochastic Navier-Stokes equations, due to
the scaling between the time and space variables in the heat kernel, and to the stochastic
integral.

Let us try to explain the steps of our method here before going into more details later
on in the paper. As we explained earlier, the main difficulty that prevents getting the
strong convergence in mean square is due to the nonlinear term (u - V)u. Indeed, in order
to bound the error e := u(ty) — un(tx) over the grid points tx, k = 1,..., N, in some
implicit Euler method, one has to upper bound

Ell(u(te) - V)ulte) = (un () - V)un (t)|v-

To close the estimates and use some Gronwall lemma, the tool used in [9] (as well as in [3])
is to localize on a subspace of 2. However, in both previous results, the localization set was
depending on the discretization. In this work, we make slightly different computations,
based on the antisymmetry of the bilinear term, and localize on sets which only depend
on the solution to the stochastic Navier Stokes equations (1.1), such as Q3 defined by
(4.6) for the Euler schemes. Hence, one obtains for example

TN\7
E(IQ%[ 1%2XN|ek|iz> < C exp [Cl(M)T] (N) ,

where 1 < § and C1(M) is a constant depending on the bound M of the L2-norm of Vu
imposed on the localization set Q]\N4 . The exponent 7 is natural and related to the time
regularity of the solution u when the initial condition ug belongs to W2,

In order to prove the strong speed of convergence, we will use the partition of {2 into Q%

and its complement for some threshold M depending on N. More precisely, we have to
balance the upper estimate of the moments localized on the set Q]]:,/[(N) for some well chosen
sequence M(N), going to infinity as N does, and a similar upper estimate of the L?(£2)
moment of the error localized on the complement of the set Q%(N). This is performed
by upper estimating moments of u(t;) and of un(tx) uniformly in N and k, estimating
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IF’((QA]\?(N))C), and using the Holder inequality

1 1
E(l(gﬁ(m)c max, |ek\i2> < <P((Q]‘N/1(N))c)) P [E(OEI;ET ]u(s)hi% + oax, ‘“N(tkﬂﬂ%%)} .
where p and ¢ are conjugate exponents. A similar bound was already used in [14] in a
different numerical framework. The upper estimate of the probability of the "bad” set
depends on the assumptions on the diffusion coefficient. Note that since we are localizing
on a set which does not depend on the discretization scheme, only moments of the solution
to the stochastic Navier Stokes equation (1.1) have to be dealt with.

In the case of globally Lipschitz coefficient G, we use bounds of various moments of «
in Wh2, For both schemes, the strong speed of convergence is again in the logarithmic
scale; when the initial condition is deterministic, it is any negative power of In(NV).

In the case of an additive noise, we use a slight extension of exponential moments of the
solution of (1.1) in vorticity formulation proved previously by M. Hairer and J. Mattingly
in [13], given by E(supte[O’T] exp(ao|Vu(t)[?,)) < oo for some ag > 0. This yields a better
speed of convergence, due to that fact that the polynomial Markov inequality is replaced
by an exponential one.

For the implicit Euler scheme the strong speed of convergence is polynomial with ex-
ponent v < % that depends on the viscosity v. Note that for large v, v approaches %
For the splitting scheme, the strong speed of convergence we obtain in this paper is better
than that of the convergence in probability proven in [3], although not polynomial; it is
of the form cexp(—C+V/N).

In this paper, we only deal with time discretization, unlike in [9] where a space-time
discretization is studied. Furthermore, in order to keep the paper in a reasonable size and
present simple arguments to follow by the reader, we assume that G does not depend on
time. We add relevant comments and remarks on the assumptions to be added in case of
time dependent coefficients for the implicit Euler schemes (see section 4.5).

The paper is organized as follows. Section 2 recalls basic properties of the 2D Navier
Stokes equations, functional spaces and strong solutions. We formulate the assumptions
on the noise. The splitting scheme is described in Section 3 and various moments estimates
previously used in [3] are recalled. The strategy for proving the strong speed of convergence
is described and explained in details. The same strategy is used for the Euler schemes in
Section 4, which is devoted to the fully implicit and semi implicit Euler schemes studied
previously in [9]. Their strong speed of convergence is proved with a rate of convergence
that is polynomial when the exponential moment is used. Finally, Section 5 provides on
one hand an improved moment estimate for an auxiliary process used in the splitting
scheme, and on the other hand the proof for the exponential moment estimates of the
gradient of the solution to (1.1) .

As usual, except if specified otherwise, C' denotes a positive constant that may change
throughout the paper, and C(a) denotes a positive constant depending on the parameter
a.

2. NOTATIONS AND PRELIMINARY RESULTS

Let P := LP(D)? (resp. W*P := W*P(D)?) denote the usual Lebesgue and Sobolev
spaces of vector-valued functions endowed with the norms |- |p2 (resp. || - ||yyr.»). In what

follows, we will consider velocity fields that have mean zero over [0, L]?. Let ]LIQM denote
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the subset of L2 periodic functions with mean zero over [0, L], and let
H :={ue€ I[Jf,er cdivu =0 weakly in D}, V= HnwW?

be separable Hilbert spaces. The space H inherits its inner product denoted by (-,-) and
its norm from 2. The norm in V, inherited from W2, is denoted by || - ||y. Moreover,
let V’ be the dual space of V' with respect to the Gelfand triple, (-,-) denotes the duality
between V'’ and V. Let A = —A with its domain Dom(A) = W22 N H.

Let b: V3 — R denote the trilinear map defined by

b(uy, ug, us) := /D (ul(m) . Vuz(x)) -ug(x) dx,
which by the incompressibility condition satisfies b(u1, ua, us) = —b(u1, us, uz) for u; € V,
i = 1,2,3. There exists a continuous bilinear map B : V x V + V' such that
(B(u1,u2),u3) = b(ur,uz,u3), forall u; €V, i=1,23.
The map B satisfies the following antisymmetry relations:
(B(ui,ug),us) = —(B(u1,us),uz), (B(u1,us),uz) =0 for all w; € V. (2.1)
Furthermore, the Gagliardo-Nirenberg inequality implies that for X := HNL*(D) we have

~ C
[ull% < Clule2 [Vulee < 5 Jully (2.2)

for some positive constant C. For u € V set B(u) := B(u,u) and recall some well-known
properties of B, which easily follow from the Holder and Young inequalities: given any
B > 0 we have

1
[(B(u1,u2),us)| < Bllus|3 + @HWHX lluz|| x, (2.3)
[(B(u1) — B(ug) ,u1 — u2)| < Bllur — ully + Calur — ualfalluall, (2.4)
foru; € V,i=1,2,3, where
233
Cp = 5 (2.5)

and C is defined by (2.2).

Let K be a separable Hilbert space and (W (t),t € [0,7]) be a K-cylindrical Wiener
process defined on the probability space (2, F, (F;),P). For technical reasons, we assume
that the initial condition ug belongs to LP(Q; V') for some p € [2,00], and only consider
strong solutions in the PDE sense. Given two Hilbert spaces Hy and Ha, let Lo( Hy, H2)
denote the set of Hilbert-Schmidt operators from H; to Ho. The diffusion coefficient G
satisfies the following assumption:

Condition (G1) Assume that G : V — Lo(K, H) is continuous and there exist positive
constants K;, ¢ = 0,1 and Ly such that for u,v € V:

||G(U)H%Q(K,H) < Ko + Kilulf», (2.6)
1G(u) = GOz, e,y < Lalu = vlLe. (2.7)

Finally, note that the following identity involving the Stokes operator A and the bilinear
term holds (see e.g. [17] Lemma 3.1):

(B(u),Au) =0, u € Dom(A). (2.8)

We also suppose that G satisfies the following assumptions:
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Condition (G2) The coefficient G : Dom(A) — L2(K,V) and there exist positive
constants Kj;, i = 0,1, and Ly such that for every u,v € Dom(A):

IGW)IIZ, s,y < Ko+ Kallullf, (2.9)
IG(u) = G2, svy < Lallu =¥ (2.10)
We define a strong solution of (1.1) as follows (see Definition 2.1 in [9]):

Definition 2.1. We say that equation (1.1) has a strong solution if:
e u is an adapted V -valued process,
e P a.s. we have u € C([0,T]; V)N L%(0,T; Dom(A)),
o Pas.

(u(t),¢)+y/0 (Vu(s),Vd))der/O ([u(s) - V]u(s), ¢)ds
— (u0.0)+ [ (&Glu(s))aw (s)
0

for every t € [0,T] and every ¢ € V.

As usual, by projecting (1.1) on divergence free fields, the pressure term is implicitly in
the space V' and can be recovered afterwards. Proposition 2.2 in [4] (see also [3], Theorem
4.1) shows the following:

Theorem 2.2. Assume that ug is a V-valued, Fo-measurable random variable such that
IE(HUOH%/?) < 0o for some real number p € [2,00). Assume that the conditions (G1) and
(G2) are satisfied. Then there exists a unique solution u to equation (1.1). Furthermore,
for some positive constant C' we have

T 2 1
EQ$%WMH¥+A Au(s)2: (14 [u(s) [77)ds) < C[1+E(luoll?)].  (211)

3. TIME SPLITTING SCHEME

In this section, we prove the strong L?(£2) convergence of the splitting scheme introduced
in [3].

3.1. Description of the splitting scheme. Let N > 1, h = % denote the time mesh,
and t; = %, i =0,---,N denote a partition of the time interval [0,7]. Let F : V — V'
be defined by

F(u) = vAu+ B(u,u). (3.1)
Note that the formulation of (G2) is slighty different from that used in [3]. They are
equivalent due to the inequality |Vu|r 2 < C|curl ulp2 for u € V', where curl u = 0y, us —
Bmul.

Set t_y = —L. For t € [t_1,0) set y™(t) = uV(¢) = up and F; = Fy. The approxima-
tion. (yV,u) is defined by induction as follows. Suppose that the processes u!¥(t) and
y™V(t) are defined for ¢ € [t;_1,t;) and that yV(¢;) is H-valued and JF,-measurable. Then
for t € [t;,ti+1), u™ (¢) with initial condition yV(¢;) at time ¢;, is the unique solution of
equation:

%UN(t) + F(UN(t)) =0, te [tiati-‘rl)v uN(ti) - UN(tz—"—) - yN(ti_)' (3'2)
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Then v (¢, ,) is well-defined, H-valued and Fy,-measurable. Then set y (t;) = u'N (t7,),
and for ¢ € [t;, t;11) define y~ (¢) as the unique solution of equation

dy™(t) = GN ()W (1), t€ [titipn), ™ (1) =y () =uV (). (33)
Finally, set u™(T) = y™(T) = 4™ (T~). The processes u” and y" are well-defined and

have finite moments as proved in [3], Lemma 4.2.

Theorem 3.1. Let ug be a V-valued, Fo random variable such that E(HuOH%})) < oo for
some real number p > 2. Suppose that G satisfies conditions (G1) and (G2). Then there
exists a positive constant C' such that for every integer N > 1

T
ts[uo%]E(||uN<t>u%”+||yN<t>||2Vp>+E /0 1+ [N @)Y | AuN (1)22dt < C. (3.4)
E ’

The following result gives a bound of the difference between u” and y'¥ (see [3], Propo-
sition 4.3).

Proposition 3.2. Let uy be Fy-measurable such that E(||ugll3) < oo and G satisfies
conditions (G1) and (G2). Then there exists a positive constant C := C(T) such that
for every integer N > 1

T
B[ 1" — Ol < 5 (35)

For technical reasons, let us consider the process (2V(t),t € [0, T]) which mixes u"¥ and
yN, and is defined by

t t
) = g — / Pl (s))ds + / Gly™ (s))dW (s). (3.6)

0 0
The process 2" is a.s. continuous on [0,7]. Note that 2 (t;) = y™(t;) = u™(t) for
k=0,1,---,N. The following result gives bounds of the V-norm of 2% —uV and 2V —4.

It is an extension of Lemma 4.4 in [3].

Proposition 3.3. Let ug be V-valued, Fy-measurable such that ]E(||u0H%/p) < oo for some
integer p > 2 and let G satisfy conditions (G1) and (G2). Then there exists a constant
C :=C(p,T) such that for every integer N > 1

£ sup |2V VW) < oy and sup B(1V(0) —uV @) < . (@37)

t€[0,T7] te[0,7]

Note that combining (3.5) and (3.7), we deduce that if E(||u||{,) < oo,

C
N 2
t)|idt < —= 3.8
5 [ 170 -y Ol < (38)
for some constant C' := C(T') independent of N.
Proof. For t € [ty txy1), k=0,--- ,N — 1 we have

t

() —u™(t) = [ GyN(s)dW(s).
tr

Since zV(T) = u™(T), for any p > 2 the Burkholder-Davies-Gundy inequality implies

E( sup (V) ~wV @) =E( s sup N0 - @)

t€[0,1] 0<k<N t€lty,tpt1)
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N-1 gt P
<G 38| [ 1660 6 )
e k
N

— T p N 2p
2> (%) 2up, (Kot KiB(ls™ @)17))

— o

IN

Inequality (3.4) concludes the proof of the first part of (3.7). Furthermore,
sup E([|2V (1) —uN@)I[F) = sup  sup  E([zN() — N (0]
t€[0,77] O0<k<N telty,tit1)
A similar argument concludes the proof. O

3.2. A localized L*(Q) convergence. Recall that X = L4(D) N H is an interpolation
space between H and V such that (2.2) holds. For every M > 0, set

Onr(t) == {w cq sup lu(s) ()[4 < M}. (3.9)

Note that once more, and unlike [3], this set only depends on the solution u of (1.1) and
does not depend on the scheme. Let 7py =: inf{t > 0: ||u(t)||4% > M} AT; then 7oy =T
on Qy(T). The following result improves Proposition 5.1 in [3]. Note that in our case,
both processes u and zV have a.s. continuous trajectories.

Proposition 3.4. Let ug be V-valued, Fo-measurable such that E(||ug||},) < oo and sup-
pose that G satisfies the conditions (G1) and (G2). Then, there exist constants C' and

C(M) such that

TM C
B s 120 —ul0fs+ [T 0 = o)+ 1 0) = e Jar) < 00,
(3.10)
where
— 3302
C(M) = 2533, 53 3M+Cw, L, B¢, (3.11)

and C' is the constant defined in (2.2) and B < 1.

Proof. Let us apply the Ito formula to [V (EATa) —u(tATar)[2,. This is possible even if 2V
and v are not regular enough. Indeed, we can use the Yosida approximation e~%4 (zN (t)—
u(t)) for some § > 0, apply the It6 formula to this smooth processes, and then pass to the
limit as § — 0 (see e.g. [10], step 4 of the proof of Theorem 2.4). This implies

12N (A Tar) —u(t ATag) P2 = ZT (t ATag) + I(t A Tag), (3.12)
=1

where

Ti(tANTa) =— 2/0 h <F(UN(3)) — F(u(s)), ZN(s) — u(8)>d8,
Ty(t A ) = /0 NG (5)) — Gl 2, .10

I(t Arag) =2 /O N (s) — uls), [N (s)) — Clu(s)]dW(s).
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The Lipschitz property (G1) implies
tATM tATM
To(t A 1ar) <2L4 [/ 12N (s) — u(s)Zads + / 12N (s) — v (s)[P2ds|. (3.13)
0 0
Furthermore, T1(t A 7)) = Z?:l T1i(t A 7ar), where
tATNM
Tia(tATM) =— 2V/ (AuN (s) — Au(s)), uN (s) — u(s))ds,
0
tATM
Tio(tANTM) = — 2V/ (AulN (s) — Au(s)), 2V (s) — u® (s))ds,
0
tATM
Tua(tnma) =2 [ (B@(s),0V(s) = Bluls),u(s), w¥(s) - u(s))ds,
0
tATM
Taltnm) ==2 [ (B(s).0"(s) = Bluls)u(s), ()~ (5)ds.
0
The definition of A implies that
tATM
Tia(tATar) = —21// IVl (s) — Vu(s)[?2ds. (3.14)
0
The Cauchy Schwarz and Young inequalities imply that for any 8y > 0,
tATM
Tiat Arar) < 1,52/ VN (s) — Vu(s)Zads + 2 / 12N (s) — u (s)[2ds.  (3.15)
0
Using the inequality (2.4), we deduce that for any 3 > 0 and € > 0,
tATM
Tzt ATy) < 21/53/ (\VUN(S) - Vu(s)\ig + |uN(s) — u(s)\ig)ds
0
tATM 4 N 5
205 [ Tl 0 (6) ~ u(s)Eads

tATM tATM
<90y /O IV (s) — u(s)]2ads + 2085 + Coan M)(L+€) /0 12V (8) — u(t) Pads

C(v, 53,6)/0 TM(l +u() )" () — u™ (B[ ds. (3.16)

Finally, since B is bilinear, the Holder inequality implies

T1,4(t ANTr) = 2/0 ™ [<B(uN(S) — u(S),zN(s) — uN(s)), uN(S)>

+(Blu(s), 2 (s) = u™(5)), u"(s) — u(s))]ds

<2 / M () = a(s)lx [ () 1x + fa(s)x] 12 (s) = (8) v ds.

Using the interpolation inequality (2.2) and the Young inequality, we deduce that for any
B4 > 0, there exists a positive constant C(v, 84) such that

VIV (6™ () — u()) |22 [u (5) — u(s) a2V (5) — u () v [ (5)]x + [lu(s) 1]
< BV (uN (5) — u(s)) 2, + C12N (s) = uls)[22 + C|2N (s) — u® (s) 2
+C (v, Ba) [ ()% + Nu(s) X127 (s) = u™ ()13
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This implies

tATM N 9 tATM N 9
Tia(t NTar) < 7/54/ [V [u®(s) — u(s)] |} 2ds + C/ 127 (s) — u(s)|L2ds
0 0

w0 [ (106 = @+ [ OB + IR 6) — ()1} ) s
(3.17)

Collecting the upper estimates (3.13)—(3.17), we deduce that for B2 + 253 + 54 < 2 and
te[0,T],

tATN
sup |2V (s ATn) —u(s ATn) R +v(2 = B — 283 — Ba) / IV[u®(s) = u(s)]|F2ds
0<s<t 0

tATM
< R(t)+ sup I(s A7n) + [2(1+)Cy, M +2L1 + C(v, B, e)}/ 12N (5) — u(s)Zads,
s€[0,t] 0
(3.18)

where, gathering all error terms, we let

R(t) = /0 T (2Ll (5) — yV O + OB B BN () — wV (] ) ds

rewma{ [ ekt { [

+C(V,ﬁ4)/0 TM[IIUN(S)II§<+IIU(S)I@}IIZN(S)—UN(S)II%/dS-

2N (s) = ™ (5)]{ s |

The Cauchy-Schwarz inequality, the integrability property E(||ug||};) < oo, and the upper
estimates (2.11), (3.4), (3.7) and (3.8) imply the existence of some positive constant C'
(depending on the parameter 8; and € such that for every N, M,

C
E{ sup R(t)) < —. 3.19

Using the Burkholder-Davis-Gundy inequality, then the Young inequality and the Lipschitz
condition (G1) on G, we deduce that for any § > 0,

N|=

B( s 1) <68 ({ [ 160106 ~ Glosulo)lr ()~ o) s

te[s<t]

<68 w6 —uola{ [ Ll 6) - uts)ads) ).

s€[0,tAT]

tAT
gaE( sup |2V (s A Tar) — u(s A TM)y;{Z) + C((S)E/ "1V () = us)Pads
s€[0,t] 0
tATM
+COE [ () = 2 () ads
C(6)
N’
(3.20)

tATM
S(SE( Sl[lp] 12N (s ATar) — u(s A TM)h%Q) + C’(é)E/ 12N (s) — u(s)|2ads +
s€l0,t 0
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where the last inequality is a consequence of (3.8). The upper estimates (3.18)-(3.20)
imply that if § < 1 and C(B) :=2 — B2 4+ 283 + B4 > 0,

tATM
(1= OE( sup [2¥(s Arar) = uls Arar) ) + yC’(,B)E/ V[N (s) — u(s)||22ds
s€[0,¢] 0

t
< % + |:2(1 + E)CZ/BSM + C(L17 v, /837 €, 5):|E/ ‘ZN(S N TM) - U(S N TM)‘]]Q_?dS' (321)
0

The Gronwall inequality (disregarding the second term on the left hand side of (3.21))
proves that

—_—

exp (T C(M)),

Z\Q

IE( sup |2 (s A1ar) — u(s A TM)’I%AQ) <
s€[0,¢]

where C(M) is defined by (3.11). Indeed, the term (B3 < 1 has to be chosen first since

the other positive constants 2 and 4, which have to satisfy 8y + 84 < 2(1 — f33), only

appear in the "error” term R(t). Using this inequality in (3.21), the definition of C,g,

given in (2.5), (3.7) and (3.8), and changing the ratio (ligfﬁg into F13 for some € (0,1),
3

we conclude the proof of (3.10). O

3.3. Strong L?(12) speed of convergence of the splitting scheme. Since 7p; = T on
Qpr, we can rewrite (3.10) as

T .
B(1g,,{ swp 190 -u®Ra+ [ [0 -} + 1" (0 - ) ] }) < S emoan,
t€[0,T] 0

The previous section provides an upper bound of the L?(£2) - norm of the maximal error on
each time step localized on the set (237. In order to deduce the strong speed of convergence,
we next have to analyze this error on the complement of this localization set.

The first step is described in the following simple upper estimates, which follow from the
Hoélder inequality. Hence, we suppose that E(||u0|]%,q) < oo and that p and ¢ are conjugate
exponents; then

E(1QC sup |2 ()—u(t)\iz) gc[P(Qw;[m( sup (|2 (8)*4 + Ju(t) ig))}é. (3.22)

M telo,1] t€[0,1]

Note that we have the similar upper estimate

B(1ag, [ 120 - wot )
< C[P(%)]’l’ B[ (170 @I + I O + o)) < o [r@s0]

where the last upper estimate is deduced from (2.11), (3.4) and (3.7). Theorem 2.2 shows
that E(supycpo,n |u(t)]|#) < oo. We next prove that E(supsefo,r \zN(t)]i%) is bounded by
a constant independent of V.

Lemma 3.5. Let p > 2 and ug be V-valued, Fo-measurable such that ]E(||u0|\2p+1) <
0o. Suppose that G satisfies the conditons (G1) and (G2). Then there exists a positive
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constant C, such that for every integer N > 1,
T
2 2
B( sw YO+ [ 1O <G,
te[0,7] 0

The proof of this lemma is given in the Appendix, Section 5.1.

We next have to make sure that the threshold M (N) is chosen to balance the upper
estimates (3.10) and (3.22).
Case 1: Linear growth diffusion coefficient. Suppose that E(HuOH%/q) < o0o. Then
using the Gagliardo-Nirenberg inequality (2.2), we deduce

~ AM(N)
c — 4 > _ 4 > 2
P(5uw) =P sup (Ol = MOV)) =B( sup @)l 2 —7)
o C
S E( sup [lu@l}f) < ——.
24M(N)z  Nielo,1) M(N)2

where the last upper estimate is a consequence of (2.11). To balance the right hand sides
of (3.10) and (3.22), we choose M (N) — oo as N — oo such that

P 1

1
M(N) =
Taking logarithms and using (3.11), this comes down to
-1
—In(N) +2(1 +€)CsM(N)T = -~ In(M(N)),

for some # € (0,1) and € € (0,1), where C, 3 is defined in (2.5). Let
1

T 21407

Then M(N) — oo as N — oo and (3.23) is satisfied. This yields the following result, where

the first upper estimate follows from (3.23) and (3.7), while the second one is deduced from
the fact that y™ (¢;7) = u (£, ).

M(N) :

vy -2 o (n(N)| = C@.B.e T) (). (324)

Theorem 3.6. Suppose that ug is V-valued such that E(HUOH%}ZH) < oo for some ¢ > 4

and that G satisfies conditions (G1) and (G2). Then there exists a constant C > 0 such
that

E( sup [I27(0) —u(t) B + |u™ (6) — u(t)2]

t€[0,T]
g C
) D6 a0+ 10 (6) ~ ol +106) — o R)d) < o
(3.25)
E( sup [[u(t7) — u(te)lfs + 1y () — u(tk)|2z]) < ¢ (3.26)
k=N - ‘ BT s

Remark 3.7. Note that if ug is a deterministic element of V', or more generally if ||uo||v
has moments of all orders (for example if ug is a V-valued Gaussian random variable
independent of the noise W ), then the speed of convergence of the current splitting scheme
is any negative power of In(N).
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Case 2: Additive noise. Suppose that G(u) := G € L3(K,V), that is the noise is
additive, or more generally that G satisfies the conditions (G1) and (G2) with K; = 0,
that is ||G(u)||%2(K v) < Ko. Then for any constant a > 0 using an exponential Markov

inequality and the Gagliardo-Niremberg inequality (2.2), we deduce

P(O5,) <P( swp Ju(t)li > VM) <P( swp u(t)l} > 2r) (3.27)
t€[0,T] te[0,T

We next prove that for an additive noise, or in a slightly more general setting, for a > 0
small enough, E[exp(a sup;c(o |u(t)||#)] < oco. In the case of an additive noise, this
result is a particular case of [13], Lemma A.1. In this reference, the periodic Navier
Stokes equation is written in vorticity formulation £(¢) = d1ua(t) — dauq(t). The velocity
u projected on divergence free fields can be deduced from ¢ by the Biot-Savart kernel,
and |Vu(t)|p2 < C|£(t)|2. We extend this result to the case of a more general diffusion
coefficient whose Hilbert-Schmidt norm is bounded. Recall that the Poincaré inequality
implies the existence of a constant C' > 0 such that if we set |||ul]|? := [Vul?, + |Aul?, for
u € Dom(A), then we have

lull¥ = lulfz + [Vulf. < Cllfull* (3.28)

Lemma 3.8. Let ug € V and G satisfy conditions (G1) and (G2) with K1 = 0, that is
HG(t,u)H%Q(K v) < Ko. Then the solution u to (1.1) satisfies

E{exp o swp [u(s)l}) +v / TrAu<s>|i2ds)}} < 3exp (aflluol[} + TKo])  (3.29)

for a € (0,a9] and ap = (3.28).

v =
4KoC’

In order to make this paper as self-contained as possible, we prove this lemma in the
appendix, section 5.2.

Let ug € V; then for op = the inequalities (3.27) and (3.29) imply

4K c’

- vM
P(Q5,) < 3e“0BoT exp ( - 20407),
where C is defined by (2.2). We then have to choose M(N) — co as N — oo to balance
the right hand sides of (3.10) and (3.22), that is such that for some p > 1,

20@})?@ T) = 02% €xp (C@(VN))T)

for some positive constant co. Taking logarithms, we look for M (N) such that

exp(—

—=2V/M(N) < —In(N) +2(1 + €)C,s M (N)T,

where 3 € (0,1), € > 0 and C,p is defined by (2.5). Set X = /M (N), ag =2(1+¢€)C,5T
and a; = 222, We have to solve the equation asX? + a; X — ln(N) = 0. The positive

pC
2a0\/]7\4(N)) -

root of this polynomial is equal to % + O(1) as N — oo and exp ( —

pC
Cexp ( — 2 \/;(pNC,)) Thus, we deduce the following rate of convergence of the splitting

scheme.
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Theorem 3.9. Let ug € V and G satisfy the conditions (G1) and (G2) with K; = 0,
that is ||G(S,U)H%<KV) < Ky. Then

E( sup [12V(6) — (s + [0 (1) - u()[] (3:30)
te[0,7)

T
" /0 [112V() = ()} + [ () = ()} + 5™ (5) = uls)[}]ds) < Cem VO,

E( sup [ (t) — u(t)Ba + [y (6) — w(t)lR] ) < Cem VIO, (3.31)

k=1, ,N
<@ 293
T2\ g

Note that when v increases, the upper bound of the exponent ~ increases.

where

Remark 3.10. Note that the statements of Theorems 3.6 and 3.9 are valid if the diffusion
coefficient G depends on the time parameter t € [0,T] and satisfies the global growth and
Lipschitz versions of (G1) and (G2). We have removed the time dependence of G to
focus on the main arguments used to obtain strong convergence results.

4. EULER TIME SCHEMES

4.1. Description of the fully implicit scheme and first results. In this section, we
have to be more specific in the definition of the noise. Let K be a Hilbert space, @) be
a trace-class operator in IC and W := (W (t),t € [0,T]) be a K-valued Wiener process

with covariance Q). Let K = Q%IC denote the RKHS of the Gaussian process W. Let
G : K — H be a linear operator and suppose that analogs of conditions (G1) and (G2)
are satisfied with G instead of G, and the operator norms L(/C, H) (resp. L£(IC,V')) instead

of the Hilbert-Schmidt norms Lo(K, H) (resp. L2(K,V)), with constants K;, i = 0,1 and

L. Then the diffusion coefficient G = G o Q_% satisfies conditions (G1) and (G2) with
constants K; = Trace(Q)K; and L; = Trace(Q)L;.

Let us first recall the fully implicit time discretization scheme of the stochastic 2D
Navier-Stokes introduced by E. Carelli and A. Prohl in [9]. As in the previous section, let
tr = ’%T, k=20,---, N, denote the time grid. When studying a space time discretization
using finite elements, one needs to have a stable pairing of the velocity and the pressure
which satisfy the discrete LBB-condition (see e.g. [9], page 2469 and pages 2487-2489).
Stability issues are crucial and the pressure has to be discretized together with the velocity.
In this section, our aim is to obtain bounds for the strong error of an Euler time scheme.
Thus, as in the previous section, we may define the scheme for the velocity projected on
divergence free fields (see [9], Section 3).

Fully implicit Euler scheme Let ug be a V-valued, Fy-measurable random variable and
set un(tg) = ug. Fork=1,--- N, find un(ty) € V such that P a.s. for all p €'V,

(un(tr) — un (tr-1), ¢)+% [V(VUN(tk), Vo) + (Blun(te), un (i), (M
= (Glun(tr-1)) Ax W, 9), (4.1)
where AW = W (ty) — W(tg—1).
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In the study of the Euler discretization schemes, we will need some Holder regularity of
the solution. This is proved by means of semigroup theory; see [16], Proposition 3.4 and
[9], Lemma 2.3.

Proposition 4.1. Let ug be Fo-measurable such that E(HUOH‘Q}D) < oo for some p € [2,4].
Let G satisfy conditions (G1) and (G2). Then for n € (0, %), we have

E(llu(t) —u()[.) < C |t — |, (42)
E(llu(t) ~u(s)[}) < C |t — s ¥ (43)

Let us recall Lemma 3.1 in [9], which proves moment estimates of the solution to (4.1).
Note that here only dyadic moments are computed because of the induction argument
which relates two consecutive dyadic numbers (see step 4 of the proof of Lemma 3.1 in

[8])-

Lemma 4.2. Let ug be Fo-measurable such that E(|luo||¥’) < oo for some integer q €
[2,00). Assume that G satisfies the conditions (G1) and (G2). Then there exists a P a.s.
unique sequence of solutions {un (ty) -, of (4.1), such that each random variable uy (ty)
is JFi, -measurable and satisfies:

sup IE( max Jun (te) |7 —i—l/—ZHuN tr)||3 2]AuN(tk)\i2> < O(T,q), (4.4)
N>1

where C(T,q) is a constant which depends on T, the constants K;, i = 0,1 in conditions
(G1) and (G2), and also depends on E(||uol/?").

For k =0,---,N, let ey := u(ty) — un(tx) denote the error of this scheme (note that
eo = 0). Then for any ¢ € V and j =1,--- , N, we have

(ejej1,¢)+/j [V(Vu() Vaun(t;), Vo) + (B (u(s))fB(uN(tj>)7¢>}d5

=(¢/ [Glu(s)) = Glun(t-1)] AW (s)). (45)

4.2. A localized convergence result. The first result states a localized upper bounds
of the error terms. This is due to the nonlinear term, but unlike [9], it depends on u and

not on uy. Given M >0 and k=1,---, N, set
M. N2, < } . .
o {w €0 max Vu(ty), <M} € F, (4.6)

The following proposition is one of the main results of this section. The modification
with respect to Theorem 3.1 in [9] is the localization set which does not depend on the
approximation. This will be crucial to obtain a speed of L?(2)- strong convergence, and
not only that the scheme converges in probability.

Proposition 4.3. Let G satisfy the growth and Lipschitz conditions (G1) and (G2). Let
ug be such that E(HuoHv) < 00. Then for QM defined by (4.6) and N large enough, we
have for everyk=1,--- N:

]E(].QM max [|6J|]L2 +v— Z|V63|L2D < C exp [C1(M)T] <N)"7 (4.7)

k=1 1<j<k
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for some constant C' > 0, n € (0, %), and

(1+¢€C?
2v
where C is defined in (2.2), and € is arbitrary close to 0.

1 (M) = M+ C(E) Ly, (4.8)

Proof. We follow the scheme of the arguments in [9], pages 2480-2484, but the upper
estimate of the duality involving the difference of the bilinear terms is dealt with differently,
which leads to a different localization set. Furthermore, in order to describe the strong
speed of convergence of the scheme, we need a more precise control of various constants
appearing in some upper estimates. Hence we give a detailed proof below.

Step 1: Upper estimates for the bilinear term

Let us consider the duality between the difference of bilinear terms and ej, that is the
upper estimate of Lij_1<B(u(s)) — B(un(t;)), €j)ds. For every s € (tj_1,t;], using the
bilinearity of B and the antisymmetry property (2.1), we deduce

3
(B(u(s),u(s)) — Blun(t;),un(t;))  e) = > _Ti(s), (4.9)
=1

where, since (B(v,un(t;)), €;) = (B(v,u(t;)), e;) for every v € V,

(

(s): <B(6J7u t]) e]>—<B(ej, j))vej>7
(s) =(B(

(s)

3

Ts(s) —<Bus—ut] ) ej>
T <B(u (S) - u(tj)> ) j> = _<B(u(8)7€j) ) u(s) - u(tj)>'
Note that, unlike the first formulation of Tj(s), the second one only depends on the
error and on the solution to (1.1), and not on the approximation scheme. The Hélder

inequality and (2.2) yield for every 6; > 0 and C defined in the interpolation inequality
(2.2)

t; _T
[ Tl ds < €5 lejle [Veslee Va1

ti—1
c?> T
461v

where the last upper estimate follows from the Young 1nequality (with conjugate exponents
2 and 2). A similar argument using the Holder and Young inequalities with exponents 4,
4 and 2 imply that for any do > 0 and v > 0,

|Ta(s)| < 82v|Vej[Fa +y2lejlfa + Cv, 62, 72) [ulty) — uls)lIFa [ Vulty)Ife.
Using the Cauchy-Schwarz inequality we deduce

< 511/ IVej|2s + —— |€J'|12L2 Vu(t)) 2,

tj T
[ as)1ds < 8o Vs e e

ti—1
2
+C b2Vt [ ults) — ulo)|Eads
ti—1
Similar computations using the Holder and Young inequalities imply

t; 1 t;
[ molas < sVt e [ @I ) - woltds @10

ti—1
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for any 03 > 0. Note that
tj

y/j (V(u(s) —un(tj), Ve;)ds = V%Vejhiz +u/ (V(u(s) = u(ty)), Ve;)ds.

tj_l tj—l

Using the Cauchy-Schwarz and Young inequalities, we deduce

t; T tj
v / [(V(us) = u(ty)), Vej)|ds < dow Ve + - / [V (uls) = uty)) |f.ds
0 tj—l

tj—l

for any d9 > 0. Hence using the above upper estimates in (4.5) with ¢ = e;, we deduce

T 2o 2 T
(ej —ej1,¢5) + VN\Vejhgm < VZ&«N!V@;'!?W + (’Yz + m\VU(tj)lfm) N lejli2
r=0

3 t
+Y T + (/ [G(u(s)) = Gun(tj-1))]dW (s), ej), (4.11)
=1 tj-1
where
T;(1) :4L50 / ’ |V (u(s) — u(tj))‘igds,

ti—1
- t;
T5(2) =C(v, 62, 32) V() s / lu(s) — ult;) |2ads,
i—1
1 t J

T(3) = | (o)l uty) = u(s) Fads.

tj—1

Using the time regularity (4.3) with p = 2, we deduce

~ v T N\Hn
. <O (= . '
E(T;0) < C35- () (4.12)
The Cauchy-Schwarz inequality, (2.11) with p = 2 and (4.2) imply
~ T\ 1+2n
~ 1 T\ 1+2n
. < - ) .
E(T;(3) < € 15 (7) (4.14)

Step 2: Localization
In order to use a discrete version of the Gronwall lemma to upper estimate |ej\i2, due to
the factor [Vu(t;)[?, on the RHS of (4.11), we have to localize on the random set ij\{l
defined in (4.6). The shift of index is due to the fact that, in order to deal with the
stochastic integral, we have to make sure that the localization set is F,_,-measurable.
This set depends on j, but we will need to add the localized inequalities (4.11) and take
expected values.

Note that for 1 < j < k, QM Qj\/[ Hence, since ey = 0, as proved in [9], estimate
(3.25), we have

i i
2 2 2 2
jnax ?1: lonm (|€l|1L2 - \61—1|L2> = ax (19%1 lejlre + ?2: (Lop, = 19%1”6“1'”)

2
> mmax o [ejlia- (4.15)
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Thus, we will localize \ej]]?ﬂ on the set QJA{ 1 and - shifting the index by one - control some
"error term” |e; — ej_1|i2 localized on the same set. Note that this localization set only
depends on the projection of the solution u of equation (1.1) on divergence free fields, and
not on its approximation.

Adding the mequahtles (4.11) with ¢ = e; localized on the set QJ 1, using eg = 0 and

the identity (a,a —b) = 3[|a?, — b2, + |a — b|2,], we deduce for k=1,--- | N
1 s 1 >
max (519%1‘63"]142 T3 Z loum ler — el—l’m)

1<j<k
J
§ : 2 2 § : 2
,<1ri1a<xk 19 (|€l|]L2 - ’Q—l‘ﬂ}) + - 1Ql]\£1|€l — el—1|]L2>

< max E lom 6[ —€1-1,€]).
~1<j<k = e
1<I<y

| /\

The upper estimates (4.11) for j = 1,--- , k imply for any € > 0
J 3

1 2 2 T d 2
mas |5 1gu leslfa + 2 dop ler = eliz 4 v(1= 2 0) 37 3 Loy, Vel

=9 3 _
< [or 049G § Xto el + 37500
> P

+C,d1,0) ZlgM o522V [ulty) — u(ty—1)] Be + Mi(1) + Mi(2),  (4.16)
where

ZlgM (i [ 606 ~ Gluxtty))aw(s)),

ti—1

Zlg% (=it [ (6D ~ Glux(ty- )] W),

— J 1

The inequalities (4.12)— (4.14) imply the existence of a constant C' depending on T, v, d;,
1 =20,---3 and 73 such that

3 N T

S Y E@@) <0 ()" (4.17)

i=1 j=1

The Cauchy-Schwarz inequality, (2.11) and (4.4) for p = ¢ = 2, and the time regularity
(4.3) for p = 4 imply the existence of a constant C such that

Z\H

Y TN\n
Z (Ies 229 [u(t;)) = uit;-0)] ) < € (5)" (4.18)
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We next upper estimate ]E(maxlgkg N Mk(2)) The Cauchy-Schwarz inequality, the It
isometry and then the Young inequality imply that for any do > 0

E( max Mj(2)) < Zk: {E(lQM lej —ej— 1’1[‘2)};

1<5<k
VRS =1

B (1o, [ 1600 - Gty ns)

N[

k
ngzE(lgM lej — ej-1lf2)
=1

45 1QM HG ()) (UN(j 1))H£2(KH)>d5

The Lipschitz condition (Gl) and (4.3) imply for any € > 0 and s € [t;_1, ],
E(lgym 1G(u(s)) = Glun (tim))Zy c,m1)

< (L +E(lgym IG(ultio) = Glun(ti-))Z, (ki)
1

+ (14 2)E(lgy [1G(u(s)) - Gu(ti-))1 2, (k)
T\n
<Li(1+e) E<10%1|el_1|i2) + C(e)(N) . (4.19)
Since Qj\/[ C Q]-Vﬁl and ey = 0, we deduce for any Kk =2,---, N,
1+e 6
B (max M;(2)) <hoy ZE Ly, les = ej-1lta)+ = ZE(lgM ej12:)
= TN\7
—i—C’(e,ég)T(N) . (4.20)
Since Lom and e;_; are F;, ,-measurable, using the Burkholder-Davies-Gundy inequality,
the Young inequality, (4.19), and using once more the inclusion QM C Qj 1, we deduce
that for any &; > 0,
k 4 %
E< i M(1 )) < 321&[{19%1 /tl 1G (u(s)) — Clun(t)) Iy x.am ]el,llﬁgds} }

=1

k t 1
2 2
< 3B ( max 1o ler- 1'”){?1: Loy, / 1Gu(s)) = Glun (D)2, cmds ) |

ti—1

)+ M 5 S (i ) + i (5)"

(4.21)

™7

<51E<maxl M o[er—1|f2
- 1<I<k Q |l ’]L

Collecting the upper estimates (4.16)—(4.21) and taking d = 1, we deduce for k = 2,--- | N

3 J
1 2 T 2
B( i {Glage felte) +0(1-26) 5 ;19%‘V€l|w}>

1=0
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. C:M T
<[+ 00w B s oy i)

C*M 14+e/1 9 T — T\n
Hlarogsy et (T*T)“HZE“Q?&'%'@)+C(ﬁ> -
j=1

do 01
(4.22)
Step 3: Discrete Gronwall lemma
Fix o € (0,1) and choose ¢; € (0,1 — ). Then
v(l—01) > av.
Fix € € (0,1) and € (0, %(% —01)); suppose that N is large enough to imply
1 - C?MN\T 1
L . ( 1 ) 1) (= —81),
9 1 72_‘_( +6) 4(51V ( 6)(2 1)
and choose d;, i = 0, 2,3 such that dp + d2 + d3 < Sv. Then for N large enough,
k
av' T
(1-0)(5 ~ $)E( max Loy lesf) + 7 % 2 Bl Velis)
C2M . T < ) T\7
< [(1 +€) B T C (2,01, E)Ll} N ;E(lszyﬁeﬂm) + C(ﬁ) :
Set
WEICE AL 4 (14 €)C (72,
Ci(M) = ¥ (1 + )02, 3) (4.23)

(1-8&)(3—0)
Neglecting the second term on the left hand side and using a discrete version of the
Gronwall lemma, we deduce that

TN\"
Ci(M)T
B ey feltz) £ €T ()

Once these inequalities hold, choosing € ~ 0, 61 ~ 0, Yo r~0,01 ~1,6 ~0fori=0,2,3,
we may take Cy(M) such that

(1+eC*M
2v
where C' is the constant defined in (2.2) and € > 0 is arbitrary close to 0. Indeed, given

Ci(M) = + C(€) L1,

€ > 0, we choose the other constants so that 5 (;JFZ 5y S He Plugging this in the previous
upper estimate and using the inclusions QM c Q;W for j =1,---,k, we deduce (4.7) and

(4.8).
O

4.3. Strong speed of convergence of the implicit Euler scheme. As in section 3.3,

let us use the Hélder inequality with conjugate exponents 29~ and p = (12711 We obtain

1

E(1oyy 155 exl22) <C [P(@N))]"
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_1
% E( 24 t 24 )] 2q—1 , 4.24
|: OilslgThL(S)‘]LQ +0r§I}€a§XN|UN( k:) L2 ( )

T N 1
B (1) 2 Verlta) < C[P(ON))]"
k=1

1
X [E(OS:ET [Vu(s)|22 + omax, |VUN(tk)|%‘qQ>i| 270 (4.25)
The inequalities (2.11) and (4.4) prove that if E(|jug||?’) < oo, the second factors on the
right hand sides of (4.24) and (4.25) are bounded by a constant independent of N.

We now upper estimate the probability of the complement of the localization set and to
balance the upper estimates of the L? moments localized on the set Q%I and its comple-
ment. To obtain a strong speed of convergence will require the threshold M to depend on
N. Two cases are studied.

Case 1: Linear growth diffusion coefficient
Suppose that G satisfies conditions (G1) and (G2) and that E(||ug||**) < co. Then (2.11)
implies

IP’((QAN/I(N))C> g]P( sup |Vu(s)[Zs > M(n))

0<s<T
< ()" E( s u@IF) < oM@y @)
~ \M(N) 0<s<T V)= ' '

If we suppose that E(||ug||?/) < oo, in order to balance the upper estimates (4.24), (4.25)
with (4.26) and (4.7), we have to choose M (N) — co as N — oo, such that as N — oo,

(%)WQXP[CI(M(N)) T] =< C(q)M(N)_qul_i_l‘

where C1 (M (N)) is defined in (4.8). Fix € > 0; taking logarithms and neglecting constants
leads to

—nln(N) + (1+ €)C’2iM(N)T < —(277 = 1) In(M(N)) + O(1) as N — oo.
Let
2v 2unIn(N
M(N) := m{nln(]\f) — (27— 1)In (m(zv))} = (116)(02; (4.27)
Then, for this choice of M(N), we have
—nIn(N) + Cy (M(N)T = —In [(In(N))*" ] + 0(1),

_9q—1
which implies (%) exp[C1(M(N))T] =< C(In(N)) 1 for some positive constant C.
_ _9q—1
Furthermore, M(N)~2 RS C(In(N)) 7 for some positive constant C. Similar
computations with sum of the V norms of the error on the time grid yield

N

T —(24—1_1
E(IQ%XN exla + v kzl [Verl?2) < €(In(N)) "7,

for some constant C' depending on 7', ¢ and the coefficients K;, ¢ = 0,1. This completes
the proof of the following
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Theorem 4.4. Let ug be such that E(|Jug||?) < oo for some q¢ > 3, G satisfy assumptions
(G1) and (G2). Then the fully implicit scheme uy solution of (4.1) converges in L*(Q)
to the solution u of (1.1). More precisely, for N large enough we have

29-11)

E(lg}ime(tk) —un(te)lfs + 2 |V [u(te) — un (e HLQ) < C[n(N)] ™ :

(4.28)

Remark 4.5. Note that, as for the splitting scheme, if ug is a deterministic element of
V and G satisfies the conditions (G1) and (G2), we have

-
E(lg}%v uty) — un(te)lf2 + N ; |V [u(ty) — un (te ]\M) < C[In(N)]
for any v > 0. This upper estimate is also true if ||ug||lv has moments of all orders, for
example if ug is a V-valued Gaussian random variable independent of the noise W.

Case 2: Additive noise Suppose that G(u) := G € Lo(K,V), that is the noise is
additive, or more generally that the conditions (G1) and (G2) are satisfied with K; =0
Using an exponential Markov inequality, we deduce that for any constant o > 0

P((Q%(N))C) <exp (— aM(N)) E[exp <a sup ]Vu(t)h%z)] (4.29)
0<t<T
Recall that Lemma 3.8 implies that for a € (0, ap], where ay = I K”O o and C is defined

in (3.28), we have E[supte[QT] exp(alu(t)||#)] < co. Using (4.7) with (4.8), (4.29) and
(3.29), we choose M (N) such that

(§>nexp<(1+e) (722M(N)TV> :C2exp(_ ;Z{((])\Q) (4.30)

for some p > 1, € > 0, and some positive constant co, where C' (resp. C’) is defined by (2.2)
(resp. (3.28)). For any p € (1, 00) since ug is deterministic, E(||ug||{,) < oo for conjugate
exponents p and ¢q. Set

nin(N)
v (1+8)C2T
p4Koé 2v
for some € > 0. Then M(N) — oo as n — oo, and both hand sides of (4.30) are equal
to some constatlnt multiple of N~ where, choosing p close enough to 1 and € ~ 0, we

M(N) :=

4KyC

v 21 ¢
4KoC ' 2v
following rate of convergence.

Theorem 4.6. Let ug € V, G satisfy assumptions (G1) and (G2) with K1 = L; = 0.
Let u denote the solution of (1.1) and un be the fully implicit scheme solution of (4.1).
Then for N large enough, C (resp. C) deﬁned by (2.2) (resp. (3.28)),

have § < Since n < % can be chosen as close to 1 as wanted, this yields the

2

T
E(lg}%vm(tk) —un(te) e + = Z}v () — un ()] 52 ) < C(N)”, (4.31)

v _
4KqgC
where Yy < % ,/70@2:[‘ .
4KOC*+ 2v
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Note that if v is large, the speed of convergence of the H and V norms in Theorem 4.6
is "close” to C(T')N = Intuitively, it cannot be better because of the stochastic integral
and the scaling between the time and space parameters in the heat kernel, which is behind
the time regularity of the solution stated in (4.3).

4.4. Semi-implicit Euler scheme. In this section, we prove the strong L?(f)) conver-
gence of a discretization scheme with a linearized drift. Let vy be defined on the time
grid (tx,k =0,---,N) as follows.

Semi implicit Euler scheme Let ug be a V-valued Fy-measurable random variable and
set vy (0) =ug. For k=1,--- N, let vy (t) € V be such that P a.s. for all ¢ € V|

(’UN(tk) — UN(tk—l) y ¢) + % [V(VUN(tk) N V¢) + <B(UN(tk_1),UN(tk)) , (;5>

= (Gon(tr-1)) AW, 9), (4.32)

where AkW = W(tk) — W(tkfl).
Note that since in general (B(u,v), Av) # 0 for u,v € Dom(A), the moments of vy are
bounded in a weaker norm than that of the fully implicit scheme up.

Lemma 4.7. Letug € L*(Q,V) for some integer ¢ > 2 be Fo-measurable and let G satisfy
the condition (G1). Then each random variable vy (tx), k = 0,--- , N is F;, -measurable
such that

N
T _

B (e lov (It + v SlovEs Iov(el) < o). (@33

For k=0, ---, N, set e = u(tx) — vn(tx). Unlike [9], we will not compare the schemes

uy and vy since the norm of the difference would require a localization in terms of the

gradient of uy. Instead of that, we prove the following analog of Proposition 4.3.

Proposition 4.8. Let G satisfy the growth and Lipschitz conditions (G1) and (G2), and
ug be Fo-measurable such that E(||uol|$) < co. Then for QM defined by (4.6) and N large
enough, we have fork=1,--- /N and n < %

T

k
E(lw_l Lnggk &2z + v ; yvéj\iQ]) < C(%)" exp [Cy(M)T], (4.34)

where C' > 0 is some constant and C1(M) is defined by (4.8) for any € > 0.

Proof. Many parts of the argument are similar to the corresponding ones in the proof of
Proposition 4.3; we only focus on the differences.
We first consider the duality between the difference of bilinear terms and e;, that is

. t; _
upper estimate LJ_Jil(B(u(s),u(s)) — B(vn(tj-1),vn(tj)), €j)ds. For every s € [tj_1,tj],
using the bilinearity and antisymetry of B we deduce

(B(u(s),u(s)) = B(on(tj-1),vn(t;)), &) = ZTi(S)’

where

Tl(S) ::<B(éj_1,UN(tj)) , éj> = <B(éj_1,u(tj)) , éj>,
TQ(S) ::<B(u(s) — u(tj_l),u(tj)) , éj>,
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Ts(s <B( ,u(s) — ) €J> = —< 5),€5), u(s) — u(tj)>.
Using the Holder mequahty, (2.2) and the Young 1nequahty, we deduce that for every
01 > 0,

tj
/ T1(s)|ds <C 18- 1IL2|6JIL2\V63 1\L21veij2|vu( iz

tia
S%V%W%—l\iz + 5211/%|Véj|]%2
~2
%ﬁ!@j—ll@lvw Dz + +(;150 L e 2 Vu(t)) 2. (4.35)
The upper estimates of ft i(s)ds, i = 2,3 are similar to the corresponding ones in the

first step of the proof of Theorem 4.3. This yields the following analog of (4.11) with the
same upper estimates (4.12) — (4.14) of the terms T]() 1=1,2,3

1 T
(éj —€j-1, éj) + V|Véj|I2L2 < I/(50 + 5(51 + 0o + (53) |V€]|IL2 + 511/ |V€] 1|IL2
T C?
2 S 12 2 = 2
+ (v g IVl ) pleslte + gr I Vult)lEales s

3 t;
+Z@m%%/ [G(u(s)) — Glow(t;1)] dW(s)). (4:36)

ti—1

Once adding these estimates localized on the set Q _,» we deduce an upper estimate
similar to (4.16) where e; is replaced by €;. Followmg the same steps as in the proof of

Proposition 4.3, we conclude the proof. O

The arguments in section 4.3 prove that the statements of Theorems 4.4 and 4.6 remain
valid if we replace the solution wuy(t) of the fully implicit Euler scheme by the solution
vn (tx) of the semi implicit one.

4.5. Time dependent coefficients. For the sake of simplicity, we have supposed that
the diffusion coefficient G does not depend on time. An easy modification of the proofs of
this section shows that the statements of Theorems 4.4, 4.6 for the fully or semi implicit
Euler schemes remain true if we suppose that G : [0,7] x V. — Lo(K,H) (resp. G :
[0,7] x Dom(A) — Lo(K,V)) satisfies the following global linear growth and Lipschitz
conditions similar to those imposed in assumptions (G1) and (G2)

G W2, s,y < Ko+ KilulZa, G w75y < Ko+ Kiflully,
Gt 1) = Gt 0z, 1,y < Lalu = vlEz,
HG(t?u) - G(tvv)H%g(K,V)Q < Ll”” - UH%/?

for u,v € V (resp. u,v € Dom (A)). Furthermore, the diffusion coefficient G' should also
satisfy the following time regularity condition
(G3) There exits a constant C' > 0 such that for any u,v € V and s,t € [0,T7:

1
IG(t,u) = G(s, W) Zy e,y < Clt = 512 (1+ [JullZ2).

In that case, the fully implicit scheme uy (resp. semi implicit scheme vy) is defined
replacing G(un(tg-1)) by G(tk—1,un(te-1)) (resp. by G(tp—1,vn(tk-1))) on the right
hand side of (4.1).
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5. APPENDIX

In this section we prove two technical lemmas used to obtain the strong convergence
results.

5.1. Proof of Lemma 3.5. First note that using (3.4) and (3.7), we deduce that if
E(||uol[?) < oo then

T
sup B [ 1Y ()t < Clo).
N>1 0

Thus only moments of sup;cjo 7 12N ()| 5 2P have to be dealt with.

The process 2z defined by (3.6) is not regular enough to apply directly Ito’s formula
to ]zN(t)]]ig. Hence, as in the proof of Proposition 3.4, we need to apply It6’s formula on
the smooth Galerkin approximations of the processes u”, ¥ and 2%, and then pass to
the limit. This yields for every ¢ € [0, T]

O = s 2 [ FWY ), s+ [ 16676 s
+2/0 (N (s), Gy" (s))dW (s)).

Using once more the It6 formula, we deduce
3

N O = luolfh + 1) + Y Ji(d), (5.1)

i=1

where
t
I(t) =2p /0 (=N (s), GyN (5))dW () 2N ()PP,
t 2 1
=— 2p1// \ZN(S)\L(pr )(VuN(s) ,VZN(S))ds
— 2 / N SR (BWN (5), 4V (5)) , 2 (5))ds
— 1y /0 2N () PN G ™ (5) 12, ey
t
+2p(p— 1) /0 1G* (™ (5))2N () 1% 2N () P82 ds.

The Holder and Young inequalities imply

()] <2(p— 1) /\z \L2ds+u/ V=N ()2 + |V (s)2] ds

2p+1 2p+1

Using again the Holder and Young inequalities with exponents 5 and , we deduce

| J2(2)] §2p/ N )YV VN (5)|e ([0 (5)|keds

(2p—1)2p N(s)[[2PFLd CN#E [T N, 2pe
AR P(5) T N elas,
p+1 2 0
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where C' is the constant defined in (2.2). Finally, using the growth condition (G1), we
deduce

a(t)] < (252 — p / N ()PP (K + Koy (s) 2] ds

<(2p — 1)( —1/|z s)[28ds + C(p Kp/ ™ (s)[|1*5ds + C(p) KoT.

where C(p) is a constant depending on p. The inequalities (3.4) and (3.7), and the above
estimates of J;(t) for i = 1,2, 3, imply the existence of a positive constant C'(p) depending
on p such that for every integer. N > 1,

ZE(tiﬁépﬂ 5(0)]) < C). (5.2)

Furthermore, the Burkholder-Davies-Gundy inequality, the growth condition in (G1) and
the Young inequality imply

5 s 116)1) <6p({ [ 1Y @216 6D s )

te[0,7)

T
< 1IE( sup ]zN(t) i@) +C’(p)IE/O [Kp—i-Kp] N( )LQ]ds

2 te[0,7
<lg NeyE) + ¢ 5.3
= 2 Sup ’Z ()’]LQ + (p)7 ( . )
te[0,7

where the last inequality is deduced from (3.4).
The upper estimates (5.1)—(5.3), (2.11), (3.4) and (3.7) conclude the proof. O

5.2. Proof of Lemma 3.8. We prove the existence of exponential moments for the square
of the V' norm of the solution u of (1.1).

Proof of Lemma 3.8. Let o > 0; we apply the Ito formula to the square of the V' norm of
the process u solution of (1.1). As explained in the proofs of Proposition 3.4 and of the
previous Lemma, the It6 formula has to be performed on smooth processes, for example a
Galerkin or a Yosida approximation of u, and then pass to the limit or use computations
similar to those in [10], step 4 of the Appendix on page 416. This yields

t t
ollu®) + av /0 lu(s)]|Pds = afuol + o / 1G5, w(s)) 12, (.93

+2a/0 (u(s) , G(s, u(s))dW (s) —oa// u(s)]|[2ds, (5.4)

where for u,v € V we set (u,v)y = (u,v) + (Vu, Vv) and recall that ||[u]|[* := [Vul?, +
|Au|i2.
Let M(t) := 2« fot (u(s), G(s,u(s))dW(s)),,; then M is a martingale with quadratic

variation
t t
(M), < 40 /0 () 2 1G5, ()12, 101yl < 402K /0 ()| ds,
t
< 102K C / lu(s)][12ds,
0

where the last inequality follows from (2.9) and the definition of C' in (3.28).
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Let ap := —%—=; then we deduce

- 4K'QC~V7
t 5 Qg

M= [ lu(lIds < M, = 22 (a1,
0

Therefore, using the previous inequality and classical exponential martingale arguments,
we deduce

¢
IP’[ sup (Mt—ou// H|u(8)|||2ds) ZK} SIP’[ sup (Mt—@<M)t) ZK}
0<t<T 0 0<t<T a
2 1,2 2
§IP’[ sup exp (ﬂMt—7<ﬂM>t) > exp (ﬂKﬂ
0<t<T o' 2 « «
2 2 1 2
Sexp(—&K) E[exp (ﬂMT— 7<EM>T)} Sexp(—&K>
« o 2« «

for any K > 0. Set

t t

X =exp (of sup 2 [ (u(s), Glsue))y —v [ llu()]Pds})
t€[0,T] 0 0

then for o € (0, ap], we deduce that P(X > ef) < exp(—KZ%) < e 2K = (e7K)? for any

K > 0.

Using this inequality for any C' = e > 1 with K > 0, we deduce E(X) <2+ [[°P(X >

C)dC < 3. Since (5.4) implies

t
o sup [+ /0 llu(s)IPds] ) < alluoli? + akoT

te(0,T
+ sup} (a{2/0 (u(s), G(s,u(s)))v _V/o |\|u(s)\|]2d5}>,

telo, T
we conclude the proof of (3.29). O
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