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Abstract We prove that every Markov solution to the three dimensional Navier-Stokes
equations with periodic boundary conditions driven by additive Gaussian noise is uniquely
ergodic. The convergence to the (unique) invariant measure is exponentially fast.

Moreover, we give a well-posedness criterion for the equations in terms of invariant mea-
sures. We also analyse the energy balance and identify the term which ensures equality in
the balance.
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1 Introduction

The Navier-Stokes equations on the torus with periodic boundary conditions forced by ad-
ditive Gaussian noise are a reasonable model for the analysis of homogeneous isotropic
turbulence for an incompressible Newtonian fluid,

[ﬂ—vAu+(u-V)u+Vp:ﬁ,

1.1
divu =0. (-

The equations share with their deterministic counterpart the well-known problems of well-
posedness. It is reasonable, and possibly useful, to focus on special classes of solutions,
having additional properties.

This paper completes the analysis developed in [10-12] (see also [1]). In these papers it
was proved the existence of a Markov process which solves the equations. Moreover, under
some regularity and non-degeneracy assumptions on the covariance of the driving noise, it
has been shown that the associated Markov transition kernel is continuous in a space ‘W with
a stronger topology (than the topology of energy, namely L?) for initial conditions in ‘W.
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416 M. Romito

In this paper we show that, under suitable regularity assumptions on the covariance, every
Markov solution admits an invariant measure. Moreover, if the noise is non-degenerate,
the invariant measure is unique and the convergence to the (unique) invariant measure is
exponentially fast.

We stress that similar results have been already obtained by Da Prato & Debussche [2],
Debussche and Odasso [5] and Odasso [18], for solutions obtained as limits of spectral
Galerkin approximations to (1.1), and constructed via the Kolmogorov equation associated
to the diffusion. The main improvement of our results is that such conclusions are gener-
ically valid for all Markov solutions and not restricted to solutions limit to the Galerkin
approximations (this would not make any difference whenever the problem is well-posed,
though) and is general enough to be applied to different problems (see for instance [1]). Our
analysis is essentially based on the energy balance (see Definition 2.4 and Remark 2.5), and
in turn shows that such balance is the main and crucial ingredient.

It is worth noticing that the uniquely ergodic results hold for any Markov solution, hence
different Markov solutions have their own (unique) invariant measure. Well-posedness of
(1.1) would ensure that the invariant measure is unique. We prove that the latter condition is
also sufficient, as if only one invariant measure is shared among all Markov solutions, then
the problem is well-posed.

Finally, we analyse the energy balance for both the process solution to the equations and
the invariant measure. Due to the lack of regularity of trajectories, the energy balance is in-
deed an inequality. We identify the missing term and, under the invariant measure, we relate
it to the energy flux through wave-numbers. According to both the physical and mathemati-
cal understanding of the equations, this term should be zero.

A non-zero compensating term from one side would invalidate the equations as a model
for phenomenological theories of turbulence, and from the other side would show that blow-
up is typically true. We stress that neither the former nor the latter statements are proved
here.

1.1 Details on results

In the rest of the paper we consider the following abstract version of the stochastic Navier-
Stokes equations (1.1) above,

du+vAu+ B, u) = Q2 dW, (1.2)

where A is the Laplace operator on the three-dimensional torus T3 with periodic boundary
conditions and B is the projection onto the space of divergence-free vector fields with finite
energy of the Navier-Stokes non-linearity (see Sect. 2.1 for more details). Moreover, W is
a cylindrical Wiener process on H and @ is its covariance operator. We assume that @ is a
symmetric positive operator. We shall need additional assumptions on the covariance, as the
results contained in the paper holds under slightly different conditions. Here we gather the
different additional assumptions we shall use.

Assumption 1.1 The following assumptions will be used (one at the time) throughout the
paper.

[A1] @ has finite trace on H.

[A2] there is ag > O such that A%+0‘0 Q% is a bounded operator on H.

[A3] there is oy > é such that A it Q% is a bounded operator on H.
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[A4] there is oy > é

bounded inverse.

3 L, . . .
such that A3t Q7 is an invertible bounded operator on H, with

Notice that each of the above conditions implies the following one. We shall make clear at
every stage of the paper which assumption is used.

The first main result of the paper concerns the long time behavior of solutions to (1.2).
We show that every Markov solution is uniquely ergodic and strongly mixing (Theorem 3.1
and Corollary 3.2). Moreover, under an additional technical condition (see Remark 2.5) we
prove that the convergence to the (unique) invariant measure is exponentially fast (Theo-
rem 3.3).

We stress that uniqueness of invariant measure is relative to the Markov solution it arises
from. As we do not know if the martingale problem associated to equations (1.2) is well-
posed, in principle there are plenty of Markov solutions, and so plenty of invariant measures.
In Sect. 4 we study a few properties of the set of invariant measures. In particular, we show
the converse of the above statement, that is if there is only one common invariant measure
for all Markov solutions, then the martingale problem is well posed (Theorem 4.6).

We also give some remarks on symmetries for the invariant measures (such as
translations-invariance). Finally, we analyse the energy inequality (given as [M3] and [M4]
in Definition 2.4, see also Remark 2.5). In particular, we identify the missing term in the
inequality which, once added, provides the equality. For an invariant measure u, we show
that

1
ve(p) +u(p) = 502,
%02 is the rate of energy injected by the external force, &(u) = E*[|Vx|?] is the mean
rate of energy dissipation and ((u) is the mean rate of inertial energy dissipation. We show
also that ¢(u) is given in terms of the energy flux through wave-numbers (see Frisch [14]) as

where

L(u)=lgigoE“[ > <xm-x—k><m-xl>}.

I+m=k
|kloo <K,
[m|oo>K

2 Notations and Previous Results
2.1 Notations

Let T3 = [0, 27 ]? and let D> be the space of infinitely differentiable vector fields ¢ : R? —
R? that are divergence-free, periodic and

/ @p(x)dx =0.
T3

We denote by H the closure of D™ in the norm of L*(T3, R?), and similarly by V the
closure in the norm of H!(T3, R?). Let D(A) be the set of all u € H such that Au € H
and define the Stokes operator A : D(A) — H as Au = —Au. By properly identifying dual
spaces, we have that D(A) CV C H=H' C V' Cc D(A)'.
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The bi-linear operator B : V x V — V' is defined as

- dv; (x)
(B(u,v), w) = Z /11‘3 w; (x)uj(x) 0%, dx

ij=1

(see Temam [21] for a more detailed account of all these notations).

Since A is a linear positive and self-adjoint operator with compact inverse, we can define
powers of A. We define two hierarchies of spaces related to the problem, using powers of A.
The first is given by the following spaces of mild regularity (since they are larger than the
space V),

Ve =D(AY), ee (0, ﬂ 2.1)
while the second is given by the following spaces of strong regularity,

We = D(A"®), a€(0,00), (2.2)
where 6 is defined as

1 2.3)

ol we(0,3),
0@) =1 2 1 2
atg, a=j.

Notice that for every &y and & as above,
Wey CWo=V =V, CVy.

In the proof of most of the results of the paper we shall use repeatedly the following inequal-
ities.

Lemma 2.1 (Temam [21, Lemma 2.1, PartI]) Ifu € D(A*1), v € D(A*?) and w € D(A*3),
then there is a constant co = co(ot1, &z, @3) such that

(B(u, v), )y < col A% ul - A%+ 20| |A%w],

where o; > 0 and o) + o + oz > % ifot,-;é%forallizl,Z,& anda1+a2+a3>%
otherwise.

Lemma 2.2 ([11, Lemma D.2]) Let o > 0and u,v € D(A"®).Ifa # 3, there is a constant
Co = Co(a) such that

1
|A* % B(u, v) |y < Col A" u| | A* v,

where 0 is the map defined in (2.3). If « = 5, then B maps D(A%) X D(A%) continuously

to D(A%’E),for every ¢ > 0.

1
2’

2.2 Markov Solutions to the Navier-Stokes Equations

In this section we recall a few definitions and result from papers [11] and [12], with some
additional remarks.
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2.2.1 Almost Sure Super-Martingales

We say that a process 6 = (6;),>0 on a probability space (£2, P, F), adapted to a filtration
(Fi)i>0 1s an a. s. super-martingale if it is P-integrable and there is a set T C (0, co) of null
Lebesgue measure (that we call the set of exceptional times of 6) such that

E[6;|F] < 6, (2.4)

foralls ¢ T and all ¢ > s.

Lemma 2.3 If 0 = (0,);>0 is an a. s. super-martingale, then for every s > 0 and every
@ € CZR) with ¢ > 0 and Supp g C [s, 00),

E[[ o' (r)0, dr

Proof Fix s > 0 and consider a positive smooth map ¢ with compact support in [s, c0). By
a change of variable, using the a. s. super-martingale property,

g} -0, 2.5)

1
]E[E/(w(r) —@(r —e))0,dr

}1-] = éE[/mw(r)(Gr —Or4e)dr

ﬂ] >0,

and in the limit as ¢ | 0 we get (2.5). O
It is easy to see that the converse is true (that is, if (2.5) holds, then the process is an

a. s. super-martingale) under the assumption that the o-fields {F; : ¢+ > 0} are countably

generated and 6 is lower semi-continuous (see [13]).

2.2.2 Weak Martingale Solutions

Let 2 = C([0, o0); D(A)’), let B be the Borel o-field on £2 and let & : 2 — D(A) be

the canonical process on £2 (that is, & (w) = w(t)). A filtration can be defined on B as

Bi=0(§:0=s=<1).

Definition 2.4 Given p € Pr(H), a probability P on (£2, B) is a solution starting at i, to
the martingale problem associated to the Navier-Stokes equations (1.2) if

[M1] P[L.([0, 00); H) N L ([0, 00); V)] = 1;

loc loc

[M2] for each ¢ € D™ the process M{, defined P-a. s. on (£2, B) as

t t
MY = (&~ 00+ [ G Aonds — [ (BG.).80nds
0 0
is square integrable and (M/, BB,, P) is a continuous martingale with quadratic varia-

tion [M¥], =|Q2¢|%;
[M3] the process 5,1, defined P-a.s.on (£2, B) as

t
& =&} + 2u/ &2 ds — 1 Tr[@]
0
is P-integrable and (8,1 , B;, P) is an a. s. super-martingale;
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[M4] for each n > 2, the process &£, defined P—a. s. on (£2, B) as

! t
& =& ?f”+2"\)/ &5 18,15 ds —n(2n — 1)Tr[cz]f &[22 ds
0 0

is P-integrable and (€', B;, P) is an a. s. super-martingale;
[M5] po is the marginal of P at time t = 0.

Remark 2.5 (Enhanced martingale solutions) A slightly different approach has been fol-
lowed in [1] to show existence of Markov solution for a different model (an equation for
surface growth driven by space-time white noise), as the energy balance has been given in
terms of an almost sure property. In the Navier-Stokes setting of this paper the property
reads (some equivalent statements are possible as in [1])

[M3-as] there is a set Tp, C (0, co) of null Lebesgue measure such that for all s ¢ Tp_ and
allr >,

PG (v,2) =G;(v,2)]=1,

where G is defined as

1 t t
Qf(v,z)zzlvfliﬁ\)/ Ivrlzvdr+/ (vy, B, + 27, 2,))m dr,
0 0

z is the solution to the Stokes problem (A.2) and v = & — z. It is possible to show that, as in
[1], there exist Markov solutions which additionally satisfy [M3-as]. We shall assume this
statement (see [13] for more details).

2.3 Previous Results

In the next theorems we summarize some results on existence and regularity of Markov
solutions to the Navier-Stokes equations (1.2). First we show that there is a Markov solution
to the Navier-Stokes equations (1.2).

Theorem 2.6 ([11, Theorem 4.1]) Under condition [Al] of Assumption 1.1, there exists a
family (Py)yen of weak martingale solutions (as defined above in Definition 2.4), with P,
starting at the measure concentrated on x, for each x € H, and the almost sure Markov
property holds. More precisely, for every x € H there is a set T C (0, 00) of null Lebesgue
measure such that for all s € T, all t > s and all bounded measurable ¢ : H — R,

E™[¢(E)IB, ] =E" [¢ (&)

The map x — P, is in principle, from the above result, only measurable. The regularity of
dependence from initial condition can be significantly improved under stronger assumptions
on the noise, as shown by the theorem below.

If (P,)ren is a Markov solution, the transition semigroup' associated to the solution is
defined as

Prp(x) =E™[p(&)], xeH, t>0, (2.6)

INotice that, due to the Markov property holding only almost surely, the family of operators (£1);>( is not a
semigroup, as the semigroup property holds for almost every time.
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for every bounded measurable ¢ : H — R.

Theorem 2.7 ([11, Theorem 5.11]) Under condition [A4] of Assumption 1.1, the transition
semigroup (P;),>0 associated to every Markov solution (Py) ey is strong Feller in the topol-
0gy of Wy,. More precisely, P, € C,(Wy,) for every t > 0 and every bounded measurable
¢:H—R.

The regularity result can be given more explicitly in terms of quasi-Lipschitz regularity
(that is, Lipschitz up to a logarithmic correction) as in [12], albeit the estimate given there

holds true only for g = % (an extension to all values of oy > é can be found in [13]).

3 Existence and Uniqueness of the Invariant Measure

In this section we prove existence of invariant measures by means of the classical Krylov-
Bogoliubov method. Let (P,).cy be a Markov solution and denote by (), its transition
semigroup (see (2.6)). Let xo € H and

1 t
= / PrSe, (3.1)
0

where 8y, is the Dirac measure concentrated on xy. It is known (see for example Da Prato &
Zabczyk [3]) that any limit point of the family of probability measures (u,),>o is an invariant
measure for (#,),>0, provided that the family is tight in the topology where the transition
semigroup is Feller.

Theorem 3.1 Assume [A2] of Assumption 1.1. Let (Py)yen be any Markov solution to the
Navier-Stokes equations (see Theorem 2.6) and let (P;),>¢ be the associated transition semi-
group. Then the family of probability measures (j1;);>1 is tight in Wy, .

The above theorem, the strong Feller property ensured by Theorem 2.7 and Doob’s the-
orem (see Da Prato & Zabczyk [4]) immediately imply the following result.

Corollary 3.2 Under [A4] of Assumption 1.1, every Markov selection to the Navier-Stokes
equations has a unique invariant measure L., which is strongly mixing. Moreover, there are
8 > 0 and y > 0 (depending only on «y) such that

E“'[|A5x|ﬁ%0] < 00.

The convergence of transition probabilities to the unique invariant measure can be further
improved if, under the same assumptions of above results, we deal with the enhanced mar-
tingale solutions introduced in Remark 2.5. This is a technical requirement that makes the
proof of Theorem 3.3 below simple and, above all, feasible.

Theorem 3.3 Assume [A4] of Assumption 1.1 and consider an arbitrary Markov solution
(P,)rey made of enhanced martingale solutions (see Remark 2.5). Let w, be its unique
invariant measure. Then there are constants C.y, > 0 and a > 0 (independent of the Markov
solution and depending only on the data of problem) such that

28—
19785y — mllTv < Coxp (1 + Ix0l3)e™,
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forallt >0 and xy € H, where || - ||1v is the total variation distance on measures.

Remark 3.4 The proof of Theorem 3.3 above actually shows a slightly stronger convergence,
namely

WSHUP 1 | (x0) —/¢(X)M(dX)| < Coxp(1 + [x[3)e™

for every x € H and ¢ > 0, with same constants C,,, and a, where the norm | - ||y is defined
on Borel measurable maps ¢ : H — R as

¢lly = sup Pl

xeH 1 + |x|%-1

(see Goldys & Maslowski [15] for details).

From Theorem 13 of [12] and again from Theorem 4.2.1 of Da Prato & Zabczyk [4] we
also deduce the following result.

Corollary 3.5 Under the assumptions of previous corollary, let (v, and ., be the invariant
measures associated to two different Markov selections. Then the two measures are mutually
equivalent.

The rest of the section is devoted to the proof of Theorems 3.1 and 3.3.
3.1 The Proof of Theorem 3.1

We fix a Markov solution (Py),cy. Prior to the proof of the theorem, we show two lemmas
on momenta of the solution. The second lemma is the crucial one.

Lemma 3.6 Assume [Al] of Assumption 1.1. Then for every x € H and t > 0,

2
o
EP[I&17] < Ix[3e™™ + 50— ey,

Proof The result easily follows from the super-martingale property [M3], Poincaré inequal-
ity and Gronwall’s lemma (see for example [19] for details). O

Lemma 3.7 Assume [A2] of Assumption 1.1. Then there are C >0, § > 0 and y > 0 de-
pending only on &g, o, v and o® (but not on the Markov solution) such that for x, € H and
t>1,

1 t
pro[;f |A5§S|%WV% ds:| < C(1+ |xol3).
0

A slight modification of the argument in the proof below provides an inequality similar
to that of the lemma also for 7 < 1.

Proof Let g € (0, i] with g < 2ag. We first prove the statement of the lemma for xy € V.
Consider values § = §(gg, o), ¥ = ¥ (€0, ®p) provided by Theorem A.2. For every fixed

value M > 0 we choose R > 1 + 2|x|%, whose value will be given explicitly later, and we

denote by e the small time where the blow-up estimate (A.5) of Theorem A.1 holds true.
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Fix t > 1 and € < gg, and let n, € N be the largest integer such that en, <. By the
Markov property,

1 t
wllA’xly, = M1 = - / P14y, = M1ds
0
ke+e

1 &
= Z/k Py l[|A’ 5, = M1ds
k=0

&

1 Ne ke+e
=-) E P [|A%€_, |3, > M]ds
- t ke s—ke WO‘O =
k=0 ke

= liﬂz“’xo |:/€P [|A%E 2 >M]ds} (3.2)
- t o Eke K W"’O = ’ .
k=0

where (1, is the measure defined in (3.1). Now, by Theorem A.1, for every x € V,, such that
x[3,, < R.

PillA% 5, = M1 < PEORIAY S, = M]+ Pl <]
and so, by using (A.5) and Chebychev inequality,
P (A5, = M]

(&0, R) Ser2 R
< (P VUAYE Ry, = M1+ Py [T )551)1(\%%@0&1 + Ly,

ey =R

1 P(So.R) . R2
£ 8512V (5
f]l( >R}+—MyE ke [|A°E, Wa0]+cle R .

\Ekgﬁ;go
We use the above inequality in (3.2) and we apply Theorem A.2 and the previous lemma,

wllAx [, = M]

1& P 1 PS(E"’R) € 5er 12y ,CZLZ
X &
< _t E E o 81{‘Ek5‘2V€0>R} + —yE ke /0 |A §S|Wu0 ds | +cee R |.
k=0

Ne

1 C B
= Z(spxongkgﬁ,% > Rl 4 2 (1 &+ E™0[[8 ) + cree” % )
k=0
Cn,g
MY

ng.€
(L+e+Ix0l3) +c1 j

2
R

e B2
e PR

£ o )
<= ; Pyl > R1+

c .y
(1 olh) +ere™@

£ o
<= ; Pyl > R1+

Since all computations above are true for all & < g, if we integrate for ¢ € (%SR, ER), We
get

ER
S wllA’xf,, = M]
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2
CIER o R
lRe LZER.

er [ & Clog2
< 7/_ ;Px(,uskg@% > Rlde + = 2=+ %[ + =

We use the energy inequality and the previous lemma to estimate the only complicated term
in the inequality above,

ne nR &
ER eR 2 ER R 2
—_— <
. A ;;1 Pyllgcly,, > Rlde < — gl 8 Py [18kelv,, > Rlde

nR &
eR P K 2
< E o de
S [/ e ]

2

IlR kE
e 1 R
—11; %IEPXO |:/ |§,|%/dri|
3 kg

ng

ER 1 2
= ,; QU+ Lol + ker)

IA

IA

CER
—1lo
R

=

1 2
g — (1 + |xolg),
ER

where we have set ng = neg and n, < ng for all ¢ € [%ER, er]. Since by (A.5) the depen-

dence of eg on R is like R™“, for some exponent a depending on &y, we may choose R in
such a way that for every ¢ > 1,

512 ¢ 2
wllAxly, = M] < W(l + [xoly) log M.
for a suitable b > 0. In conclusion, the statement of the lemma is proved for initial conditions

X0 € 'Vg(,.
If xo € H, since for every s > 0 we know that & € V,, Py -a. s., then by the Markov

property,
[ —s
EPxo |:/ |A8§r|ﬁ;ﬂ0 dr] =E |:IEP&' |:/ IA‘SS,/I% dr]]
s 0

< C(t —HEPO[1 + |&1%]
< Ct(1+|x0l%),

where we have used the previous lemma and this same lemma for initial conditions in V.
Finally, as s |, 0, the conclusion follows by the monotone convergence theorem. O

Proof of Theorem 3.1 Choose an arbitrary point xo € H and consider the sequence of mea-
sures (it,),>; defined by formula (3.1). Since

1 t
[ty i =1 [ 1%, s
t Jo 0

where the constants § and y are those provided by the previous lemma, it follows by that
same lemma that the sequence of measures is tight in ‘W, . O
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3.2 The Proof of Theorem 3.3

As stated in the statement of the theorem, in this section we work with the enhanced martin-
gale solutions defined in Remark 2.5. It means that the energy balance [M3 — as] is available
for proofs. Prior to the proof, we give a few auxiliary results, summarized in the following
lemmas. In the first one we show that any solution enters in a ball of small energy with
positive probability.

Lemma 3.8 (Entrance time in a ball of small energy) Assume [A3]. Given R > 0and § > 0,
there exists Ty = T, (8, R) such that

inf P(Ty,x,{y:|yl5 <8)>0.

x|, <R

Proof Consider a value ki = k;(3), to be chosen later, and let A = {w : sup, g 7, lz:13 <
ki}. We know that for every x, the value P,[A] > O is constant with respect to x. Since
|& 1w < |z:|u + |vi| 5, we shall estimate v.

For all w € A such that the inequality in [M3 — as] (at page 420) holds, we have

t t
2 2 2 1
|vf|,,—|vs|,,+2vf |vr|vdr5c/ 2o lv & v 1A Sy 1 dr
s s
' 3.3 2, 3.3
sc/ Uzl lor o ld + 12, Rl b1, 13y dr
s

t t
sv/ |v,|2Vdr+k2/ o, |2 dr +ks(t — ), (3.3)

8 8
where we have set k, = c(k‘l‘ + k) and k3 = ck; . By the Poincaré inequality (the first
eigenvalue of the Laplace operator on the torus T3 is 1),

t
v, l3 + (v —kz)/ [, 13 dr < |vs|3; +ks(t —s),

and Gronwall’s lemma ensures that

L(] — e k)t < Re—(v—hr 4 L

2 2 —(v—kp)t
v < |x|ye + .
3y < Il — —
If we choose k; and T; in such a way that

ks 1
< —
V—k2_8

1
s, ky < v, s, Re~ 0kt < ga,

FNg.

ki <

we finally obtain that, if |x|3, < R, then P.[{|&7, |3, <8} N Al = P.[A]. O

The second lemma shows that with positive probability the dynamics enters into a (suffi-
ciently large) ball of space V.

Lemma 3.9 (Entrance time in a ball of finite dissipation) Assume [A3] from Assumption 1.1.
Then there exists § > 0 small enough such that there are T, = T,(8) > 0 and R, = R,(8) > 0
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with

inf P(Ty,x,{y:|yl} < Ra}) > 0.

x[% <8

Proof Set T, =1 and let A = {sup, |, IA%ZIi, < ki}, with k; to be chosen later, together
with 4.

For all w € A for which the inequality in [M3-as] (at p. 420) holds, we can proceed as
in the proof of Lemma 3.8 to get |v, |§, <5+ Uf—*kz with k, and k3 defined similarly. Using
(3.3), we get

. 1 k3
|U5|VdS§— S+ks+ky| 8+ =ky,
0 v V—k

where k; is small enough so that k, < v.

Next, we notice that the set {r € [0, 1] : |v, %, < 2k4} is non-empty (its Lebesgue measure
is larger than one half). So for each ry in such a set, |v,, 3, < 2ky. Since the energy inequality
[M3 — as] holds, for a short time after ry, v coincides with the unique regular solution. We
shall choose k; and § small enough so that the short time goes well beyond 1.

Indeed, using (2.1) (as in (A.6) with gy = i), we get for suitable universal constants ¢,
and ¢,

d 5
EIUI%, +2v|Av] < v|Avl e (v$ + 1A zZl5) < vlAv[% + e ((v]$ + k),

4 4
and so, if ¢(r) = |v, 3 +k;, we have ¢(r) < 2ks +k; and ¢ < c1¢*. Now, if we choose k;

and § small enough so that

4
dey (kg + k)< 1

the solution to the differential inequality of ¢ is finite at least up to time 1 + r¢. In particular,
o(l) < (261)_% and so by easy computations,

En 13 = &3 < (uily + lzi1v)* < 2k +

2
A/ 2C1 '
We choose now the last term on the right-hand side of the above formula as R,. In conclu-
sion, P(T», x, {|y|> < R,) > P,[A] and again the value of P,[A] is independent of x. O

In the last auxiliary lemma we show that the dynamics enters in a compact subset of W, .
This is crucial since the strong Feller property holds in the topology of ‘W,,, (Theorem 2.7).

Lemma 3.10 (Entrance time in a ball of high regularity) Assume [A3] from Assumption
1.1. Then there is B > 0 (depending only on o) such that for every R, > 0 there are a time
T3 = T5(R,) > 0 and a number C = C(R,) > 0 and

inf P(T5,x,{y:[A"y[5, <Ch>0.

Ix13, <R,

Proof Given R, > 0, we choose 8 =6" — 6(ayp), T3 and C as given in Lemma A.3. Notice
that the set K = {y : [Afy|? o = C} is a compact subset of 'W,,.
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If T = {43k is the time up to which all solutions starting at x coincide with the unique

solution to problem (A.1), then
P(T3,x, K) = P,[|APEr, 5, <C]
> PlIAPEr |5, < C. 1> T3]

L3Ry

(-
> P |A e L, < CLT> T).

Now, the conclusion follows from Lemma A.3. O

Proof of Theorem 3.3 Let (Py).cy be a Markov solution and consider the corresponding
transition kernel (P (t, x, -));>0.xcn- We choose the value of ¢y given in Lemma A.3 and we
consider the value 8” > 0(«g) provided by the same lemma.

The exponential convergence follows from an abstract result of Goldys & Maslowski
[15, Theorem 3.1] (which, in turns, is based on results from the book by Meyn & Tweedie
[16]). More precisely, we need to verify the following four conditions,

1. the measures (P(t, x, -));>0.xen are equivalent,
2. x — P(t,x, I') is continuous in ‘W, for all # > 0 and Borel sets I" C H,
3. For each R > 1 there are Ty > 0 and a compact subset K C ‘W, such that

inf P(Ty,x,K) >0,

[x|gy <R

4. there are k, b, ¢ > 0 such that for all > 0,
E™ (1€ 131 < klx[e™ +c.

The first property follows from Theorem 13 in [12] (there equivalence is stated only for
x € W,,, but it easy to see by the Markov property that it holds for x € H, as W, is a
set of full measure for each P(t, x, -)). The second property follows from the strong Feller
property, while the fourth property follows from Lemma 3.6.

We only need to prove the third property. We fix R > 1 and we wish to prove that there
are Top = To(R) and K = K (R) such that

inf P(To,x,{y: 1A y[3 <K})>0. (3.4)

‘X‘H

We choose the value § provided by Lemma 3.9 together with the time 7, and value R;.
Corresponding to the values R and §, Lemma 3.8 gives a time 7;. Moreover, corresponding
to R,, Lemma 3.10 provides the time 73 and value C.

We set Ty =T, + T> + T3, then if |x|%, < R, using three times the Markov property,

P(To, x, K)
> inf P(Ty,x3, K) inf P(Ty,x,{Izy < R2}) inf P(Ty,x1,{lyl;; <8}

lx313 <R, xpl3, <8 lx11%, <R

and the right-hand side is positive (and bounded from below independently of x) due to
Lemma 3.8, 3.9 and 3.10.

Finally, the constants C,,, and a in the statement of the theorem are independent of
the Markov solution since all computations either depend on the data (the viscosity v, the
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strength of the noise o2, etc., such as in Lemma 3.6) or are made on the regularized problem
analysed in the appendix. O
4 Further Analysis of Equilibrium States

In the previous section we have shown that, under suitable assumptions on the driving noise,
every Markov solution has a unique invariant measure. As in principle there can be several
different Markov solutions, so are invariant measures.

In the first part of the section we show that well-posedness of the martingale problem
associated to (1.2) is equivalent to the statement that there is only one invariant measure,
regardless of the multiplicity of solutions.

In the second part we give some remarks on symmetries of invariant measures, while in

the third part we analyse the energy balance.

4.1 A Connection Between Uniqueness of Invariant Measures and Well-Posedness of the
Martingale Problem

4.1.1 Stationary Solutions

Consider the (unique) invariant measure associated to a Markov solution (Py),cy, as pro-
vided by Corollary 3.2, and define the following probability measure

P = / Py pa(d). @.1)

Lemma 4.1 The probability measure P, defined above is invariant (in the following, sta-
tionary) with respect to the time shifts n, : $2 — §2 defined as

N (@)(s) =w(t +5).
Proof 1t is sufficient to prove that the finite dimensional marginals of P, and n; P, are the
same. The case of one single time is easy, by invariance of u,. We consider only the two-

dimensional case (one can proceed by induction in the general case). Consider t; < f,, then
by the Markov property and invariance of i,

IEMP* [f(gtl ’ gtz)] = /EPX [f(§s+t] ’ SS‘HZ)] M"(dx)
= /EPY I:IEPIU(S*’I)[f(a)(S + tl)v EfZ*tl)]jI M*(dx)
= /EP"[F@HH)]M*(dX):fEPX[F(Efl)]“*(dx)

= [ U ) = EP L6 ),
where in the above formula we have set F(y) = E>[f(y, En—t)]. O

In turns, the lemma above ensures that P, is the unique probability measure on £2 such
that
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1. P, is stationary,
2. P, is associated® to the Markov solution (P;)ycp.

Uniqueness follows easily since u, is the unique invariant measure of the Markov solu-
tion (P,).cy and since the law of a Markov process is determined by its one-dimensional
(with respect to time) marginal distributions (as in the proof of the lemma above). We shall
see later on that for a special class of invariant measures this uniqueness statement can be
strengthened (see Proposition 4.4).

In general one can have several stationary solutions (see for example [19] for the def-
inition and a different proof of existence) and possibly not all of them are associated to a
Markov solution. Hence we define the two sets,

7 ={u € Pr(H) : u is the marginal of a stationary solution} 4.2)

T, = {uePr( H): @ is the unique invariant measure associated to a} (4.3)

Markov solution

and, trivially, Z,, C Z.

Remark 4.2 (Topological properties of Z and Z,,) By the same properties that ensure ex-
istence of solutions (and following similar computations, see for example [11]), it is easy
to see that 7 is a compact subset of £2. Moreover, by Corollary 3.2, Z,, and hence Z, are
relatively compact in a much stronger topology, where Z, is defined later in (4.4).

4.1.2 A Short Recap on the Selection Principle

It is necessary to give a short account on the procedure which proves the existence of Markov
selection (namely, the proof of Theorem 2.6). We refer to [11] for all details.

Given x € H, let C(x) C Pr(£2) be the set of all weak martingale solutions (according to
Definition 2.4) to equation (1.2), starting at x.

In the proof of Theorem 2.6 (see [11]) the sets C(x) are shrunken to one single element
in the following way. Fix a family (%,, f,),>1 Which is dense in [0, c0) x C;,(D(A)") and
consider the functionals J,, = Jy, 5, Where J,_ s is given by

J.p(P)=E" [/ e*Mf(Et)dt]
0
for arbitrary A > 0 and f : D(A)" — R upper semi-continuous. Next, set
GW=Cw).  GW=[PeCim:nP)= s 5]
QeCy—1(x)

All these sets are compact and their intersection is a single element (the selection associated
to this maximized sequence), [,y Cn (x) = { Py}.

Given now a probability measure o on H, one can define the set C(w) as the set of all
probability measures P on £2 such that

1. the marginal at time O of P is u;

Zwe say that a probability measure P on §2 is associated to a Markov solution (Py),cg if for every r > 0,
P\‘gt = Py ) for P-a. e. w € 2, where (P|%t)we 52 1s a regular conditional probability distribution of P
given B;.
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2. thereis amap x — Q, : H — Pr(£2) such that P = f O, un(dx) and Q, € C(x) for all x
(in different words, the conditional distribution of P at time O is made of elements from

sets (C(x))xen)-

We can now give the following extension to the selection principle.

Proposition 4.3 Let (P.)icy be the Markov selection associated to the sequence
(Aus fu)n=1- Then the probability P, = fH P, u(dx) is the unique maximizer associated
to the sequence (A, f,)n>1. More precisely,

Ji(P) = sup Ji(P),
PeCo(n)

«ey

Jo(Py) = sup Ju(P),
PeCy_1 ()

Proof Since each Q € C(u) is given by Q = f Q. u(dx), for some x — Q,, by linearity
of the map J; it easily follows that P, € C;(u). Moreover, each Q € C;(u) has a similar
structure: Q = f O, u(dx) and Q, € C(x) for p-a. e. x € H. In fact, J;(Q,) < J1(Py), -
a.s.,and J;(Q) = Ji1(P,), and so J1(Qy) = Ji(Py), for n-a. e. x. By induction, P, € C, (1)
and for each Q = f O, n(dx)eC,(n), Oy €Cy(x), for p-a.e.x € H.

In conclusion, P, € Coo(t) =()Cy(p) and for each Q = f O, n(dx) € C(), O, €
Coo(x), for p-a. e. x € H. But we know that each C,(x) has exactly one element, P,, so that
in conclusion the only element of Co (1) is P,. O

4.1.3 Connection with Well-Posedness

Now, if we are given a sequence (X,, f,).en as above, the selection principle provides a
Markov solution (P,),cy. Corollary 3.2 ensures that this Markov solution has a unique
invariant measure u,. Moreover, from the proposition above, the stationary solution P, =
f P, 1. (dx) is the unique sequential maximizer of the sequence (J,),en on C(u,). This
justifies, in analogy with the definition of (4.2) and (4.3), the definition of the following set,

o is the invariant measure associated to a Markov solution
Z, = { u : obtained by the maximization procedure for some sequence ¢, “4.4)
()"n i f n)nEN

and obviously Z, C Z,, C Z.

Proposition 4.4 If 1, € Z,, then the stationary solution P, associated to |i, is the unique
stationary measure in C(L,).

Proof Since u, € Z,, by definition there is a sequence (A,, f,)nen dense in [0, 00) X

C,(D(A)') such that P, maximizes functionals J, = J,, s, (one after the other, as explained
in Proposition 4.3). Now, if PeClu,)isa stationary solution, then

Jn(I;):Eﬁ[/me—*ﬂfn@,)dt]:</ fn(x)m(dx)> /""e_xn[d[
0 0

_ % f F20) 1),
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and so Jn(ﬁ) = J,(P,) for all n. By Proposition 4.3, it follows that P=r,. O

If we consider now Markov solutions sharing the same properties as those obtained
for the Navier-Stokes equations, namely each of them is strong Feller and irreducible
on W,,, the previous result provides immediately a criterion for well-posedness. In few
words, uniqueness of the invariant measures among Markov solutions is equivalent to well-
posedness of the martingale problem.

Corollary 4.5 Assume that every Markov selection is W —strong Feller and fully supported
on Wy, If (Py)yen and (P))cen are two Markov selections, with (Py)xen coming from a
maximization procedure, and they have the same invariant measure, then they coincide on
Wy
Proof Let P, and P] be the stationary solutions associated to the two selections. If the two
selections have the same invariant measure, it follows from the previous theorem that they
have the same stationary solution, that is P, = P. It follows from this that their conditional
probability distributions at time O coincide,

P, =P, u,-almost surely.

By W,,-strong Feller regularity and irreducibility they coincide on every x € Wy,. |

We summarize the result in the following theorem. It follows easily from the previous
corollary and from the fact that well-posedness of the martingale problem is equivalent to
uniqueness of Markov selections (see Theorem 12.2.4 of Stroock & Varadhan [20]).

Theorem 4.6 Under [A4] of Assumption 1.1, assume that the set I, defined in (4.4) contains
only one invariant measure. Then the martingale problem associated to the Navier-Stokes
equations (1.2) is well-posed on Wy, (and hence on 'V, for all &y > 0).

Proof We only have to prove that, given two Markov solutions (Py)yey and (P})ep, for
every x € V,, we have P, = P/. This statement holds for x € W,, by the previous corollary.
Fix &g > 0 and x € V,,. Choose R > |x|2€0, then, for every bounded continuous ¢, by the
Markov property,

Pip(x) =E> [Pr—sP (Es)L(pcomr-g)] + E"x [Pr-s¢ (Es) L o0 5],

where & is the transition semigroup of (Py)cy. The first term on the right-hand side is
independent of the selection, by the weak-strong uniqueness of Theorem A.1, hence

Pip(x) — Pp(x) = EF (P56 E)L o _5)] — EF [P ED Loy .

where &’ is the transition semigroup of (P;),ecx. By the blow-up estimate of Theorem A.1,
as 8§ — 0, we get P (x) = P/¢p(x) for all ¢ and all ¢. O

4.2 Translations-Invariance and Other Symmetries
In the analysis of homogeneous isotropic turbulence, for which (1.1) can be considered

a model, it is interesting to consider equilibrium states invariant with respect to several
symmetries (see for example Frisch [14]).
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Here we are interested in solutions which are translations-invariant (in the physical
space). For every a € R?, define on D™ the map m, : D*® — D™ as

ma(@)(x) =pa+x), xeR’

for any ¢ € D*°. The map obviously extends to H and D(A®) for each «. By composition, it
extends to continuous functions on H (or D(A®) for every «) and, by duality, to probability
measures on H. It also extends to §2 as

ma(@)(t) =mq(@()), 120, we,

and, by duality, to probability measures on £2.

A function (or a measure) is translations-invariant if it is invariant under the action
of (m,),cr3- The Navier-Stokes equations are translations-invariant, so equation (1.2) is
translations-invariant only if such is the noise. The driving noise is translations-invariant if
and only if the covariance @ commutes with all m,,. It is easy to verify that this is equivalent
to have homogeneous noise which, in turns, is equivalent to have that @ is diagonal on the
Fourier basis. So, easy examples of homogeneous noise compatible with the properties of

. 3 .
Assumption 1.1 are @ = A~27% for any « in the correct range.

Proposition 4.7 Assume that @ is diagonal on the Fourier basis. Then the following prop-
erties hold true.

1. For every a € R®, m, is a one-to-one map on I, on I,, and on T,.
2. There is at least one translations-invariant measure in .

Proof We first show that if P is the law of a solution to equations (1.2), then m, P is also a
solution for every a € R>. Since for every a € R? the map m,, is an isometry on H, the image
of a cylindrical Wiener process on H is again a cylindrical Wiener process. The assumption
on @ ensures now that the noise term is translations-invariant and so it is easy to check that
all requirements of either Definition 2.4 or of any definition of solutions for the stochastic
PDE (1.1) available in the literature (see for example Flandoli & Gatarek [8], we refer also
to [19] as regarding stationary solutions) are verified.

In particular, if P is stationary, then m, P is again stationary and so m, is a one-to-one
map on Z. Moreover, since Z is closed and convex (see Remark 4.2), it follows that there
exists a translations-invariant measure. Indeed, given p € Z, there is a stationary solution P,
whose marginal is . Now, the probability measure

~ 1
P=— my, P, da
T3] Jor, "

is again a stationary solution and its marginal is translations-invariant, as m 4, = m, for
every k € Z3.

We next prove that m, maps Z,, one-to-one. Let , € Z,, and consider a Markov solution
(Py)ren having pu, as one of its invariant measures. Fix a € R3 and set 0, = Ma(Po_y(x))-
It is easy to verify that (Q,).cy is another Markov solution, since

Qx |aél = ma(Pm_a (x))|21 =my (Pm_a (w)(z‘))a Pm_,,(x)'a~ S.

Moreover, m, () is an invariant measure of (Q,),ep-
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Finally, in order to show that m, maps Z, one-to-one, we only need to find a maximizing
sequence for the solution (Q, ),y defined above. Let (1, f,)nen be a maximizing sequence
for (Py)xen, then (A, f,, o m_,),eN is @ maximizing sequence for (Qy)yep- O

We stress that in the proposition above existence of a translations invariant equilibrium
measure is granted in Z, but we do not know if such a measure belongs to Z,,.

Notice finally that if problem (1.2) is well-posed, it follows easily that the unique invari-
ant measure must be translations-invariant.

Similar conclusions can be found for other symmetries of the torus, such as isotropy (in-
variance with respect to rotations, see for example [9] where such symmetries are discussed
in view of a connections between homogeneous turbulence and (1.1)).

4.3 The Balance of Energy

In the framework of Markov solutions examined in this paper, the balance of energy corre-
sponds to the a. s. super-martingale property [M3] (and, more generally, of [M4]) of Defin-
ition 2.4. As clarified in [11], the two facts

1. the balance holds only for almost every time,
2. the balance is an inequality, rather than an equality,

correspond to a lack of regularity, in time in the first case and in space in the second, of
solutions to the equations (1.1). From the point of view of the model, such facts translate to
a loss of energy in the balance.

Generally speaking, the problem could be approached by using the Doob-Meyer decom-
position (which may hold even in this case, where the energy-balance process £' is not
continuous and the filtration (5;),>¢ does not satisfy the usual conditions, see Dellacherie &
Meyer [6]). We shall follow a different approach, due to the lack of regularity of trajectories
solutions to the equations. We shall see that the bounded variation term in the decomposition
of £! is a distribution valued process.

Let @ > 0 and define the operator L, = exp(—aA%). Given a martingale solution P,
starting at some x € H, there is a Wiener process (W,),>o such that the canonical process
& on £2 solves (1.2). The process L,& under P, is regular enough so that we can use the
standard stochastic calculus. Given an arbitrary ¢ € C2°(R), with support in [0, oo), Itd
formula gives

dlo(O)|La& 5] = @' (O)|La&E N3 + 20 (La&r, dL.EYn + (o]
= ¢ ()|L.& 1 — 2vp(1)| Lok |y — 20(t)(Lo&r, LaB (&L &)

+20(1){Lauki, @2 dW) g + 9(1)0,
where 02 = Tr[@L,,], and so, by integrating in time,
2v/(p(t)|LaEt|%/dt+2/¢([)<La$rvLaB(ShSZ))H dt

:/w/(t)|LaSt|%~1dt+2/¢(Z)<L2a5tv@%dW)Hdt+Uaz/§0(t)dt»
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Pi-a. s. As a | 0, the operator L, approximates the identity, so that by the regularity of &
under Py,

2 f O(OILofs s dt —> 20 / o OE L dr,
f¢’<r>|Las,|%,dr—> /w/(t)l’;‘[l%,dt,
2/<p(t)<Lzas,,@%dW>Hdr—>2/w<r)<s,,(fz%dW>Hdr,

oaz/(p(t)dt — o2 / o) dt,
P.-a.s.and in L'(£2), where o> = Tr[@]. In conclusion, the limit
/j,(&)(p(t)dz lzli?(}/ o()(L.&, Lo B(&,&))dr 4.5)
al0 Jo

exists P,-a. s. and in L'(£2), and defines a distributions-valued random variable. Moreover,
J(£) depends only on & (that is, on P,) and not on the approximation operators (L,)s>0
used. We finally have

2v / )&} dr +2 / ONAGYL

=/w/(r»s,ﬁ,dr+2/<p<r)<a,@%dwmdmozfgo(r)dz. 4.6)

The previous computations and Lemma 2.3 provide finally the following result. In few
words, the next theorem states that the term 7 (&) plays the role of the increasing process
in the Doob-Meyer decomposition of the a. s. super-martingale (£),-o (defined by property
[M3] of Definition 2.4).

Theorem 4.8 Given a martingale solution P, there exists a distribution-valued ran-
dom variable J (&), defined by (4.5), such that the (distribution-valued) process 8,1 +
2E P [fj,(é) dr|B;] is a distribution-valued martingale, that is for every s > 0 and every

@ € CZ(R) with Supp g C [s, 00),
Bt:|> dt BS] =0.

E [ / 20) (5} + 2B [ / T.(&)dr

Moreover, J (&) is a positive distribution, in the sense that for every ¢ € CZ°(R) with ¢ >0
and Supp ¢ C [s, 00),

E [ / 0T dr

BS] ~0. @)

Proof The first part of the theorem follows easily, since

/ (&l di = f w’(z)(@t 2+ 2 /0 & 1% dr — ozr> dt

_ /«»/(znaﬁ,dr - 2v/go(r>|s,|zvdr +02/¢(r> dr,
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and so, using the above computation and formula (4.6), we get the conclusion. The second
part is a consequence of the first part (the martingale property) and the fact that (£!),50 is
an a. s. super-martingale. 0

Remark 4.9 The 1td6 formula applied to ¢(¢)|L,& ﬁ_,” provides an analysis of the a. s. super-
martingale £", defined in property [M4] of Definition 2.4, similar to that developed above
for £' and J (£).

Remark 4.10 Duchon & Robert [7] show that the energy equality holds for suitable weak so-
lutions to the deterministic Navier-Stokes equations if one takes into account the additional
term D, a distribution in space and time, obtained by means of the limit of space-time regu-
larizations. Their computations in our setting would lead to a random distribution D(§)(¢, x)
in space and time and

J((‘E)(t)z(D(S),Jlm):/T D(€)(t, x)dx.

This is only formal because in principle our solutions are not suitable (see [19] for existence
of suitable solutions in the stochastic setting).

Moreover, they relate the quantity D to the four-fifth law in turbulence theory (see for
instance Frisch [14]).

4.3.1 The Mean Rate of Inertial Energy Dissipation

Consider a Markov solution (P,).cy and let u, be its unique invariant measure. Define the
mean rate of energy dissipation as

(i) ==E"[Ix[}].

We know that 2ve(u,) < o2. We can as well consider the expectation with respect to the
stationary solution P,, of the distribution J defined in the previous section. As i, is an
invariant measure, the distribution ¢ — EFPu[( 7 (£), )] is invariant with respect to time-
shifts. Hence there is a constant ¢(u,), that we call mean rate of inertial energy dissipation,
such that

E P [/ T E)p() dt] = l(M*)/ p(x)dx.
0
We notice that, as a consequence of (4.7),
0 <t(pa)-

By taking the expectation in the balance of energy given in (4.6), we finally obtain the
following energy equality,

1
ve(i,) + (i) = 502. (4.8)

The quantity ¢(i,) can be given as the expectation of (4.5). Notice that in this case the
expectation in u, and the limit in (4.5) commute.

We give a different formulation of ¢(u,) in terms of Fourier modes. As the definition
of 7 (and hence of ¢) is independent of the approximation (as long as the approximating

@ Springer



436 M. Romito

quantities are regular enough, so that all the computations are correct), we use a ultraviolet
cut-off in the Fourier space. For every threshold K, define the projection £% of H onto low

modes as
f _ ik-x
Kx = xe or x = xe™ ™,

koo <N kez?
and the projection onto high modes # O” =1- °l . Applying It6 formula on ()| PL&|? as
in the previous section, taking the expectatlon w1th respect to P, and then getting the limit

as K 1 oo yields the following representation formula for ¢(u.),

(o) = lim B [(Pex . Pk B(x, x)].

Since x = Pll(x + Ph

(JKx Pl xB(x,x)) = (P x B(x, x)) (P x B(x, P x))
= (Pxx. B(x, Pix))

as (P x B(x, P x)) is the sum of a finite number of terms (so we can use the anti-
symmetric property of the non-linear term without convergence issues). In conclusion,

L) = 11m E[(Pyx, B(x, Pgx))] = hm E“‘[ E (X - Xi) (m - Xz)]
I+m=k
[kloo <K,
[mloo>K

Following Frisch [14, Sect. 6.2], the last term we have obtained in the formula above is the
energy flux through wave-number K and represents the energy transferred from the scales
up to K to smaller scales.

From the previous section we know that ¢(u,) > 0, this is a consequence of property
[M3] of Definition 2.4. From a mathematical point of view, existence of invariant mea-
sures with ¢(u,) > 0 would be an evidence for loss of regularity and, in turn, for blow-up.
From a physical point of view, the energy flux through wave-numbers should converge to
zero—hence, again we would expect ¢(u,) = O—as the energy should flow through modes
essentially only in the inertial range (we refer again to Frisch [14]).

Proposition 4.11 We have

1. the map p, — €(u,) has a smallest element in Z (solution of largest mean inertial dissi-
pation),
2. if
hm sup E”[(|x|v — R)]l{mz -r]=0,
oo WELy
then there is p, € T such that e(j1.) = sup .z, €(i.) (solution of smallest mean inertial
dissipation).

Proof The first part follows easily as Z is compact (see Remark 4.2) and pu — e(u) is
lower semi-continuous for the topology with respect to which Z is compact. As it regards
the second part, we know by Corollary 3.2 that 7, is relatively compact on C, (V). Hence,
if M is the largest value attained by ¢ on Z,, and (it,,),eN 1S @ maximizing sequence, say
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e(un) > M — nl by compactness there is jt such that, up to a sub-sequence, ®, = Ueo-
Now

er(ttn) = " [Ix 3 Lyp gyl + Ruallx[y > R]

1
> M — — —supE'[(Ix[}, — R gy,
N e v {Ix}>R)
where gg(u) = ]E“[|x|%, A R]. As n 1 0o, by continuity eg(it,) = €r(iloo), SO

e(Hoo) = Er(hoo) = M — SUP/ |x|%/]l{|x\%/>R}lL(dx)-

HneT

As R — 00, it follows that € (1) > M, hence (o) = M. O

‘We have not been able yet to prove the condition given in item (2) of previous proposition.
We also remark that such measures of largest and smallest mean inertial dissipation may
not be unique, as both functionals ¢(-) and ¢(-) are translations-invariant (see Section 4.2).

Appendix A: Analysis of the Mildly Regular Approximated Problem

Let R > 1 and let x : [0, 00o] — [0, 1] be a non-increasing C* function such that xzx =1

on [0, %R], xr =0o0n [2R, c0) and there is ¢ > 0 such that | x| < % (see Fig. 1).

Given a value gy € (0, %], we consider the following problem in V),

dii©o R 1y AGER 4 XR(“I(SO,R)|2vSO)B(ﬁ(80,R)’ iRy = Q1dw,

div i ®-® = 0.

(A1)

Let t¢0-® : 2 — [0, co) be defined as

£€0-R) (g) :inf{t >0: |w(t)|%,go > ER}
(and 7¢0® () = oo if the above set is empty). The main aim of this section is to analyse
the solutions to the above problems and their connections to the original Navier-Stokes
equations (1.2).
Before turning to the results on the regularized problem (A.1), we remark that in the
proof of all results of this section we shall use the splitting iZ¢0-® = §©0-® 4 7 where z
solves the following linear Stokes problem

1
{dz+Azdt:(,‘22dW, A2)

z(0) =0,

Fig. 1 The cut-off function x g

3
>R 2R
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and so 9-® solves the following equation with random coefficients
d ~(co.R) ~(e0,R) = (60, R) |2 ~(0,R) (60, R)
Ev O+ VAV 4 g ([t |V5())B(u 0 w0y =0. (A3)

A.1 The Weak-Strong Uniqueness Principle

We first extend the weak-strong uniqueness principle stated in [11, Theorem 5.4] to the
above problem (A.1). This is the content of the following result.

Theorem A.1 Assume condition [A2] of Assumption 1.1 and let &, € (0, %] with gy < 2.

Then, for every x € 'V, equation (A.1) has a unique martingale solution Px(EO'R) , With
PEOPLC([0,00); V)] = 1. (A4)

Moreover, the following statements hold.

1. (weak-strong uniqueness) On the interval [0, TR, the probability measure PSO™

coincides with any martingale solution P, of the original stochastic Navier-Stokes equa-
tions (1.2), namely

(0. R)
E" [(/’(éft)ﬂ-{f(soﬂzt}] =E" [Qo(gt)ﬂ-{r(S()-R)z,]]

for every t > 0 and every bounded measurable ¢ : H — R.
2. (blow-up estimate) There are cy > 0, ¢; > 0 and ¢, > 0, depending only on &, such that
for every x € Vg, with |X|%;€0 < g,

., R?
P’C(S(),R)[I(E()-R) <8l <cie”2T (AS5)
L
for every § <coR *0.

Proof The proof is developed in four steps, which are contained in the following subsec-
tions. More precisely, in the first step we prove existence of solutions for problem (A.1),
while in the second step we prove uniqueness. The weak-strong uniqueness principle is then
proved in the third step and the blow-up estimate (A.5) is given in the fourth step.

Step 1: Existence. We only show the key estimate for existence. Let z be the solution to
the linear Stokes problem (A.2) and consider 5“0-® as above. The usual energy estimate
provides (here we use it = #“0-® and § = v0-® for brevity)

d . - - U T
Ew@go +20[0113, < 2xr(il3, (AT B, i), ATT00)
< cxr(ily, DITlv, 1AVl

~2 ~ 0(e 2 ~ 14280 [ ~ 1 128
< exr(lil, DI5lv, (A" + 13132 5]13;20)

. 2+ L L
< VIl + A"z + 120y, 0 + R TF0), (A6)

where we have used interpolation inequalities and Lemma 2.2, with & = &;. Notice that, by
the choice of & with respect to &g, |A?0z|%, has exponential moments.
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In order to show (A.4), we show an a-priori estimate for the derivative in time %ﬁ(SO*R)

in L2(0, T; D(A~G—0)), for all T > 0. The continuity of i®>® then follows from this
fact and continuity of z. The a-priori estimate follows by multiplying the equations by
diA%o—% (€0, R

. )

1. vd . - Sl 1z
ATIOP + S 101, < Xk, DA™ B@, @), A 730)n

1 s - —
< SIACTHU 4y (JATO 2 RO, ),

N =

where we have used the same estimates as in (A.6) (and again i = #“0® and © = 30-® for
brevity).

Step 2: Uniqueness. Let i1y, li, be two solutions of (A.1) starting at the same initial condi-
tion and set w = it; — i1,. The new process w solves the following equation with random
coefficients,

W+ vAw = XR(llzzlﬁygo)B(ftz, i) — xr(liy |%;SO)B(L71,51)
= [XR(|112|%;€0) — xr(lity |%;50)]B(121, i) + XR(|L72|%;EO)B(U)» i)
+XR(|’ZI|%J£O)B(’/~¢1,w)

and so
d 2 2 ~ 12 ~ 2 ~ o~
E|w|1-1+2”|w|v:2[XR(|u2|v80)_XR(|M1|VSU)](UJ7 B(uy,u2))n

+ 2 (1ol ) (w, Bw, @)

=[1]+[2]
Next, we estimate the two terms. In order to estimate the first term, we first remark that

~ 2 ~ 2 ¢ ~ 2 ~ 2
Ixr(lt2ly, ) = xr(ldily, )l < ﬁhbhjs0 (Lo 2r1 1]y, ) + Lo 2ri (2], )]-

By using the above inequality, Lemma 2.1 (with o) = % —&p, 0o =0and a3 = i + &) and
interpolation and Young’s inequalities, we get®

< el ) = xw i3, )| 1By, w), iia) u
Cc

=
VR
% +2¢0

3-2e Lo~ 1 oo
clwly “Tlwly (AR |y + [A2T | )

| eon I~
V2R, lwly (A2 |5 + A2 )

IA

3The inequality has to be slightly modified if g = % In such a case we use Lemma 2.1 with o] = % ar =0,

1
a3 =g,

1 - -
[(B(iy,u2), wyg| < clA%w|gliyly|uzly.
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1. . 1. . _4
< —wl} +clwl3 (A28, |y + |A2 ™00, |5) 50

N <

For the second term, we use Lemma 2.1 with oy = § + &, @, =0 and a3 = 5 — &, and

interpolation and Young’s inequalities,

= 2xliial}, ) (it2, B(w, )y
~ ~ 1_
< 2cxr (i, itzlv, [wly |AZ 0wl

< 2CR|U)|§_ISU|U)|%/(1_SO)

1 2 )
< Slwl} + R fulj, (A7)

Finally, Gronwall’s lemma implies that w = 0, since w(0) = 0.
Step 3: Weak-strong uniqueness. The proof works exactly as in [11, Theorem 5.12], we give
a short account for the sake of completeness. The proof is developed in the following steps.

1. The energy balance of i = 0% — £, given by
- t
&=y +2v/ [ (s)[3 ds +
0
t
2 [ (OO, ) BGR.T00) - B 6). ) ) ds
A :

is an a. s. super-martingale under P, .
2. 7R js a stopping time with respect to the filtration (3;),s¢.
3. The stopped process (ft Az(é0-®))s=0 1S again an a. s. super-martingale.
4. The previous step implies the conclusion.

All the above steps can be carried out exactly as in the proof of Theorem 5.12 of [11] (the
key point is that ‘0% is continuous in time with values in 'V, with probability one). The
only difference is in the last step, where the estimate of the non-linearity needs to be replaced
by the following estimate,

(, B@“oR, q“0®) — B, &))u

~ o~ ~ ~ ~ 1.
= — w,w),u H=ClU Ve W[V 2 Wy
(B( ), 80Py < clgoR| JwlvIAZ=0w]
ey . _f0 1
< cVRIDLE VN[0 < v|wf} +cv” 0 RF 0],

which follows from Lemma 2.1 (with o; = g9+ %, oy =0and a3 = % — &p) and interpolation
and Young’s inequalities. Finally, the above estimate can be obtained as in (A.7).

Step 4: The blow-up estimate. Fix x € V,, with |x|%,€O <2 and § > 0. Set O =

2
SUP, (0.5 [A?€0z|?, then, by slightly modifying inequality (A.6), we get

€0

2¢p+1
d B2 a0 4 5oy <o Ly g2y genp ) O
SNV, < (A"l + TR0 <o 5+ 07+ R, )
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where §¢0-® = j3¢0.®) _ 7 has been defined in (A.3). Hence, if we set (t) = % + (‘962 +
|50 R |%,SO , we end up with a differential inequality that, once solved, gives
1
0(1) < 9(0)(1 = c8p(0)%0) .

From this, it is easy to show that there is a suitable constant ¢y = co(gp) > 0 such that

L
IﬁSO’R(s)I%,EO < 3R forevery s <8, when @5 < £ and § <coR™ 0.

L
In conclusion, if § < ¢yR™ %0 and |x|%,F0 <% then

R
@553

- 3
= |u(5°’R)(t)|%;EO < ER fort<s = @R
and so
R _ . R%
P(So,R)[.[(So-R) <8< PpeoR) Os > = | <cle 2
x . — X 2=

with constants ¢; = ¢;(g9) > 0 and ¢; = c,(gp) > 0 depending only on &y and the last in-
equality follows easily as in Proposition 15 of [12] (which in turns is a consequence of
Proposition 2.16 of Da Prato & Zabczyk [3]). |

A.2 Moments of Norms of Stronger Regularity

The proof of the following theorem is based on an inequality taken from Temam [21,
Sect. 4.3, Part I] (see also Odasso [17]).

Theorem A.2 Under condition [A2] of Assumption 1.1, for every g, € (0, i], with g9 < 20,
there are § = §(gg, o) > 0 and y = y (&9, o) > 0 such that

t
E[/o SRRy ds] <Cll+1+ x4 (A8)

where 1 “® s the solution to problem (A.1) starting at x € 'V
independent of both x and R.

and the value of C is

€0

Proof If ap < i, we choose gy < 2¢ (such condition is useless for all other values of o).
The noise is not regular enough to let us work directly on 0% so we rely, as in the proof
of the previous theorem, on 9¢0-R = j7¢0-R — 7 Tet p = % — &9 (the value of p could be
slightly improved, but it is beyond our needs) and compute

(A2T2905 B(i, it))

(1+ |5, )7+

1513,

~ PR,

d ~2 \—p ~ 0
LA +136,) ) —2pxx(lal, )

)

where we have set i = 1¢0® and ¢ = 9¢0® . The non-linear term can be estimated as in
(A.6) to get

3 o 1 2+t
(ATI5, A3 B3, it)) y < —||U||%;EO +c(|A9(so)Z|é}{+|vlvsoeo)
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and so

/T ||ﬁ||2'vpo ds <14 /[ |A9(50) |4d + /t |~|2 d
P e—— 2 R Cc Z N c v S.
o (L+ [0y, ! 0 o o

The term in z is plain (see for example Da Prato & Zabczyk [3]), while the term in |17|v50
can be estimated by means of the energy inequality [M3] of Definition 2.4. Finally, in order
to prove (A.8), we use again the energy balance, since by Young’s inequality

1513,

0 141512
L+l )r+! o +'”"’E°)]

~n2y
1513, < c[
if y is chosen properly, depending on p.
Next, if ay > i, fixa e (%, ) and g € (0, i] and choose p > 0 (whose value will be
fixed in dependence of ). We apply It6 formula to the function (1 + |A%% R #)[2,)77, to
get
1 1

(L+[A“G@OB)r  (1+|A%x[3)?

t Aa+%ﬁ2 ' 3 Aa+%ﬁ7Aa—%B i, i
:2p/ %dﬁzp/ RN B )
o (14 [A%i|7)P+! 0 ‘0 (14 JA%iz]7,)P+!

_zp/f (A“li, A*Q2dW,) ds—p/t o2 "
o (14 [Avilg)rt! o (14 |Aaf3)r+!

t o l"'2
[A*@2uly,
+2 Jrlf—~ ,
plp+1D o (1+|A2i|%)r+2

and we have set again i = ii“0®), The non-linear part is estimated with Lemma 2.2, inter-
polation and Young’s inequalities,

(A™*3ii, A3 B, i)y < CIA™ ity | A"l

20+

a+l~ o~ ati~ %_20‘
< ClA" " 2u|y|A%uly, “|A*"2u|g

1 a+l~2 a~2%
< Z|A*2uly + ClAYu| .

Ifo< i + &9, ¢ + % > 0(ap) and one already knows that some power of |A%u| has finite
moment, then one can proceed as in the previous case oy < }‘. Otherwise, as in Temam [21],

one can iterate the same procedure using o — % instead of «, until the above conditions are

satisfied. O

A.3 An Estimate of the Return Time to a Ball

The aim of this section is to verify that the probability of hitting a ball (in a smooth norm)
can be uniformly bounded from below for all initial conditions in a given ball.

Lemma A.3 Assume condition [A3] from Assumption 1.1. Then one can choose &y € (0, }‘]

with gy < 2aq such that there are 60’ < agy + %, 0" > 0(ag) and a suitable constant ¢ > 0,
and the following statement holds.
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For every R > 1 there are values Ty = Ty(R) and K = K (R) such that for every x € 'V,

IxI3, <R,
0 E T€0'3R > T()
Al { su AYzZ(% <R B { ) |
[A] p;s[o,TO”l My =< [B] 1A ﬁ50’3R(T0)|%_I <K,
To <cR %o,

where z is the solution to the linear problem (A.2) .

Proof We choose &y = 1 and we set, for brevity, ii = 3R and & = ii — z. The first part of
statement [B] follows as in the proof of (A.5), if the constant ¢ is chosen accordingly. So,
for every t € [0, Tp], we know that |it(t)|%, < 3R. In particular, using (A.6) and the second

statement of [A], it follows that there is a constant Ky = Ky(R) such that

Ty
sup [3(1)[ + f |AB(5)[3 ds < Ko(R). (A9)
[0,Tp] 0

We next prove the second statement of [B].

Step 1. We first consider o € (%, %] and we choose § € (0, %) so that “70 <8<+ 4—1‘
(this condition ensures that 6 (xg) < % + 6§ and 6(5 + i) <ap+ %). In the case o = % we
simply choose a value § € (i, %).

Step 2. For all w € 2 satisfying [A], there is ty = ty(w) € (0, Ty) such that |Af)(t0)|%1 <
2K,. Indeed, from (A.9) it follows that the set {t € (0, Ty) : |AD(t) y|> < 2K} has Lebesgue
measure at least %, and in particular is not empty.

Step 3. There is K1 = K (R) such that for all v € $2 satisfying [A], |A%+5ﬁ(To)|i, <Kj.
We use Lemma 2.2 (with & = § + 1), interpolation of D(A?G+D) between V and D(A!+%)
and Young’s inequality to obtain the following estimate,

d
E|A%+5f;|i, +20|A2, = 2(A D5, B(i, i)
< c|A1+51~)|H|A9(5+%)’1|%{
~ 1 ~
< V|A1+8U|H +C(|A9(3+4)Z|‘;’ + |U|?/+85).

Since v is bounded in V, the claim easily follows. In the special case oy = % one can proceed
analogously.
Step 4. We choose then 6’ = 6(8 + ;) and 6” = § + 3 and the second statement of [B]
follows.
1

Step 5. If ap > 5 we iterate the above procedure as in the proof of Lemma C.1 of [11],

using the two inequalities
[i1] if m € N, m > 1, there are an integer p,, and C,, > 0 such that
d m . 5 mtl o ~ m P
EIAZ Uy +v[A 2T 0|y <Cp(1+|vly + A2 2|H)P,
[i2] if k > % and 8 € [0, %), there are C, g > 0 and ag > 0 such that
d . 1. 1. -
EIA”“}UI?, + V| APIGG < Cop[|A P2l + (JAST 2B | A 5|
+ AP IIATP B ],
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whose proof can be found in the proof of that same lemma. O
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