ON INVISCID LIMITS FOR THE STOCHASTIC NAVIER-STOKES EQUATIONS
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ABSTRACT. We study inviscid limits of invariant measures for the 2D Stochastic Navier-Stokes equations. As
shown in [Kuk04] the noise scaling /v is the only one which leads to non-trivial limiting measures, which are
invariant for the 2D Euler equations. We show that any limiting measure o is in fact supported on bounded
vorticities. Relationships of pg to the long term dynamics of Euler in the L® with the weak™ topology are
discussed. In view of the Batchelor-Krainchnan 2D turbulence theory, we also consider inviscid limits for the
weakly damped stochastic Navier-Stokes equation. In this setting we show that only an order zero noise (i.e.
the noise scaling °) leads to a nontrivial limiting measure in the inviscid limit.

1. INTRODUCTION

We consider incompressible Euler’s equations and the randomly forced incompressible Navier-Stokes
equation on a two-dimensional torus T? = R2/A, where A C R? is a lattice.! The Euler equation will
mostly be considered in the vorticity form

Oiw +u - Vw =0, (1.1)

where we assume that [, w(z,t) dz = 0 and the velocity field u = (u1, u2) is determined by w from the
equations

curlu = V* - u = dug — Boug =w, divu =0, /uzO. (1.2)
’]I‘Q

In terms of the stream function, u = Vv, A¢y = w, with the usual notation V1) = (—t,,, ., ). The
Navier-Stokes equation will be written either in the velocity formulation

8tu—|—u-Vu+vpp—yAu:f, (1.3)

where p is the (constant) density and the forcing term f = f(x,t) satisfies [, f(z,t)dx = 0 for each t, or
in the vorticity formulation

Ow+u-Vw — vAw =curl f | (1.4)

with the relation between v and w given as above. The particular stochastic form of f will be discussed
below (1.10).

In this paper we study certain classes of invariant measures for (1.1) and related equations. In particular,
we address regularity properties and relations to the long term dynamics of 2D Euler for a particular class of
invariant measures which arise as an inviscid limit of the stochastic Navier-Stokes equations, with a suitable
scaling of the noise coefficients.

Date: February 3, 2013.

IThe reason why we consider general flat tori, rather then just R? /Z? is that the geometry of the torus might have some influence
on various predictions concerning the long-time behavior of the solution. This issue will however come up only tangentially, and it
will not be important for the results proved in the paper. The reader can take T? = R?/Z? or T? = R? /27w Z? most of the time.

1



2 NATHAN GLATT-HOLTZ, VLADIMIR SVERAK, AND VLAD VICOL

To discuss topics which come up in various accounts of 2D turbulence, we will also use a linear damping
operator Y defined in the Fourier coordinates” by

Yuy, = i, (1.6)

where v, > 0. Often it is assumed that 75, # 0 only for a few lowest modes, but other options, such as
Yu = ~u for some v > 0 (corresponding to 43 = -y for each k) are also possible. We will denote the
operator Y with v, # 0 only for a few low modes by Y}, . Its precise form will not be important for our
discussion.

1.1. Two dimensional turbulence. The standard theory of 2D turbulence conjecturally describes the be-
havior of solutions of

8tu+u-Vu+@—yAu+Y10Wu:f, (1.7
1)

where f = f(x) is a “sufficiently generic” smooth vector field, which is on the Fourier side supported in
a few relatively low Fourier modes.” One can expect that for many f the system will become “turbulent”
for sufficiently low v, although it is important to keep in mind that there are examples where this is not
the case, see [Mar87, CRO7]. In the turbulent regime one expects the famous downward cascade of energy
together with an upward cascade of vorticity, as conjectured by Kraichnan [Kra67] and Batchelor [Bat69].
this is why we need the operator Y}y, . In dimension n = 3 the operator Y}, should not be needed and we
expect the so-called Kolmogorov-Richardson energy cascade. The striking feature of these phenomena is
that, conjecturally, as v — 0, the velocity field u should satisfy some bounds independent of v/, such as

|lul|re < C, C independent of v . (1.8)

Moreover, there are conjectures as to how energy will be distributed in the Fourier modes (see, for instance,
the classical works [KM80, MWC92, Fri95, Tsi01, FIMRO02, Tab02]). Rigorous treatment of these scenarios
seem to be our of reach of the present-day techniques and we have nothing new to say in this direction. Note
however that the following 1D model given by the Burgers equation

Ou + Uty — Vg, = f(x), x € R/Z, /u(:x,t) dx =0, /f(x) drx =0, (1.9)

is treatable. The behavior of the solutions for v — 04 can be studied in detail via the Cole-Hopf transfor-
mation. In particular, the bound (1.8) can be established in this case.

Instead of relying on the chaos produced by the presumably complicated dynamics of (1.7) for low v, we
can input “genericity” into the system by considering a “random” f. This point of view may be traced back
to Novikov [Nov65] (see also, e.g. [BT73, VKF79]). We may take for example

fla,t) =a) brep(x)Wh(t), (1.10)
k

where ey (x) is given by (1.5), the sum is finite, over a few relatively low modes, « is a suitable constant
of order 1. The W* are independent copies of the standard Wiener process (Brownian motion) so that

2 The Fourier representation in set up in the following way. For scalar functions v on T? we will write v(z) = D kconnx Uk etk
where A* is the lattice dual to A. Our functions v will satisfy [\, v(x) dz = 0 which is the same as 0 = 0 and the above sum will
always be taken over the non-zero elements of 2 A™. If there is no danger of confusion we will write simply v(z) = >, et
Divergence-free vector fields f will be written as f(z) =3, frex(z), where

7Zk2 Zkl ikx
= —_— . 1.
ex (@) ( 4 W)e 15)

We note that in our normalization we have 7 [ lv|*dz = 3", |vk|?, and 7 Jr |FI2dz =", | fel®

3The assumption of “sufficient generiticity” is important, as we need that the system creates enough “chaos” for low v.
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WF are white noise processes and hence are stationary in time. After a suitable non-dimensionalization, a
representative case of (1.10) is when Y, |by.|? and « are both of order unity.”*

With a random forcing of the form (1.10), the equation (1.7) can then be viewed as a stochastic equation.
With some additional assumptions, there will exist a unique invariant measure p = p,, for the process defined
by (1.7), see e.g. [FM95, DPZ96, Mat99, Mat02, BKLO1, KS01, KS02, Mat03, MP06, HM06, Kup10,
HM11, Debl1, KS12] and containing references. Relations conjectured by Kraichnan’s theory would then
be satisfied in a suitable mean value sense. The benefit of working with the random forcing is that even
though we still cannot make much progress on establishing Kraichan’s conjectures in this setup, we now
at least have a quite canonical object for our analysis, the measure y.° Indeed, the above mentioned works
establish ergodic or even mixing properties of p. These properties provide some theoretical justification for
the measurement of the physical quantities described in turbulence theories. In the deterministic case the
measure (1 should presumably by replaced by a suitable invariant measure on the attractor, see e.g. [CF88,
FMRTO1].

One can of course go through similar considerations in three dimensions, but in that case the lack of rigor-
ous results concerning the basic existence and uniqueness questions for the Navier-Stokes solutions prevents
obtaining rigorously the measure p above (or its analogues on the purported attractors in the deterministic
case). Note however the recent works [DPD03, FR08, Deb11] on weaker notions of solutions and associated
invariant measures.

1.2. Kuksin measures. Kuksin [Kuk04], see also [KP05, KukO6b, Kuk06a, Kuk07, Kuk08, Shill, KS12],
suggested to study of a different limiting regime and put in (1.10)

a=c\v, (1.11)
where ¢ is a constant independent of v.° Assume we have this scaling and omit the terms u - Vu, Yoy, from
the equation. Then for each Fourier mode u; we have

E(lug?) = 25— = Ik’ = (1.12)
a bound independent of v. In the non-linear case a similar bound can be obtained, see [Kuk04, KS12]

and (1.17). With scaling (1.11) the operator Y is no longer needed’ and the invariant measures y = f1,, of
the process generated by the equation

du + <u -Vu + VP _ VAU) dt = e\/v E brex(x)dW*(t) (1.13)
p
k

have a meaningful limit (perhaps after passing to a suitable subsequence). At the level of the vorticity
w = curl v we have

dw + (u - Vw — vAw) dt = cﬁngde(t)eikx, gk = |k| bk, (1.14)
k

which is the form which we will mostly work with.® A deterministic version of the situation considered by
Kuksin would correspond to setting

f=cf (1.15)

in (1.3). This situation is relevant for Section 5.

4If we wish to consider dimensions of the various quantities, one natural choice seems to be to take e dimension-less, by, of the
same dimension as u (which is [length][time] "), and « of dimension [time]~ 2, so that aW*(t) has dimension [time] ~*.

SThe case of the Burgers equation (1.9) with stochastic forcing can be analyzed rigorously, see for example [EKMSO00].

OIf our quantities are not dimensionless and we use the same dimension count as in a previous footnote, then ¢ should have
dimension [length] ~*.

"Indeed in this scaling, (1.11), the term Y leads to a trivial limiting measure . as we establish rigorously in Section 6 below.

8The term —vAw can be replaced by more general dissipation, such as fractional Laplacian v(—A)®; see Remark 4.5 below.
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Let 1, be an invariant measure on the space of the vorticity functions w of the process defined by (1.14).
Note that for a sufficiently fast decay in the bg’s in (1.13), these measures p, are supported on smooth
functions, see e.g. [KS12]. Also, under rather general assumptions on these b;’s such a measure is unique,
cf. references above. Applying Ito’s formula

1
d/ —w?dx :/ (wdw—i— %dwdw) dx (1.16)
T2 2 T2

and taking the expectation, we obtain

( L |w2d:c) [ 1961 e Z|gk|2 (1.17)

Due to this bound, as v — 0., the family of measures 1, has a subsequence converging weakly”’ to a limit
Lo, which is a measure supported in the space

H' = {weHl(TQ), / wda::()}, (1.18)
T2
with

B(Vwlt) = [ IVwlfs duo(w Z aul? (1.19)

Kuksin [Kuk04] proves that this measure invariant for the evolution glven by Euler’s equation (1.1). See
also Kuksin and Shirikian [KS12] and references therein for many other interesting properties, such as the
non-triviality of the measure. We will call the measures g constructed in this way Kuksin measures.

1.3. Main Result on Kuksin measures and the dynamical systems approach to 2D Euler. We now
show that the Kuksin measures are closely related to the long-time behavior of solutions of Euler’s equation.
One of our main results in this paper will be the following:

Theorem 1.1 (Kuksin measures are supported on L°°). Let u be a Kuksin measure as above. Then

[ el dife0) < +oo. (1.20)

We shall discuss the outline of the proof of Theorem 1.1 in Subsection 1.4 below. A detailed statement of
the result and its proof is found in Section 4.

In particular, from (1.20) we see that p is supported on L. This is important, as the space L is probably
the most natural space (for the vorticities) in which to consider the 2D Euler equation when studying the
long-time behavior of the solution. This is due to the following facts:

(1) The initial value problem for (1.1) is well-posed for in L°, a classical result by Yudovich [Jud63].
(i) Let R > Oandlet X = Xp = {w € L™, [row =0, |||z~ < R}. Equipped with the weak* topology,
the set X is a compact metric space, which we will denote by (X, w*). One can check that the proof
of Yudovich’s theorem actually give a stronger result: namely, the Euler equation (1.1) gives a well-
defined dynamical system on X (for any R > 0). A proof of Yudovich’s theorem which can be
easily adapted to prove our statement here can be found for example in [MBO02].
From Theorem 1.1 we hence see that Kuksin measures (restricted to X') give natural invariant measures for
the Euler evolution on X . The functions on which the measures are supported have additional H} —regularity.
Note that one can also construct non-trivial measures on X which are invariant under the Euler equation

directly: we know that the energy functional '’
1 1 1
Ew)= 5 [ zluPdz= —~Ywd 1.21
@) =g [ 5l da IT2‘/@ wds (1.21)

9More precisely we have that Jr2 f(w)dp; (w) converges to [, , f(w)dpo(w) for every continuous, bounded real valued test
function f. In fact the convergence holds also in H'~¢ for any ¢ positive.
10More precisely, energy per unit mass.
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is continuous on (X, w*). Therefore the energy level sets Xp = Xp g given by {w € X,E(w) = E} are
compact subsets in X which are invariant under the Euler equation (due to the energy conservation). By
the classical Kryloff-Bogoliouboff procedure, every non-empty X g g supports an invariant measure. This
measure cannot be trivial when £ > 0 i.e. supported at w = 0. There are additional conserved quantities
for the evolution by Euler’s equation, namely the integrals

_ 1
= e

but these quantities are not continuous on (X, w*), making their implications for the dynamics on (X, w*)
more subtle.

In Section 2 we discuss various hypothesis for the long term dynamics of the (1.1) on the phase space
(X, w*). These hypothesis may illuminate further possible structure of the support of the invariant measures
1o. Two extreme scenarios present themselves. On, the one hand, taking the view of statistical mechanics,
we may predict long time behavior from the maximization of various notions of “entropy” subject to the
constrains of the Eulerian dynamics. In many cases these “entropy maximizers” may have a fairly simple
shear flow like structure. Thus in this scenario we would expect that the Kuksin measures would be sup-
ported on steady flows with a relatively simple topology. At the other extreme we might suppose that all
of the solution trajectories of the Euler dynamical system are pre-compact in L. In this case many of the
Casimirs (1.22) must be conserved at the end-states which would suggest that p¢ has a much richer structure.

There is some evidence for both of the above scenarios. On the one hand we do not have a single
example where it is proved that an initial condition yields an orbit which is not precompact in L2. Moreover
a recent result in [éve]Z] (which we recall in Theorem 2.1 below) rigorously shows that at least some
such precompact orbits must exist. On the other hand recent numerical result of [BS09] suggest that p is
concentrated on certain laminar states obtained as an “Entropy maximization”. It seems unlikely that either
of these scenarios holds universally and that the structure of 1 is given by an intermediate situation.

Ir(w) F(w)dzx, (1.22)

1.4. Moser iteration for SPDE and applications to L°° estimates for stationary solutions. We now turn
to discuss some aspects of the proof of Theorem 1.1. We will see that the main ingredients involve a suitable
rescaling of the equations and then developing a Moser iteration scheme for SPDEs of drift diffusion type
which evidences a parabolic regularization from L? to L>°. The detailed proofs are given below in Section 4.

A natural rescaling of time makes the interpretation of the measures p, and the Kuksin measures pg
perhaps more transparent. If we replace the function u(z,t) by w(z,t) = u(z,t/v) and replace W¥(t) by

the equivalent process W (t) = \/vW*(t/v), we obtain, after dropping the tildes we obtain

1
dw + (Vu -Vw — Aw) dt = cggdek(t) . (1.23)

Note that the measure p,, is also an invariant measure for this process. See Section 2.1 below for some
motivating discussion of analogous finite dimensional situations.

As v — 01in (1.23) the drift velocity v~ 'u grows unboundedly. As such to obtain Theorem 1.1 need find
a way estimate L°° norms of solutions to equations of the form

dw—i—(a-Vw—Aw)dT:cngde, V-a=0 (1.24)
k

with constants that do not depend on the size of the sufficiently smooth divergence free drift velocity a.'!
In the deterministic case, one usually obtains such drift-independent L°° bounds either by appealing to
maximum principle-type arguments, or by using LP estimates, with p independent bounds, and passing
p — oo. Neither of these direct approaches appear to be available in the stochastic case. The first approach
seems to fail since one cannot exchange E and sup,, and due to the lack of smoothness in time of the

Since the noise in (1.24) is additive, one could shift the equation by subtracting the solution of an Ornstein-Uhlenbeck process,
but the L°° bounds one obtains on the resulting random PDE appear to depend essentially on the size of the drift velocity.
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stochastic terms in (1.24). On the other hand, for LP bounds, a direct application of the Itd lemma to (1.24)
yields

) - _
5 2 llgelwl” 2>/2||%2> dt+pY (grwlw~?)aw"  (1.25)

_ P —
dl|wll7, = (p(ijpr %)+ P 1)
k k

where we have used that a is divergence-free. The Itd correction term in (1.25) grows quadratically in
p, which is too fast. On the other hand, letting X = |lw||},, one may apply It5’s lemma to ¢(X) =

1+X )2/ P/p (see e.g. [Kryl0, Remark 5.2]) and prove using standard estimates that

112 2
sup <IE sup HW()HL;’) <C (1 + sup (EHWOHLP> + VT||0\LOO>
p

p>2 te[0,T] p p>2

where w is the solution of (3.2). This however does not yield a bound on E (SUPte[o,T] sup,so lw ()]s /p).

Since (1.24) is a parabolic SPDE, in the spirit the classical DeGiorgi-Nash-Moser [DG57, Nas58, Mos60]
theory for deterministic parabolic PDEs, one may expect an instant regularization of the solution. The diffi-
culty in carrying over this program lies in treating the stochastic forcing term in (1.24) and obtaining bounds
which are independent of the size of drift velocity a. In the deterministic case, for drift velocities that are
divergence free, one obtains the L? to L™ regularization of solutions to the parabolic equation, with bounds
that are independent of the drift using e.g. the elegant argument of Nash [Nas58]. Drift independent bounds
for a deterministic analogue of (1.24) have also been obtained using Moser iteration, see, e.g. [Kuk99].
Therefore, one may expect that the same result holds for stochastic drift-diffusion equations such as (1.24).

In order to treat the stochastic term, it turns out that the iteration technique introduced by Moser [Mos60]
is better suited in view of the LP Itd formula (1.25). This fact was recently observed in the context of
semilinear SPDE in [DMS05, DMS09] where the authors obtain an L°° maximum principle. We however
cannot appeal to these results since they rely essentially on the fact that the initial data already lies in
L. By (1.17) we only have v-independent H! bounds on the statistically steady solutions of (1.14). To
overcome this difficulty we prove in Theorem 4.1 (see also Remark 4.4 below) that the solution w(t) of
(1.24) lies in L*° (in x) for arbitrarily small positive time ¢:

E sup [w(t)]c= <c(1+T—5/4)E(uwnmmmvc2|rgkumo>, (1.26)
te|T,2T) k

for T < 1/8, where the constant C' is independent on a. To the best of our knowledge the parabolic
regularization estimate (1.26) is new in the context of SPDE. As in [DMS05, DMS09], one of the main
differences between the stochastic Moser iteration (see the proof of Theorem 4.1) and the classical approach
for deterministic PDE naturally arises due to the random forcing. In view of the Burkholder-Davis-Gundy
inequality we need to bound quadratic variations of the Martingale on the right side of (1.25), and hence the
integrability in time needs to be twice that in space in order to close the iteration scheme (cf. (4.32) below).

In view of the predictions made by Statistical Mechanics arguments regarding the “end states” of the
2D Euler dynamics, and having already established that the Kuksin measures are supported on H'(T?) N
L>(T?), we believe that:

Conjecture 1.2. Kuksin measures are in fact supported on continuous vorticities.

The immediate difficulty which arises in proving this conjecture is that even in the deterministic case, for
the two-dimensional linear parabolic equation

v+ b(x,t)-Vo—Av=Ff, V-b=0, (1.27)

the size of the smooth drift comes into play for the DeGiorgi-Nash-Moser proof of Holder regularity. If the
drift is rough, one may even construct solutions that are not continuous functions for all time, although they
obey the L°° maximum principle (see, e.g. [SVZ12]).
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On the other hand, one of the key ingredients of the proof of Theorem 4.1 was the (statistical) stationarity
of the solution to (1.23). As a deterministic toy problem one may hence consider time-independent solutions
of (1.27), with drift b(z). In this case, following the ideas in [SSSZ] 2] and an elliptic Moser iteration we are
indeed able to prove in Theorem 5.1 below that the solution obeys a drift-independent logarithmic modulus
of continuity, and is hence uniformly continuous. The analogy between time-independent solutions to (1.27)
and statistically stationary solutions of (1.24) is however tentative at best.

1.5. Inviscid limits for damped models; different scalings. In view of the foregoing discussion concern-
ing the Batchelor-Kraichnan theory of 2D turbulence, it appears that when working on the periodic box the
stochastic Navier-Stokes equations should be augmented (as in (1.7)) with a suitable damping term Y to
prevent a pile up of energy at large scales. Note that the Y term also frequently appears in geophysical
models closely related to the 2D Navier-Stokes equations to account for friction with boundaries. In these
situations, if the scaling in this damping term is held fixed as v — 0, then a different scaling must be in-
troduced for the noise in order to obtain a non-trivial inviscid limit in the class of the associated invariant
measures.

To this end, we consider operators of the form Y = Y, , = 7A™ = 7(—=A)™/2and 7 > 0,y € [0,1)
and study weakly damped and driven stochastic Navier-Stokes equations of the form

du+ (Yu+u-Vu+ V7 —vAu)dt = v¥pdW, V-u =0, (1.28)

for different values of o € R.'? As above for the undamped case (1.17) energetic considerations allow us to
deduce the correct scaling with « in (1.28). Consider a collection of invariant measures { < },~¢ for (1.28).
Let u” be stationary solutions of (1.28) corresponding to ;& and denote w” = V= - u”. Applying the Ito
lemma to the vorticity formulation of (1.28) and using stationarity one deduces that:

2

14
E (vIVe” |22 + VY2022 ) = - lloll3,.

Making use of the above relation, we will show below in Theorem 6.1 that o = 0 is the only relevant scaling
for (1.28). Here stationary solutions of a damped stochastic Euler equation arise. See also [BF12, Bes08].

Organization of the Paper. In Section 2 we review some notions related to the time-asymptotic behavior
of the 2D Euler equations. Our discussions in this section allow us to make some hypotheses regarding the
structure of the support of Kuksin measures in this context. Section 3 recalls the mathematical framework
for the Navier-Stokes Equations and its associated Markovian semigroup. We also review some properties
of Kuksin measures established in previous works. Section 4 is devoted to the proof of the main theorem.
Here we detail the Moser iteration scheme which addresses a more general class of drift-diffusion equa-
tions. Section 5 concerns a deterministic toy model for stationary solutions of the stochastic Navier-Stokes
equations. We establish a modulus of continuity for this system. The final Section 6 we consider a weakly
damped stochastic Navier-Stokes equation and establish inviscid limits in the appropriate scaling for this
model.

2. LONG TERM BEHAVIOR OF 2D EULER AND RELATED SYSTEMS; CONNECTIONS TO INVARIANT
MEASURES

In this section we discuss some aspects of the long time dynamics in (L°°, w*) of solutions to 2D Euler
and the relation of this behavior to possible properties of the Kuksin measures, which are now accessible
due to Theorem 1.3. We begin with some motivation from finite dimensional Hamiltonian systems.

1275 explained above it is of interest to consider Y acting only at the largest scales; cf. (1.6). This situation is more delicate to
analyze rigorously and would seem to require the establishment of suitable “hypocoercivity” properties for (1.7).



8 NATHAN GLATT-HOLTZ, VLADIMIR SVERAK, AND VLAD VICOL

2.1. Noise scaling limits in finite dimensions. A finite dimensional situation related to the above is studied
in the theory of the small random perturbations of dynamical systems. Let

T = b(z) 2.1
be a dynamical system in R". Consider its stochastic perturbation
dr = b(z) dt + e QdW (2.2)
where W = (W1, ..., WD are normalized independent Wiener processes and () is a matrix. By setting
x(t) = z(et), W(t) = % (et) and 7 = et and dropping the tildes, we obtain
dx = éb(m) dr + QdW. (2.3)

Such systems have been extensively studied, see e.g. [FW12]. In case of measure-preserving flows, the
behavior of (2.3) as ¢ — 04 can be understood from the following picture: under some assumptions the
equation & = %b(m) takes the trajectories very quickly through “ergodic components”, and hence fore — 04
the system (2.3) should in some sense describe a diffusion in the space of the ergodic components.

Equation (1.13) (or its rescaled version (1.23)) is of a slightly different nature that the perturbation of
Hamiltonian systems considered in [FW12], in that we add not only a small noise, but also small damping.
Such procedure can be illustrated by a simple example of the Langevin oscillator:

Example (The Langevin oscillator). We consider a simple 1d harmonic oscillator with damping and ran-
dom forcing

mq+vq + kg = aw, 2.4)
where w is a normalized Wiener process and m, vy, x > 0. Letting p = mgq as usual, it is easy to check that
the (unique) invariant measure of the system

@ = m , : (2.5)
p = —Kq¢— ptow
is given by the Gibbs measure
du = %eiﬁH(q’p) dqgdp, (2.6)
where the Hamiltonian H given by
H:iﬁf, ﬁ:%, 2.7)

and Z = Z(f3, k,m) is a suitable normalizing constant. We see that from the point of view of Statistical
. a2 . . .
Mechanics the quantity 0‘7 corresponds to (a multiple of) temperature. A similar calculation can be done for

a general one dimentional Hamiltonian of the form

2
H=—+V(q). (2.8)

2m
In higher dimensions one can also calculate further examples; especially when the Hamiltonian is qua-
dratic. The invariant measure does not necessarily have to be the Gibbs canonical measure as in (2.6). If the
damping and the forcing are taken to 0 with the analogue of the ratio %2 converging to a limit, the invariant
measure will converge to an invariant measure of the original Hamiltonian system. For example, in the case
of a completely integrable n-dimensional system with the full system of mutually commuting integrals of
motion fq, ..., f, the limiting invariant measure can be expected to be of the form

1
dlu = Ee*qﬁ(fh..-,fn) dQ1 ce dQ’n dp17 v 7dpn ) (29)

where the function ¢ will depend on specific choices of damping/forcing. We see that the vanishing damp-
ing/random forcing method can be viewed as a way of producing suitable statistical “ensembles”, closely
related to those used in Statistical Mechanics. Considerations in this direction in the context of the KdV
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equation can be found in [KukO7]. In the terms of Statistical Mechanics the ensembles produced by this
method are related to “canonical ensembles”. One can also consider the “micro-canonical ensembles”,
which in the last examples would simply be given (under some “genericity assumptions’) by invariant mea-
sures on the tori

fi=c, fo=co .. fa=cn. (2.10)
Under suitable assumptions, invariant measures on these tori are the “irreducible components” of the mea-
sures (2.9). By analogy, we see that Kuksin measures should be related to the Statistical Mechanics of
Euler’s equation. Their decomposition into irreducible components should give “ergodic components” of
the Euler evolution. However, this analogy may break down due to infinite dimensional effects. As v — 04,
it is conceivable that fast Euler evolution moves enstrophy to high spatial frequencies (in the Fourier spec-
trum), so that “complexity” is lost (by disappearing to infinity in the Fourier space) and Kuksin measures
may conceivably be supported on some relatively simple sets, perhaps even equilibria. This would be an
infinite-dimensional effect,'® which does not have an analogy for finite dimensional or completely integrable
hamiltonian systems. This is discussed in more details below, but still at a heuristic level. We were not able
to obtain rigorous results in this direction.

2.2. Long-time behavior of solutions of Euler’s equation. Equation (1.23) together with some analysis of
the long-time behavior of solutions of Euler’s equation seems to give some good hints about what one should
expect concerning some of the properties of Kuksin measures. We recall some of the expected properties of
the Euler solutions.

We consider equation (1.1), with the conventions (1.2). We also recall the obvious identity

/Qw($,t)da::(), teR. (2.11)
T

Let us start with some classical observations about the long-time behavior of the solutions of (1.1) starting
from initial data wy € L, with ||wp||r = R. Let X = X be the ball of radius R in L*°, taken with the
weak™ topology. In addition, we can impose the constraint fTQ wdz = 0 on the functions in X. The space
(X, w*) is a metric space and, as already discussed, the Euler evolution (1.1) gives a well-defined dynamical
system on X. We denote the (2-limit sets by

Q) = (wo) = Nesolw(5), 5> 6w(0) =wol " . 2.12)
We also introduce
O = {wo o h, h: T? — T? is a volume-preserving C''-homeomorphism} (2.13)
and
Ouwo b = Ouy N{w, E(w) = E}. (2.14)

It is not hard to see that the weak™ closure of O,,,, denoted by 6;? is a closed convex subset of L? for any
p > 1. Letting £(wo) = E, we clearly have

Q. CcOY 5. (2.15)

There are various conjectures concerning the long-time behavior of Euler solutions motivated by the notion
of “mixing”, see [Mil90, Rob91, Shn93, gve12]. We can think of the fluid as consisting of fluid particles,
with each fluid particle having a fixed value of vorticity permanently attached to it. The fluid motion mixes
these particles, with the vorticity remaining attached to each particle. The most naive conjecture could be
that for large times the vorticity is everywhere mixed, corresponding to the weak* convergence of w(t) to 0
as t — co. This would mean'*

Q4 = {0}. (2.16)

3The effect is closely related to Landau damping, see for example [MV11].
14This presumably happens if we consider the Burgers equation with the scaling (1.13). It should not be hard to verify that for
the Burgers equation the Kuksin measures are trivial.
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In the Fourier space this would correspond to the movement of all energy'® of the solution &y, (t) towards
larger and larger frequencies as t — oo. If £ #£ 0, then (2.15) provides an obstacle to this. The energy
cannot all move to high (spatial) frequencies, as the energy functional £ is weakly* continuous. We can
“fix” this by trying to “move” as much as possible energy to high frequencies which is still compatible
with (2.15). More specifically, we can try to minimize

1
I(w) = \T2|/1r2 |w|? dx = Z | |2 2.17)
k

subject to the constraint
we O, p- (2.18)

Note that /(w) is preserved during the evolution, but it can conceivably drop on the “end-states” 2, as it is
not weakly* continuous.

Minimizing I (subject to (2.18)) is of course the same as maximizing —I(w) subject to (2.18). More
generally, we can take a concave function F' and maximize Ir(w) given by (1.22), subject to (2.18). The
quantify Ir(w) can be called the entropy of the “configuration” w and the above principle is then nothing
but the usual entropy maximization under given constraints, as well-known from Statistical Mechanics. The
entropy /g is could be considered as too simple, the usual entropy in Statistical Mechanics is based on
suitable “counting of states”. Closely related to the notion of entropy is A. Shnirelman’s notion of mixing
in [Shn93].

There are indeed more sophisticated notions of entropy, see for example [Mil90, Rob91, Tur99, §Vel2],
which can be more “non-local” than the I above. For example, let wg = | ; aix A,» where A; is a division
of T? into disjoint measurable sets with |4;| = 3¢|T?|, and 3, a;3q = 0. Then, the closure of O, defined
in (2.13) is

Oy = {W‘ wlz) =Y ap(x), 0<p <1, szzl} (2.19)
l l

and one can define the entropy (generated by wy) as

1
S(w) = Sy (w) = sup {T2|/T2 Z—Pllogpldxi w(x):Zalpl(x), 0<p <1, Zﬂzz
! I I

(2.20)
This entropy leads to the theories of Miller and Robert, [Mil90, Rob91]. When the division T? = U; A4; has
only two sets A; and As, then this entropy is of the form I for a suitable F'. For example, when we only
have two sets and a; = —a9 = 1, then

P (5 e (152) - (15 (152)) e

The maximizers of the entropy subject to given constraints are steady-state solutions of Euler’s equations
given by stream functions v satisfying

Ay = H(3) (2.22)

for a suitable function H depending on Ir. These should be the “end-states” of the evolution if the actual
evolution and Statistical Mechanics lead to the same conclusions.

As is usually the case with predictions based on Statistical Mechanics considerations, it is difficult to
decide whether the actual dynamics of the equation produces the behavior expected from entropy maxi-
mization, assuming all known the constraints have been taken into account. In fact, we do not have a single
example which in which it would be rigorously established that the trajectory

Q= U{w(s), s >t} (2.23)

151t would be more precise to say enstrophy, but in the situation here this does not make a difference.
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is not pre-compact in L? (and hence any LP for p € [1,00)). On the other hand, it is useful to recall the
following result from [gveIZ]:

Theorem 2.1 (Existence of L? precompact orbits [Svel2]). The omega-limit set Q. of any trajectory
always contains an element &y whose trajectory is pre-compact in L?.'°

2.3. Possible Consequences for Kuksin Measures. In view of the above discussions concerning the long
term dynamics of 2D Euler we now introduce two extreme scenarios:

Scenario A: Euler solutions weakly* approach entropy maximizers. Let us assume that our torus is
T? = R?/aZ ® bZ with 0 < a < b. Let us further assume that

(i) All entropy maximizers for Euler solutions (with given constraints) are shear flows independent of
x1. This is in fact not very far-fetched. It has been established rigorously for sufficiently small
energies and local entropies I with F strictly concave. See [FS].

(i1) All solutions weakly* approach these shear flows as ¢ — co. This would of course be a very strong
statement which we do not really expect to be true. However, if (i) is correct, then the Statistical
Mechanics predictions would suggest exactly this conclusion.

If this scenario holds, then one can expect the Kuksin measures to be supported on the steady-state shear
flows. Indeed, from the re-scaled equation (1.23) we see that as v — 0, the fast Euler dynamics will drive
the solution towards the shear flows, whereas the term Aw will be quickly damping the high frequency
components of w generated by the Euler evolution. This scenario is genuinely infinite-dimensional: all the
complexity of the Euler dynamics and the initial data will disappear into the high frequencies, and will never
“return”. Such behavior does not have an analogy in finite-dimensional systems or in completely integrable
systems.

Scenario B: all solution orbits are pre-compact. Let us assume that the solution trajectories §2; in (2.23)
are pre-compact in L2. This may be unlikely, but it has not been ruled out. In this case the weak closures
of these trajectories will be the same as the strong closures and all the functionals I will be conserved on
the “end-states”. In particular, the mixing envisaged by the statistical mechanics approach will never take
place. In this case the Kuksin measures will have much richer structure. Their “irreducible components”,
similar to the measures on the tori (2.10) in the example leading to (2.9), will be supported on the closures
of the L?—compact trajectories, which will play a role somewhat similar to the ergodic components in
finite-dimensional Hamiltonian systems. In this scenario many features familiar from finite dimensions or
completely integrable systems will still be present.

We conjecture that neither of these scenarios is quite true, but that the real behavior will be intermediate
between these two extremes: non-trivial L?-precompact trajectories will exist, but initial data leading to
them will not be “generic”. The Kuksin measures will be supported on such trajectories. Depending on
our degree of optimism, we can hope that these solutions represent a type of a weak™ attractor for all Euler
solutions.

3. SOME RESULTS REGARDING INVARIANT MEASURES AND INVISCID LIMITS

In this section we first recall some elements of the mathematical analysis of the stochastic Navier-Stokes
equations and its associated ergodic properties. This allows us then to summarize some of the analyti-
cal properties enjoyed by the Kuksin measures, established in previous works (cf. [KS12] and references
therein).

3.1. Mathematical setting: stochastic 2D NSE and its Markov semigroup. We consider the Stochastic
Navier-Stokes Equations on a periodic box T2

du+ (u-Vu+ Vr — vAu)dt = \/vpdW = ﬁz prdWF  V-u=0 u(0)=uy. (3.1
k

16The proof of this statement is very simple: maximize some entropy /r with a strictly concave F' over €.
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As discussed in the Introduction, in order to consider the inviscid limit » — 0, we use the scaling /v for
the noise coefficient. Typically we will use the vorticity formulation of (3.1). Taking w = V- - u we obtain

dw + (u - Vw — vAw)dt = \/vodW = ﬁz ordWF w(0) = wo. (3.2)
k

We will assume that fTQ wodx = 0 and f.ﬂ,g odx = 0, which implies that the solution is always mean zero.
Note that u can be recovered from w via the Biot-Savart law.
Let us now set some notation used throughout the rest of the work. We denote the Sobolev spaces

H* = {w € Hp, / wodx = o},
'JTQ

with HY = L2 . and take the usual norms and inner products donated by || - ||, (+,-)x. We will denote the
12,p> 1oy |- l1s.

To emphasize dependence on initial conditions we will write w”(t,wp) = w(t,wp) for the solution of
(3.2) with initial condition wg. Assuming

> lloull7 < oo, (3.3)
l

we have w(-,wp) € C([0,00); HY) N L2 ([0,00); H') for any w € H®. For k > 1, assuming that
> lloullz < oo, (3.4)
!

we also have the higher regularity properties for (3.2). If wy € H? then, for any ¢y > 0, w(-,wp) €
C([to, 00); HF)NLE ([to, 00); HF1). Similarly, if wy € H*, w(-,wp) € C([0, 00); H¥)NLZ ([0, 00); H*1).
Note that the general well-posedness theory for the stochastic Navier-Stokes equations has been extensively
developed. See e.g. [BT72, BT73, Vio76, Cru89, CG94, FG95, MROS5, Bre00, BFOO, BPOO, MR04, GHZ09,
DGHT11].

Notational Conventions for the Stochastic Terms: For brevity we will often write e.g.

/
lolle = (X llanliz:) (35)
l

when no confusion will arise from this abuse of notation. Similarly, for 2 < p < oo will also take

lolze = (/ (Sl dm>1/p (.6)

and, for p = oo,

ol = sup (Slou(a)?) " 6)

zeT 1

We next recall some aspects of Markovian framework for (3.2). Take B(H"¥) to be the Borealian subsets
of H*. We define the transition functions

Pi(wo,T) = P(w(t,wp) € T) (3.8)

forany t > 0,wo € H and " € B(H"). Let Cy,(H*) and M;(H"*) be the set of all real valued bounded con-
tinuous respectively Borel measurable functions on H*. For ¢ > 0, define the Markov semigroup according
to

Pip(wp) = Ep(w(t, wo)) / ¢ (w) P (wo, dw) 3.9
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which maps My, (H*) into itself. Since w(#,wp) depends continuously on wy € HP, it follows that P; is
Feller i.e. P, maps Cy(H") into itself. Let Pr(HF) be the set of Borealian probability measures on H*.
Recall that ;« € Pr(HF) is an invariant measure for (3.2) if

/ ¢(w0)du(wg):/ Pip(wo)dp(wo), forevery t > 0. (3.10)
HEk HEk

For further generalities of the ergodic theory of stochastic partial differential equations see e.g. [DPZ96,
KS12].

3.2. Existence and Uniqueness of invariant measures for SNSE. For each v > 0, there exists an invariant
measure 1, in H° for (3.2). This can be established using the classical Kryloff-Bogoliouboff procedure,
[KB37] by proving the tightness in H° of a sequence of time average measures starting from any convenient
initial condition. Note that if (3.4) holds then it is not hard to show that y, is supported on H k [KS12].
We will denote by w(-) a statistically stationary solution of (3.2) associated to fi,,. In other words 1, (-) =
P(w(t) € ).

The invariant measures j,, along with the associated stationary solutions w¢ satisfy the balance relation:

1
Bl = [ looledu(wn) = 5 3 lorl3s e
k

and

1
Bl = [ ol du (wo) = 5 2wl G.12)
We derive (3.11), (3.12) by applying the Ito formula to, respectively to (3.1), (3.2) for w?. For example,

T
Ello(t, o) Bz + vE [ (s, ) Brds = Bllol s + 172 (3.13)
0

One can also use the Itd formula to prove that
Eexp(§|w§l|72) < C < o0 (3.14)

for some § > 0 and a constant C' that is independent of v. See e.g. [KS12] and containing references. Note
that

E[Jo%20s = / lwollZe s diin (o) < C(v) (3.15)

where C(v) is finite. However, it is doubtful that we can bound this quantity C'(v) independently of v for
k> 1.

Remark 3.1 (Uniqueness of 1, for v > 0). For each v > 0 the uniqueness of u, is a much deeper
question and requires the imposition of much specific conditions on . One needs to establish smoothing
properties of the Markov semigroup P; (ellipticity or hypoellipticity of the Kolmogorov equation) and that
a common state can be reach by the dynamics regardless of initial conditions (irreducibility). See, e.g.
[FM95, DPZ96, Mat99, Mat02, BKLO1, KS01, KS02, Mat03, MP06, HM06, Kup10, HM 11, Deb11, KS12].
Since the results we develop here related to inviscid limits do not require , to be unique, we do not impose
such additional conditions on o.

Remark 3.2 (Some explicit stationary solutions). We can identify some very special choices for o which
allow us to obtain explicit statistically stationary solutions of (3.2). Suppose we have found any wg : T? —
R satisfying

ug - VwE = 0, —AwE = )\wE. (3.16)
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Here A > 0 and ug is obtained from wp via the Biot-Savart law. For example “laminar states” satisfy
(3.16). Consider the process

ws(t,x) = wE(x)ﬁ/_t exp(—vA(t — 5))dWL. (3.17)

Let us note that w¢ := wg(x)zs(t), where zg is the unique stationary solution of the 1d Ornstein-Uhlenbeck
(Langevin) process dz 4 vAzdt = \/vdW'. Here, zg is normally distributed with mean zero and variance
(2A) 7L, for each v > 0. Then w¥ is a stationary solution of

dw + (u - Vw — vAw)dt = VowpdW1. (3.18)

This may be checked, for example by using the mild formulation of (3.18). Hence, in this setting the
invariant measure obtained as v — 0 is also normally distributed around wg.

3.3. Previously established properties of Kuksin measures. The balance relation (3.12) implies that any
collection of invariant measures Z = {y, },~0 is tight and therefore weakly compact. We denote by 1
a limiting point of Z, and refer to these measures as Kuksin measures. Let us now recall some known
properties of the measures p. We refer to [KS12] for the proofs of all the facts described in this subsection.
Define & = WHYH(R; H) N L2 (R, H') and let K be the set of w € K that satisfy the Euler equation

loc
Ow+u-Vw=0 (3.19)

in its vorticity form weakly for all ¢ € R. Moreover if w;,ws € Kg and w (t) = wa(t) for some ¢ € R then
w1 = wy. This follows from the methods of Yudovich (see [MBO02]). Define 7 : £ — H by 7(w) = w(0),
the fiber at ¢ = 0. Note that, from uniqueness, it follows that 7 is injective on K and let

X =7(Kg).

It then holds that o (X) = 1.

The Euler equation is well defined as a dynamical system on X'. Indeed, for wg € X, there exists a
unique solution w(-,wp) € K € C(R,H°) N L? (R, H'). Indeed for t € R define S; : X — X, via
Siwo = w(t,wp). We endow X with the topology inherited from I, i.e. we take

— SN(W(l)vwg)
d;c(w(l),wZ) = o~ N_ZN\F00 0/ (3.20)
szjl 1+ EN(w(l),wg)

where

N
Enbif) = sup fwlab) - wCa)lF+ [ leCwd) —wladlie G2n
te[—N,N] -N
We then have that {S; },cr is a group of homeomorphisms on X'. Moreover i is invariant for {S; }+>o, i.e.
po(E) = puo(S™H(t)E) = puo(S(—t)E), forall t € R and any E € B(X).
Using local time techniques it may be shown that p is “non-trivial” in the sense that it contains no
atoms. In other words, for any w € X, we have that po({w}) = 0. Further properties such as spacial

homogeneity, and higher moment bounds, and pointwise in space moment bounds for the measures 1y are
discussed in [KS12].

Remark 3.3 (Vortex patches and i9). Let us observe that there are no vortex patch solutions in the support
of 19. Indeed, for any open set O C R? let xo be the indictor function on O. Define

P = { xo : O CC T?, bounded, simply connected with smooth boundary 80} .

For any wy € P, according to e.g. [MB02] there exists ¢ty > 0 such that w(t,wy) € P, forall t € [—tg, to].
As such, since H! NP = 0, for any wy € P, w'(,wo) & L3 (R, H') and hence w’(-,wy) ¢ Kg. Thus
po(P) = 0 since

PNX=0. (3.22)
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4. INVARIANT MEASURE SUPPORTED ON L° AND RELATED ESTIMATES

In this section we establish uniform in v bounds on E|jw? ||z, where w? are stationary solutions of
(3.2). Our approach makes use of the Moser iteration technique and draws on earlier works in this direction
in [DMS05, DMS09]. However we obtain parabolic regularization and time decay for the initial data com-
ponent, which was not addressed in the above works. Let us note that in the deterministic case L°° bounds
may be obtained without appealing to the Moser iteration: one carries out L” estimates, which take advan-
tage of cancellation in the nonlinearity, and then sends p — oo. In the stochastic case, the Itd correction
terms arise and cause the bounds on the L” norm to grow unboundedly as p — oo.

Theorem 4.1 (Stochastic Moser). For v > 0 consider an invariant measure |1, and an associated station-
ary solution wf of (3.2), where the stochastic forcing is assumed to be sufficiently smooth, e.g. (3.4) holds.
Then the following bound holds

Ellws |z~ < C < o0 4.1
where C' = C(o) is independent on v.

An immediate consequence of estimate (4.1) is that any limit point po of any sequence of invariant
measures {1, },~0 is concentrated on L>°(T?).

Theorem 4.2 (Invariant measure supported on L°°). Under the assumptions of Theorem 4.1, consider
any collection of invariant measures { i, },~0 of (3.2). Then there exists a subsequence and a measure i
such that ju,; — po (weakly) in Pr(H®) as j — oo and puo(L*°) = 1.

Remark 4.3. Let us note that pg is an invariant measure for the Euler equation over L*° N X, where X is
the fiber at t = 0 of KCg. See Section 3 for details.

We shall first give the proof of Theorem 4.2, assuming Theorem 4.1 holds, and then return and prove
Theorem 4.1.

Proof of Theorem 4.2. As in [Kuk04] by using (3.12) we have that {, } is tight, and hence weakly compact
on Pr(H"). Taking g to be a limit point of {1, },~¢ in the weak topology of H", there exists a sequence
v; — 0 such that

tim [ )i, (w0) = [ dlci)dpo(e)

Jj—o0
for each ¢ € Cy,(HY).
According to Theorem 4.1 we have

supEw|| = = sup / Jwoll oy (w) < C < oo, “2)
v>0 v>0
We claim that this implies
/ Jwoll e dpaoen) < C- (43)

Indeed, take p. to be a standard family of smooth mollifiers on R2. For R > 0, ¢ > 0 define Ore(w) =
| pe * w||L A R. Young’s inequality implies the ¢ . € C,(H?) so that

/¢R,e(wo)dﬂo(wo) <C.

Now, by Fatou’s Lemma, we have

[ timip . <ol A Rydgofen) < €.

Since ||wo||re < liminf.sq ||pe * wol|z~ for each wy € L then (4.3) follows, completing the proof. [
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Proof of Theorem 4.1. As a first step we rescale the time in (3.2). Taking ¢ = ¢ /v we obtain
~ 1. _ . ~ —~ ~
dw + <u -V — Aw) dt = odW, w(0) = wg(0), 4.4)
v

where we have denoted &(t, z) = w(t, z), w(t,z) = u(t,z), and W(t) = /uW (t). Note that W(t) has
the same statistical properties as W (t). For ease of notation for we drop the tildes until (4.41) below.

Fix T' > 0, p > 1, and define T}, to be an increasing sequence of times with Ty = 0 and 7}, as £ — oo.
Let I, = [T}, 2T be a sequence of time intervals approaching [T, 27).

To analyze (4.4) we apply the LP Itdo Lemma. This yields

—1
dlwllfy = <5T1,p + pTop + p(pQ)Tg,p> dt+p Z S pdW™ (4.5)

where we have denoted

Tip(t) = — /T2 u(t,z) - Vw(t, z)w(t, z)|w(t, z)|P2dr = 0

T p(t) = Aw(t, x)w(t,x)\w(t,x)\p_de (4.6)
']I*Q

Typ(t) =3 / w(t, 2) P20 (2)2dz @7

Spp(t) = / oo (@)t )| (t, 7)|P~2da 4.8)
’]I‘Q

for all p > 2. In the identity for 77 ;, we have integrated by parts in x and used that V - u = 0. Since v > 0,
we are dealing with spatially smooth solutions of (4.4), and hence the identity (4.5) may be justified by
applying the Itd0 lemma pointwise in z, integrating over the torus, and using the stochastic Fubini theorem
(see, e.g. [DPZ92]). Note however that (4.5) may be justified for much less spatially regular stochastic
evolution equations, as recently established in [Kry10].

Let s € [T, Tk+1] and t > s. We start with (4.5) for p > 2, integrated from s to ¢:

t 1) 7t t
Ol —p [ Tapoyir = (o)l + 222 [ Tayryir 49 / S pl(T)ATV"
-1 t
= (o)l + P52 [Ty ey [ Sy
Y / S (1) AW .9)
m Tk

where 15 5, T3 ), Sy, p are as defined in (4.6)—(4.8). We take the supremum of (4.9) over every ¢ € I}, and
obtain

ol iry =P [ Taplrldr
Iy q

pp—1
<o)l + 222 [ )l +p s
k

t61k+1

t
3 / Sy (7)AW"
m 7Tk

S o (T) AW

(4.10)

pp—1
<ll(s)lE, + (2 ) / [T3(7)ldr + 2psup
Iy, tely,

t
S / Sy () AW
m YTk
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where we have used that s € [Ty, Tk+1), and that Ty, < 0 (cf. (4.18) below). This allowed us to bound
from below the time integration on the left side from [s, 27"] with the smaller one on [T} 1, 27].

For the forthcoming computations it will be convenient to introduce the following standard notations for
the stochastic (martingale) terms. For any 0 < r < ¢, let

My Z/ Spp(T)dW™ (4.11)

and denote the running absolute maximum by
/ Spnp(T)dW] .

Finally the we define (M [Tw]p)t to be the quadratic variation of M, ;1 ,, and recall that (see e.g. [KS91])

t
My jp)e = / > 57 pds. (4.13)

Recall that by a version of the Burkholder-Davis-Gundy inequality given in [DMSO05] (see also [RY99]) we
have that, for any non-negative random variable Z, any r < t and any § > 0

E(M},,V 2)° < Copa(d) - E(Mjp,p,), " v 2)° 4.14)

(4.12)

se[rt

Here the constant Cpp/(9) is universal; it depends only on § and is independent of the form of the Martin-
gale M [’; ip OF Z. Also, note carefully that there exists a dg > 0 such that

Cppa(0) < 28"% " Whenever § < do. 4.15)

This observation will be crucial below in estimates (4.33) and (4.37).
We return to (4.10) and take an average of (4.10) for s € [T}, Tk+1], and obtain

p(p—1)

1 Tht1
< ———— T: dr + 2pM7,
< g N Wn + P [ Bl 200 o

1 p(p—1)
- P P\ — 1) "
= (Thsr — Tp)1/2 lollzzn (g + = A | Ts.p(7)|d7 + 2pMfp, o7y, (4.16)

As usual in Moser iteration arguments, the lower bound on —75 , is obtained by introducing v = |w|p/ 2,
2 . . -
so that [|w||}, = |[v[|22, and |[Vv|? = E-|Vw|?|w[P~2. Then, upon integrating by parts in 75, we have,
pointwise in time, that

_ -1
Loy = plp—1) [ | Vallul? 2 = 422 Vot > 2|Vl 3 @.17)
T
for all p > 2. Moreover, since we are in a two dimensional periodic box, the Sobolev embedding gives
1
s ol < IIVolza + flellZ: (4.18)

where 2* € [2,00) is arbitrary, and the constant C's > 0 depends only on the the size of the box and the
choice of 2*. Note that v is not zero mean in space and hence we need to add here a lower order term in
(4.18). Let us choose 2* = 4 for simplicity. Then, in view of (4.17) and (4.18), the left hand side of (4.16)
is bounded from below as

HUH%"O(IHHLQ) - 2||VUH%2(IH1;LQ) = ”UH%“’(IHULQ) o 2”UH%2(IH1;LQ) +2 (”UH%Q(IHULQ) - ||VU|’%2(Ik+1;L2)> )
4.19)



18 NATHAN GLATT-HOLTZ, VLADIMIR SVERAK, AND VLAD VICOL

By assuming that

A i1 =402T — Tiyq1) < 1, (4.20)
which is automatically satisfied for all £ > 0 if we ensure that
1
T< 3’ 4.21)

we conclude from (4.19) that
1
2 2 2 2
HUHLOO(II«+1;L2) T 2HVUHL2(II<+1;L2) =z HUHLW(IIH-ULQ) (1= 2T l) + ESHUHL%%-&-UUL)
L2 1 2
> §||U||Loo(lk+1;L2) + FSHUHLQ(IIHMIA)' 4.22)

Let us now recall the following LY L% interpolation inequality. Suppose we have 1 < py,p2, g1, 42,71, 72 <
oo and 0 < v < 1 satisfy

1 1— 1 1-—
_a 1oy gl 84

- , —=—+ 4.23)
1 4! q1 T2 P2 q2
Then, for any g € LP'(I; LP?) N L9 (I; L?) we have
HgHLTl L2y < HgHLm I;LP2) ||g||Lq1 (I;L92) (4.24)

with I C R being some interval. Taking r; = 5,72 = 5/2,p1 =00, p2 =2,q1 = 2,q2 = 4,andy = 3/5
in this inequality we find
— |2 TR/ ol ol
20;/5 L5(1k+1;L5/2) - 02/5 (Teg1; L2 WL (T g g L4) -9 L‘X’([k-H)LQ) C, L2(Igq1;L%)
(4.25)

by making use of the e-Young inequality. In summary, we have shown that the left hand side of (4.16) is
bounded from below by

1, 1

@HUHLS([,CH;Lw?) = @“w|’§5p/2(lk+l;L5p/4 C/ HwHLQ/\p (Tnq1;LP) (4.26)
as long as (4.20) holds and for any p > 2. Here have denoted C'y = 2(72/ ® v 1, and denoted
5
A= T (4.27)

For the term T3 j,-term on the left side of (4.16) we simply use Holder and obtain (pointwise in time)

p(p—1) p(p—1) 9
—T3, < Tllwll’i

7Ty < ol

Integrating the above on I, and using the Holder inequality in time we obtain

plp—1) pp—1) B2 o
5 [ Buptryir < PO ol el @28)
k

for all £ > 0. Thus from (4.16), (4.26), and (4.28), we obtain

1 p 1 P
o7 (Il v lollie)” < o (9o o + ol )
1
< WHWHL% (ILv) T | T2[2/Pp2 | I | = e HUHLooHW”sz(Ik LP)
+ ol +2pM7, o7, (4.29)

with M

1y, 277, 8 defined in (4.12), and we have used that lo|le < |T2YP||o||po.
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Let us now define

1
Kl(pv T) = 4C,S <(Tk;+1 . Tk;)l/z

After some direct manipulations starting from (4.29), taking p** roots of both sides and then expectations
we find that

p+2 1 1
T2 Pp? L 41+ 2p|1r2|puk|2p> (4.30)

E (ol 2oz, V lollzee)

B =

1 p oL 1
< w0, T)7E (1wl angrzn V ol )V T2 11l 7% M, o71,,)

1
< 5(p, 7)» Copa(p™E ((Ilollorriwe V ol )V T2 7 (1 7% (Mg, ) ,)37)" @3D)

which holds for all p > 2. Note that for the second inequality we used (4.14).

We next estimate the quadratic variation term, () [Tk,-],p>§/TQ in (4.31). Starting from (4.8) and (4.13) we
find

(Mi7y,.0,p)2 (/ Z > < /Ik (AQ(;an)l/2|w|p—1d$>2dt

1
2(p—1 2 L -1
<( / ool )" < 1l ool

1 1
<[T?> !IkPPHUHLooHWHsz ey ST (ol Vllwllzzr(an) - (4.32)

1
2

Note that the second bound above makes use of the integral Minkowski inequality.
Let us now summarize the estimates obtained, by combining (4.31) with (4.32). We have

1 _
E (Jllgown(rnzn V o= ) <o, T)5Cooalo™E (ol argram Vo) @33)
for all p > 2. To set up a recurrence relation, it is hence natural to set p = py, in (4.33), where we define
P = 20k
for all k£ > 0, where we recall that A = 5/4. Let us now introduce some notation
A =E (el oo g ) V ol ) (4.34)
1
ar = K(pr, T) "k Cepa(py ). (4.35)
Then, (4.33) reads
A1 < apAy. (4.36)
So that
E sup |lw(t,)|ze < Ase < | [] ar | E (lwllzaqozryzzy V llollies) - (4.37)
te[T,27) kS0
In view of (4.15), we have that
1 T
[[on <Coxp [ 3 085 EET) (438)
k>0 £>0 Pk

where C is a v- and T'-independent constant. We now set

T =T(1—\7F).
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Then, Ty41 — T, = TA™F(1 + A71) > TA7F/2 = Tp, ', We recall the definition of r(py, T) from (4.30),
which in view of the above choices may be bounded as

1 2 Ppt+2 1 1
k(pr, T) < 4C's (Tép; T2 7 p2(2T) 26 + 1+ 2| T2 |7 (27) 2pk> < op? (T*% + 1) (4.39)

where we have also used that |I| < 27 < 1/4 (cf. (4.21)), and C is a sufficiently large T-independent
constant. Using that ) | k>0 pgl =5/2,and ) k>0 p,zl log pr, < oo we may further obtain that

[[ox <c@2+152 <c@>*+1) (4.40)
k>0
for some sufficiently large v- and T-independent constant C.

In summary from (4.37), (4.40) and recalling that these estimates were carried out for the rescaled equa-
tion (4.4) above we have in conclusion

E sup [[@(t)]ze < CT* + DE (1@ zaqoryez V llollze) , (4.41)
te[T, 2T

for any 7" < 1/8 and where C is independent of 7" and v. Rescaling to the original variable w(t) = w(vt)
then with (4.41) we infer

T/v 1/4
E  sup [w()|re < C@T 4 1) (/ VE(Hw(s)H‘iz)dS> +lol e (4.42)
te[T/v,2T/v] 0

forany 7" < 1/8.
We can now obtain the desired conclusion by taking w to be w{ a stationary solution of (3.2) correspond-
ing to p,,. Recalling (3.14) and taking, for example 7" = 1/8 we have that

Ellwgllze <E  sup  Jlwg(t)]|ze
te[L/(8),1/(40)]

1/(8v) \ 1/4
<c /0 VE(|w()[L)ds |+ oo

1/4
1/(8v) 20w )
o[ FrewClselias) ol | <C @)
0
for a constant C,,; independent of v. This gives (4.1) concluding the proof of Theorem 4.1. U

Remark 4.4 (Linear drift-diffusion). Note that the L°° bounds obtained in Theorem 4.1 can also be shown
to hold for any drift-diffusion equation

dw+ (a-Vw — Aw)dt = cdW, V-a=0,

with sufficiently regular drift a and stochastic forcing o. Indeed as in (4.5) one may write the evolution of
the LP-norm of w with the analogous drift-term vanishing since a is divergence free. The rest of the proof
follows without any change and one obtains that

E sup [w(t)|ie < C (14T E (Jwllpsgoomes Vo) |
te[T,2T)

for any 0 < T' < 1/8 and most importantly C is independent a. Note also that this estimate corresponds to
the usual parabolic regularization in the deterministic case: L? weak-solutions are instantaneously in L.
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Remark 4.5 (Fractional Navier-Stokes). Note that the Moser iteration technique used to prove Theo-
rem 4.1 may be used to obtain drift-independent L>° bounds for stationary solutions of the fractional drift-
diffusion equation

dw + (a - Vw + (=A)2w)dt = odW,

for any power v € (0, 2), where as in Remark 4.4 the drift a is divergence-free and sufficiently smooth. To
see this, we recall the LP lower bound on the fractional Laplacian given in [CC04]

p [wlol A0 uds 2 [ (AP (jul??) P

which holds for any p > 2. Using the 2D Sobolev embedding H /2 < LY one may repeat the
argument given above in (4.17)—(4.27), and obtain estimate (4.26) with A, = 1 + /4. Since for any

~v € (0,2) we have A — oo as n — oo the Moser iteration scheme may be completed mutatis-mutandis.

In particular, setting a = %u, which is divergence-free, in view of (4.4) one may use the above argument to

study inviscid limits of the stochastic fractionally-dissipative Navier-Stokes equation.

5. MODULUS OF CONTINUITY FOR THE DETERMINISTIC STATIONARY PROBLEM

In Section 4 we have proven that the stationary solution w¥ of (4.4) obeys v-independent bounds in L>°,
that is E||wY|| o is uniformly bounded in v. The key ingredients used in this argument were

o Two-dimensionality: this ensures that the nonlinear term, whose size blows up (in comparison to
the viscosity) as ¥ — 0, vanishes altogether in L? estimates for the vorticity. To put it differently,
there is no vorticity stretching term.

e Stationarity: this enables us to measure the L° norm of the solution whose initial data is wg at
time 7, ~ v~ !, and hence obtain bounds on wg itself.

Once we wish to estimate w in more regular spaces, for example H* with s > 1, or C7 with v > 0, the
nonlinear term does not vanish anymore, and since it’s relative size becomes prohibitively large as v — 0,
we do not seem to be able to obtain v-independent bounds on wy, in spaces that are better than L°° (averaged
over the probability space).

In this section we exhibit an drift-independent bound, in a better norm than L°°, of solutions to the
stationary drift-diffusion equation

Lv=—-Av+b-Vuo=f 5.1

for z € T?, where b = b(z) is a divergence free-vector field, but on which we have no bounds. The force
is assumed to be in L>°, with zero-mean, and we consider solutions v such that [1, vdx = 0. We view
equation (5.1) as a deterministic toy-model describing the stationary solutions of (4.4) — the analogy is
given by letting b = v~ 'u, v = w, and noting that w(0) equals w(t) in law, for all t > 0.

Following the ideas in [SSSZ12] in the spirit of [Leb07] we show that v obeys a logarithmic modulus
of continuity which does not depend on the size of the drift b. In particular v is a uniformly continuous
function.

Theorem 5.1 (Modulus of continuity for deterministic stationary equation). Let b be divergence free
and smooth, and v be a zero mean weak solution of (5.1), that is, v € H" and satisfies (5.1) in the sense of
distributions. Then v obeys a drift-independent logarithmic modulus of continuity

sup |v(z) —v(y)| < W (5.2)

la—yl<r Vlog1/r

for some C > 0 that is independent of b and all v € (0, ], for some universal constant r.. In particular, v
is uniformly continuous.
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Proof of Theorem 5.1. Taking the inner product of (5.1), using the Poincaré inequality and the fact that
V - b = 0, we obtain

1 1
SlolZe + SIVlZa < I fllz2lvllze
which implies
IVollze < CullfIZ2 (5.3)

for some C7 > 0 that is independent of b. We as usual denote oscxv = maxy v — ming v to be the
oscillation of v over the set K. Fix zg = 0, g = diam(T?)/4 A 1/2, and let B, = B,.(xg) for any 7 < rg.
Upon integrating in polar coordinates, dropping the normal derivatives, and using that by the 1D Sobolev
embedding H'(0B,.) C C*(dB,) for a € (0,1/2) (see [SSSZ12, Theorem 4.2]), we obtain

vr 0OSC (% 2
cilfiez [y, 54

for any r € (0, r3].

If we were able to establish that v is monotone in the sense of Lebesgue, i.e. to show that oscyp,v is a
monotone function of p, the proof of the lemma would directly follow from (5.4). Instead we prove that v is
almost monotone in the sense of Lebesgue, that is, up to an error of size r2. Let h solve

Lh=—finB,, h=0ondB,
so that L(v 4+ h) = 0 in B,, and hence by the maximum principle
oscp, (v + h) = oscyp, (v + h) = oscyp,v. (5.5)
We claim that
oscp,h < C||fllpo (57 (5.6)

for some constant C' > 0 that is independent of b. To prove (5.6), we rescale the problem to the unit ball by
letting

x = ry, h(y) = h(ry),b(y) = b(z), f(y) = f(x).
It follows that

~Ayh+7b-Vyh=—r*finB;, h=00ndB;. (5.7)

We obtain the desired estimate by Moser iteration. Multiplying (5.7) by 7L|E|p_2 and integrating over B; we
obtain that for any p > 2

by using that V .b = 0, and that / vanishes on 0B;. Using the Sobolev embedding H' C L* in 2D, we get
1Rl < CplBiYPr2) fllze Al (5.8)

for some C' > 0 which is independent of p. Without loss of generality we take this constant C sufficiently
large so that 2C|B;|"/P > 1 for any p > 2. Let

pe = 2% and a), = maX{HEHLPkJQHfHLW} :

~ 2 ~ o~ ~ ~
VORPR) do = (o= 1) [ VRPIRP-2de < o2 B2 e
By

It follows from (5.8) that

1/p
a1 < (C'pk\Bl\l/p’“) "
and thus
HEHLOO(BI) <C (T2|’fHL°°(Bl) + ||?L”L2(Bl)) < CTQHJ?HL‘X’(BQ (5.9
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for some C' > 0. The last inequality above follows by setting p = 2 in (5.8), and using the Holder inequality.
Upon rescaling back to x-variables, (5.9) implies (5.6).
Combining (5.5) with (5.6) gives that for any r < p < rg we have

0SCHB,V> OSCR,U — C||fllzep® > osep,v — Col| f|| L p? (5.10)

for some C' > 0 that is independent of b. Inserting this bound in (5.4) yields

\/;

1
Cillf113- 2/ ;(osc:Brv—Cz||f||Loop2)2dp. (5.11)

,
We distinguish two cases, based on whether oscp, v is larger or smaller than 2C5|| f|| L. When oscp,v >
2C5|| £z = 2C5|| fl| 1=, then (5.6) implies that
V71 soscp v 2 (osc 1})2 1
il FII2, > f(i)dzﬂlﬂ
iz [ (Y g = 0B,
which implies
: WG| £
0scp, vV < ———————.
log1/r
On the other hand
2C: o
oscp,v < 20y | fllper < 22l
log1/r

for any r < r3 < 1/2. The above two estimates imply (5.2). One may repeat this argument with x( being
any point in T?, not just the origin, by periodically extending v and f to one more periodic cell, thereby
concluding the proof. ([l

In contrast, the parabolic case is more delicate. If we consider the linear problem
O + b(z,t) - Vo — Av = f,

even if b is divergence-free, one may construct solutions that are not continuous functions for all time,
although they obey the L°° maximum principle. See e.g. [SVZ12] for an example with rough drift. For the
nonlinear problem

Ow+ v tu-Vw — Aw = f,

one may hope to prove that in some average sense, the functions on the attractor remain continuous as
v — 0. At the moment we do not know how to prove this.

6. THE DAMPED AND DRIVEN NAVIER-STOKES EQUATIONS AND OTHER SCALING

In this section we consider the weakly damped and driven stochastic Navier-Stokes equations

du+ (Yu+u-Vu+ Vi —vAu)dt = v*pdW = v° Zpdek, V-u=0, 6.1)
k
where Y = V;, = TA™7 = 7(—A)""/2and 7 > 0,y € [0,1). As above for (3.1) it follows immediately

from the Kryloff-Bogoliouboff procedure that there exists an invariant measure p;, for each v > 0, a € R.
We now prove that o = 0 is the only scaling of v in (6.1) which gives a nontrivial inviscid limit.

Theorem 6.1 (Inviscid limits in different scalings). For a € R consider a collection of invariant measures
{1S >0 of (6.1). Depending on the choice of o we have one of the following three scenarios:
() If « > 0, then for any v; — 0, we have that p; — So, i.e. weakly in Pr(HY), where & is the
Dirac measure concentrated at 0.
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(i) If a <0, then for any v, — 0 such that the p;, — jio then

[ lledun(u) = . 62)
HO
(iii) If a = 0, then there exists a sequence v, — 0 and a stationary martingale solution Ly of

du+ (Yu+u-Vu+ Vr)dt = pdW, V-u=0, (6.3)

such that ugn — wo. By a stationary Martingale solution of (6.3) corresponding to jg we mean
that there exists a stochastic basis S := (0, F,{Ft}+>0, P, W) and a predicable process

u e Cy([0,T); H°) n L2([0, T], H'7/?) (6.4)

which satisfies (6.3) and is stationary, i.e. the law P(u(t) € A), A € B(H), is independent of t
and identically equal to L.

Proof. Let u” be stationary solutions of (6.1) corresponding to 4%, and define w” = V= - u”. Applying the
Itd lemma to (6.1) and using stationarity, we obtain:

l/2a
E (vIVar|3: + 1V 213 ) = -l (6.5)
Additionally, by making use of the vorticity formulation of (6.1),
dw+ (Yw+u - Vw —vAw)dt = v¥cdW, o= Vip, (6.6)
we also obtain, again with the Itd lemma and stationarity
V2a
E (vIVer 22 + Y V20 12:) = Z- o3 (6.7
PROOF OF (i). We begin with the case o > 0. From (6.7) we have
2 v
Ellw 22 < 2=l (68)

Using Chebyshev and compact embedding we infer that p is tight in Pr(HY).

Consider any weakly convergent subsequence pi;, — pg. By the Skhorohod embedding theorem we may
find a new probability space (€2, F, Iﬁ) and a sequence of H° valued random variables @” such that @" is
equal in law to ¢ and

a’ —a’ as. in HY,

with 22" equal in law to ug. Now with (6.8) and Fatou’s Lemma we infer

2a
~ ~ v
E||l@°|%, < liminf E||@”|?. < liminf — |2, = 0.
@13 < timinf B3 < liminf Z—|o]3:
Hence %° = 0 a.s. and therefore 1g = do. This proves the first item.
PROOF OF (ii). Now we consider the case o« < 0. For every v > (0 we obtain

_4 i
vE||Vu”||7> = vE|w|Z. <CVE <|Y1/2w”||i? IIVw”|Z§”>

2 2
<CE (vt I, + V2 3) < w72 0)o

where we have used that Y = 7A™7, interpolation and the above balance relation (6.7). Combining (6.5)
with the above estimate we obtain

v 1/2, 112 2 +2a 2
L lpll3 < BNV + 07O o,
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for constant C' > 0 which is independent of v. This implies
2
v(lpl72/2 = vT Cllolf72) < B[V 2u”||7: < CE[lu”|7a. (6.9)

By assumption the assumption that p5; — pg as in (i), the Skhorohod embedding theorem yields a new

probability space and u” which converges almost surely to 4°, with the same laws as the original sequence.
We infer

lim sup v (||p|22/2 — 1757 Clo||%) < ChmsupEH 12, < CE[a°)2.,

v—0
where we have used the Fatou lemma in the last estimate. ThlS proves (6.2).
PROOF OF (iii). Lastly we treat the case o« = 0. By applying the Itdo lemma to (6.6) we have that

dlw” |z + (Y0 |22 + 20]w” |20)dt = [|p|2edt + {p,)dW
Using stationarity we immediately obtain that
u” is uniformly bounded in L2(€; L([0,T], H'~7/2)) (6.10)
and moreover that
u¥(0) is uniformly bounded in L?(€2; H'~?/2)) which implies that {11, },~¢ is tight on H’. ~ (6.11)
Returning to (6.1) and again making use of the Ito formula,
dl’ |22 + @)Y | 2 + 20l|u” |20)dt = [lo]2edt + (o, u”)dW,
we infer with (6.11) that
u” is uniformly bounded in L?(€; L>([0, T, H°)). (6.12)

In order to obtain a suitable compactness required to pass to the limit we need some additional uniform
estimates on fractional the time derivatives of ©”. We will apply the Aubin-Lions type compact embedding

L*([0,T], H2) anw32([0,T); H—%) cc L*([0,T], H°) (6.13)
and the Arzela-Ascoli type compact embedding
WHA([0, T H™®) cc C([0, T HY), (6.14)

(see [FG95]). Define a sequence of measures {1, },~0 on the path space C([0,T]; H~*) associated to
{u"}u>0 by

w,(A) =P’ € A), AcB(C0,T);H™). (6.15)
Using the embeddings, (6.13), (6.14), and suitable estimates we will next show that
{1, }u>0 is tight in L2([0, TT; H°) N C([0,T]; H™). (6.16)

For this propose we write (6.1) in its integral form
t
u”(t) = (u”(O) —/ (Yu+ P(u-Vu) — vAu)ds > +oW(t):=Ip(t) + Is(t), (6.17)
0
where P is the Leray projection operator onto L? divergence-free vector fields. Observe that,

T
D@50 735 <C /0 (I O[5 + 1Y u” [ s + [vAu? ||y s + [ P(u? - Tu) [ -s) dt
<C sup (1+ [[u”]|72)?, (6.18)
te[0,T

where C' is independent of 1 > v > 0, but may depend on 7". By making use of a suitable version of the
Burkholder-Davis-Gundy (see e.g [FG95]) inequality we have

ElIs()llyssagomym-s) < Cllollze, (6.19)
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where again, by the assumption o = 0, C'is independent of v but depends on 7'. Similar estimates yield
HID(t>H%/V1/3,2([0,T];H73) Sct:[%l;](l + HUVH%2)7 E|Is(t >HW1/3 2([0,T);H~3) < CHUHL2 (6.20)
To establish the first part of the tightness bound, (6.16) we consider the sets

B := {U el 20,77, 1-072) < R} a {U lwellwrse oy a-3) < R}

so that, according to (6.13) B}, is compact in L?*([0,T], H°) for every R > 1. Observe that, with an
appropriate application of Chebyshev’s inequality and in view of (6.10), (6.12), (6.17), (6.20)

, 1 . 2 4
1 (BR)C) S ZEIu” 12 g0 0012y + SEITD@llwsoaqo zyser-s) + o BILs O Rys/s oz,
O V)2 V2 2 C
<FE (113 30,17, 0 72) + 110w oz, + Il ) < % (621)

where C is independent of ¥ > 0 and R > 0. For the second half of the tightness bound (6.16) we define

BIQ% = {u : Hu||W1/3ﬁ4([0,T];H—3) < R} )
and observe with (6.18), (6.17) (6.19) that

v 2 8
# ((BR)Y) < BB O llwr/saorym-s) + 7z Ellls(t M/, o.17.0-3)
C C
<ZE (0 13 go.17.00) + ol ) < T 622)
where, once again, C is independent of v > 0 and R > 0. With (6.21), (6.22) we may now infer (6.16).
With (6.16) in hand we now invoke the Skorokhod theorem obtain a sequence of processes (u”, W")
defined on a new probability space, (€2, F,P) such that

w” —u  almost surely in C([0,T); H3) N L*([0,T]; HY), (6.23)
W" W  almost surely in C([0, T]; o), (6.24)

uv is equal in law to «” and each W is a cylindrical Brownian motion relative to the filtration ]-N'ff’ given

by the completion of U((W”( ),u”(s)) : s < t). Note that the sequence " maintains the same uniform
bounds as in (6.10), (6.12) and it follows that

@’ —a  weakly in L2(Q; L2([0,T); H'™/?)), (6.25)
w” —*a  weakly* in L™ (Q; L°°([0, T]; HY)). (6.26)

Finally, as in [FG95] that @ is a stationary process on H with stationary distribution to-

An argument from [Ben95] may now be employed to show that, for each v > 0, u” solves (6.1), but
relative to the new stochastic basis S = (Q .7-" P ]-"t ,W”) Now by using the convergences (6.23)—(6.26)
we may pass to the limit v — 0 in (6.17) (with w”, W appropriately replaced with ", W”) and establish
that (u, W) satisfies (6.3) along with the required regularity. As in [FG95] it follows from the stationarity

of u” and (6.23) that u is stationary.
]
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