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Abstract. We determine with positive probability the Hausdorff dimension of the
level sets of a class of Navier—Stokes a—models at finite viscosity, forced by mildly
rough Gaussian white noise.

1. Introduction

This paper addresses the problem of determining the Hausdorff dimension of the
level sets of the solutions of some stochastic PDEs from fluid dynamics in two space
dimensions. Consider the following stochastic PDE,

O+ v(—A)*0+u-VO=n, >0, (1.1)

on [—m,7]?, with periodic boundary conditions and zero spatial mean, where v, a
and M are suitable parameters, 7 is Gaussian noise and the transport velocity is
given by u = V+(—A)~Mp. We prove almost sure upper bounds, as well as lower
bounds with positive probability, on the Hausdorff and packing dimension of the
level sets of the random field §(¢) at any positive time ¢ > 0.

Our equation (1.1) belongs to the class of Navier—Stokes a—like models (see for
instance Olson and Titi (2007) and the reference therein) and, when a = 1, the
2D Navier—Stokes equations in the vorticity formulation correspond to M =1 (see
for instance Majda and Bertozzi (2002)), the surface quasi—geostrophic equation
corresponds to M = %, while M = —1 describes the large scale flows of a rotating
shallow fluid (see Fal’kovich (2007)). In this paper we will assume « > 1 and M > 1.
Unfortunately, our results do not cover the above mentioned cases, although they
are the motivating examples.
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Our interest in level sets for equations from fluid dynamics is inspired by the
theory developed for the 0-level set at a physical and numerical level in Fal’'kovich
(2007). Our technique is not powerful enough to be able to say something about
the “physical case”, for a series of reasons: we work at finite viscosity and not in
the vanishing viscosity regime, we assume hyper—dissipation, due to the limits of
the techniques we employ, we are not able to capture all of the interesting cases of
the transport velocity, we are dealing with rough noise. On the other hand, this
paper is a preliminary work and extensions are currently being developed.

The results presented here focus on any level set. On the other hand the zero
spatial mean condition gives a privileged status to the zero level set. It would be
expected to obtain stronger results on the zero level set than on any other level
set. We conjecture (see Remark 2.4) that indeed the zero level set should have a
“deterministic” dimension, that is, determined almost surely.

We give a few details on the techniques used to achieve our results. Asin Dalang
et al. (2007, 2009), the non—linear problem is reduced to the linear problem (namely,
the same equation without the non-linearity or, in other words, the linearization at
0) by means of an absolute continuity result between the laws of the two processes.
In the above references the equivalence is provided by the Girsanov theorem. In
our problem Girsanov’s transformation cannot be applied (see Remark 4.1), and
we apply a weaker result from Da Prato and Debussche (2004), using the poly-
nomial moments from Es-Sarhir and Stannat (2010). On the one hand this gives
equivalence of the laws at the level of the single time rather than of the full path,
but on the other hand this is enough for our purpose. The equivalence result is
already known from Mattingly and Suidan (2005); Watkins (2010) and ours is an
alternative proof.

Once the problem is reduced to a linear equation, it becomes more amenable and
one can use the theory developed for Gaussian processes in Kahane (1985) (see also
Xiao (1995, 1997); Wu and Xiao (2006)) to show almost sure upper bounds on the
Hausdorff and packing dimension, as well as lower bounds with positive probability.

1.1. Notations. Let Ty = [—m,7]? be the 2-dimensional torus. For every v € R
denote by H;(']I‘g) the Sobolev space of periodic functions on Ty with mean zero on
T, defined in terms of the complex Fourier coefficients with respect to the Fourier
basis {e!*® : k € Z2}, as

H(Ts) = {(&)kezz CC:& =0, €2 := > [k*|&]* < oo},
keZ?

with norm [ - ||.. In particular, when 5 = 0, we use the standard notation L3 (T2).
Define moreover the spaces of divergence—free vector fields V, as

V, = {(Uk)kezg CcC?:k-u,=0forall k, u' = (u};)kgza € H;ﬁ for i:172}7

where Z2 = Z*\ {(0,0)}, with norm [|ul|? := [[u'|]2 + [[u*|]2, and v = (u",u?). In
particular, set H = Vj.

Denote by A the realization of the Laplace operator —A on L%&(Tg) with periodic
boundary conditions. A real orthonormal basis of L% (Ts) (and hence of each H )
of eigenvectors of A is given as follows. Set

27 ={k€Z®: ky>0}U{k€Z’ ks >0,ky =0},
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72 = —Zi and Zf = ZiUZ%, and ey, = ¢y sink-z for k € Zi and e = cjcosk-x
for k € Z* , where ¢; = v/2(2m) ™!, then (ex)rez2 is an orthonormal basis of L2, (T)
(see for instance Majda and Bertozzi (2002)). With these positions, given v € R,
Ay = Zkezz |k|PY ey, for x = Y, zreg. Set By = ]I%Iek for every k € Z2, then
(Ex)rezz is an orthonormal basis of H. With a slight abuse of notations, we will
also denote by A the realization of the Laplace operator on H.

Given y € R and a field v : Ty — R, denote by £, (v) the y-level set of v, namely
Ly(v) ={zeTs:v(z) =y}

We denote by dimyg and by dimp the Hausdorff and the packing dimension,
respectively. We refer to Falconer (2003) for their definition and properties.

2. Formulation of the problem and main results

2.1. Formulation of the problem. Fix v > 0, a > 1 and M € R. Consider on Ty
the following stochastic PDE,

O+u-VO=—vA0 +1), t> 0,2 €Ty, (2.1)

with periodic boundary conditions and with [[; 6 dz = 0, where u is given as
u=V1+A~Mg. By its definition it turns out that div(u) =0 and [[ u(z)dz = 0.

The non-linearity. Set for a vector function v, with div(v) = 0, and a scalar func-
tion f,

B(v, f) =v-Vf=div(vf).
We use the same notation B(v,v") when v is a vector and the operator B is under-
stood component—wise, namely [B(v,v’)]; = B(v,v}). Set moreover

By (z) = B(VFA™My )
We stress two important properties of the non-linear term. Their proofs are stan-

dard using integration by parts arguments.
Lemma 2.1. For every smooth x and v, with dive = 0,

(x,B(v,x))2 =0, (A=Mg Byr(x))p2 = 0. (2.2)
Proof: The first is classical in the theory of Navier—Stokes equations (see for in-
stance Majda and Bertozzi (2002)). For the second,

(A=My. By (x)) :/(A*M:E) div(zV+A"Mz) :f/x(VA*Mx)(VlA*Mx) =0,

by integrating by parts. O

The random forcing term. The random forcing term 7 is modeled as a coloured in
space and white in time Gaussian noise, namely 7 is a Wiener process with covari-
ance C € £ (Li(Tg)). For our purposes, we will assume that C has a smoothing
effect.

Assumption 2.2 (on the covariance). The operator C is positive linear bounded on
Li (T3). The driving noise is homogeneous in space, hence C has the same eigen-
vectors of the operator A. Under these assumptions, there are numbers (o )rcz2
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such that for x =), zre, € Lih
Cx = Z J,%:ckek.
keZ?

Assume additionally that there exists § € (1 — «, 2 — «) such that

C2 C3
— < < —. 2.3
|k’|6 = |ak| = |k|5 ( )

The abstract formulation. In conclusion (2.1) can be recast in its abstract form as

df + (vA“0 + Bar(6)) dt = C= dW. (2.4)

2.2. The linear problem. Consider the linear version of the problem under exami-
nation, namely,

z(0) = 0. (2:5)
Under our Assumption 2.2 existence and uniqueness of a solution of problem (2.5)
above is classical (see for instance Da Prato and Zabczyk (1992)). Continuity in
space, although classical, can be derived directly from our Lemma 3.1 and the
Kolmogorov continuity theorem.

With continuity at hand, it is meaningful to consider spatial level sets for the
solution of the problem above. Our first result gives upper and lower bounds for
the dimension of the level sets of the solution of (2.5).

{dz +vA“z =Cz dw,

Theorem 2.3. Let o > 1 and let Assumption 2.2 be true. For every t > 0 and
y<R,

o Pldimp(Ly(2)) <3 —a—0] =1,

o Pldimp(Ly(z)) = dimp (Ly(2)) =3 —a — 3] > 0.

The proof of the theorem will be given through Propositions 3.5 and 3.7, and
is based on well-known techniques (Kahane (1985); Xiao (1995, 1997)) for the
dimension of level sets.

Remark 2.4. Theorem 2.3 above says that £,(z;) has dimension equal to 3 —a—§
with positive probability. It should not be expected that in general this may hold
with probability one. Indeed, if y # 0, the set £,(2) is empty with positive
probability, since z; is continuous and defined on a compact set. On the other
hand if y = 0 then Lo(z¢) # 0 with probability one, since z; is non—zero and with
zero average. We conjecture that dimp(Lo(z:)) = dimpy(Lo(2:)) = 3 — a — 6 with
probability one.

An effective way to prove that a random set has an almost sure dimension is to
show that the set contains a limsup random fractal as proposed in Khoshnevisan
et al. (2000). It is easy to construct a limsup random fractal contained into Lo(z)
by using the sets {|z(z})| < €} as building blocks, where (2})j is a dyadic grid.
Unfortunately, the correlation between distant blocks is too strong to apply Khosh-
nevisan et al. (2000, Corollary 3.3).

A different approach to prove the conjecture could be based on existence and
regularity of the occupation density of z; at 0. First, the random field z; has
an occupation density ¢ due to Geman and Horowitz (1980, Theorem 22.1) (see
also Pitt (1978, Theorem 3)). Moreover, it is not difficult to see that z; satisfies
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the property of local 2(a + 6 — 1)—nondeterminism (see Monrad and Pitt (1987)
for the definition, and Xiao (2008, 2009) for a recent account) and so, by Pitt
(1978, Theorem 4) (or Geman and Horowitz (1980, Theorem 26.1)), the occupation
density ¢ is Holder continuous. By Monrad and Pitt (1987, Theorem 1), in order
to prove the “probability one” statement, it is sufficient to show that ¢(0) > 0 with
probability one. For instance this is true if there is a random constant ¢4 = c4(w) >
0 such that

Lesz({x €T, |Zt(x)| < 6}) > cq€.

We have not been able to prove that P[¢(0) > 0] = 1.

2.3. The non—linear problem. We extend the results on the dimension of level sets
by means of an absolute continuity result. The random perturbation we consider
is not “strong” enough (in terms of regularization) to apply Girsanov’s theorem
(which is a standard method when dealing with non-linear terms of order zero, see
for instance Dalang et al. (2007, 2009)). We use an absolute continuity theorem
of Da Prato and Debussche (2004) to translate the dimension results on the linear
problem to the non—linear problem. We remark that another option to prove the
absolute continuity could be given by the idea in Mattingly and Suidan (2005) (see
also Mattingly and Suidan (2008); Watkins (2010)).

Existence and strong uniqueness of a solution of problem (2.4) is proved in
Lemma 4.3, while continuity with respect to the space variable is proved in
Lemma 4.7. In particular, continuity ensures that the level sets of 6 are properly
defined.

Theorem 2.5. Let v > 0, a« > 1, and M > 1, and assume the covariance C
satisfies Assumption 2.2. Let 0 be the solution of problem (2.1) with 0(0) € L%,
then for every y € R andt > 0,

o Pldimp(Ly(0;)) <3 —a—4d] =1,
o Pldimp(Ly(6;)) = dimpy (Ly(0;)) =3 —a — 6] > 0.

The theorem will be proved in Section 4. As we shall see in the course of the
proof of the above result, the same holds when 6 is the stationary solution.

3. Linear results

In this section we prove Theorem 2.3. Existence and uniqueness for the solution
z of (2.5), as well as of its invariant measure and strong mixing are a standard
matter, see Da Prato and Zabczyk (1992). In the next lemma we summarize a few
results concerning point—wise properties of z that we will need in the rest of the
section.

Lemma 3.1. Under the assumptions of Theorem 2.3, for everyt > 0 and x € To,
2(t, ) is a centred Gaussian random variable such that coo? < E|z(t,z)|? < cs02,
with op > 0. Moreover, there is g;: : R — R such that

El|2(t, ) — 2(t,y)*) = gz — y),

and cslz[2@H0D) < g, (x) < cglz|2@HO-D),
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Proof: We can write z(t,x) as
tx Z Uk/ —v|k|?* (t—s) dﬁk( ))ek( )
keZ2

where (B) rezz are independent standard Brownian motions. Given z € Ta, t > 0,
the real valued random variable z(¢, x) is Gaussian and,

oler(z)? PYRTRES
Var(z(t,x)) = Z W(l — o 2vIk| t) zo’f = Z

keZ? kez?

1 — e—2vIk**t

4V\k|2(°‘+5)

The expectation of the increments yields

0'2 —2u 2a . k
Efl=(t,2) = 2(t9)P] = D 5ontes (=71 sin® S(a ) = (o — ).
keZ2

Using (2.3) and the fact that (1 — e*2”|k‘20t) is bounded from above and below by
constants independent of k£ (but not t), we see that

5 k
Z |k|2a+25 (.’E - y)7

keZ2

hence g;(z) = |z|2(@+9=1) by Lemma 3.2 below. O

Lemma 3.2. Let v > 0. Then for all x € R? with |z| < 1,

Z |k\d+’Y sin®(k - x) ~ hy (),

kezd
where ha(z) = —|x|*log |x| and h(x) = |z|""? otherwise.
Proof: For the upper bound,

2
Z |k‘d+fy sin’ (k- ) < Z E ||dl~‘k|'y 3 T Z

kezd k|- |z|<1 k|- |x\>1

|d+'y —EH'E]

The term || can be easily estimated by comparison with an integral, yielding [i] <
crlz|7. For [§] we use the elementary result,

1 A=)+ g4
Z — ~ ’ A large,
| log A p=d,

to obtain immediately that [§] ~ h(z).
For the lower bound, an elementary computation shows that there is cs = cg(y) >

0 such that,
1 g2, dty—2
|]€|T+"/ = 08/ e |K| t 2 dt,
0
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hence
1 - 271 > —tlk|? = 2/(1 dty—2
Z |]{|T+,Ys1n (§k~x)208 (Ze sin (ik-x»t 2 dt
kezd 0 “kezd
1 o g
= 508/0 (Z e*t|k‘2(1 — cos(k - x))td+2 ® dt
keZzg
1 ! dtvy-—2
> ges [ (6(60) = ot )5 an,
0
where

o(t,x) = Z eIk’ cos(k - ).

kezd

The function ¢ is the fundamental solution of the heat equation with periodic
boundary conditions and mean zero. In particular, ¢(t,0) — ¢(t,z) > cot ~%/? (1 A
|z|2/t), hence

L ' i |z|? | a+r—2
Z WSIHQ(%k'm) 2/ T (1/\7 )t 2 dt > ci1hy(2),
keZd| | o t2

by a direct computation. O

Remark 3.3. If we replace the usual Euclidean distance with the “torus distance”,
namely |z — y|r, = infgezz |x — y + 27k| in the statement of Lemma 3.1 and
Lemma 3.2 , the conclusions of both lemmata still hold true.

Remark 3.4. If d = 1, the above lemma admits a probabilistic proof, using a
Fourier series expansion of the fractional Brownian motion. Indeed, by Igléi (2005)
it follows, by simple computations that exploit the explicit form of the covariance
function of the process, that

=1
. 2 H
Z W S (%k’t) ~ t2 .
k=1
We have not been able to find a similar proof in the multi-dimensional case.

3.1. The upper bound. The following proposition contains the first part of Theo-
rem 2.3.

Proposition 3.5. Under the assumptions of Theorem 2.5,
dimpg (Ly(2)) < dimp(Ly(z)) <3 —a —7,
almost surely.

Proof: We know by Lemma 3.1 and Gaussianity that z; is y—Holder continuous
for every v < a+ ¢ — 1 and that the Holder coefficient L, has finite polynomial
moments by Kunita (1990, Theorem 1.4.1). Let v < a4+ § — 1 and consider a ball
B(x) in Ty, then

P[Be(2) N Ly(2)] < Ply € 2:(Be(w)), |21(2) —y[ = €] + Pllze(2) —y[ < €],
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On the first event there is z, € Bc(x) such that z;(z,) = y, hence for a 7 such
that v < 7' < a4 d — 1, we have that € < |z;(z) — z(x,)| < L,€". Therefore for
n large enough,

P[Be(z) N Ly(2)] < P[Lyy > €77 ] + 126" < "0 VE[LY] + 1367 < crae.
Consider now a covering of Ty of 22* balls By, of radius 27%, and let N, be the small-
est number of balls of radius 2% covering £,(z;). Clearly, Ny < > 1{B.nL,#0}5

hence E[Ny] < ¢15225=7%. By the first Borel-Cantelli lemma, Nj, < ¢15228=7"F for
k large enough, a.s., where v < 5. Therefore, dimp L,(z) < 2 —~"”, and the
upper bound follows by taking v/ 1 o+ — 1. O

3.2. The lower bound. We prove the second part of Theorem 2.3. To this end we
first give an estimate of the two—points covariance.

Lemma 3.6. Under the same assumptzons of Theorem 2.5, lett > 0. Then there is
ci6 > 0 such that for every x,z' € Ty, with x # 2', det(qear) > crlr — 2|2 +H0-1),
where ¢z 18 the covariance matriz of (z¢(x), z¢(x')).

Proof: Given t > 0, define the numbers ay(t) by
2
2 _ Ok o —2u]k2 2 _ 2 2
or(x)” = Z TS (1—e Jer(x)? = Z ar(t) er(z)”.
kez? keZ?
If 2,2’ € Tq, define oy(z,z") by
oi(z,2') = Elze() 2 (2)] = Z ar(t)?ep(z)ep(z).
keZ?

Then a few elementary computations (using the fact that a_; = ai and the sym-
metries of Z2) show that

det(qu/) == % Z am(t)zan(t)Q Sin2((m + n)%f)

m,n€Z?
By re-arranging the sum, we finally obtain
1
det(geqr) Z Ay, sin? = ), where A = 5 Z an(t)?am(t)%
keZ2 m+n=k;m,n€Z?

Since ay(t) ~ |k|72(@+9) and o+ § > 1, it is easy to see that Ay ~ |k|~2(@+%) and

27 z—a 2(ats-1
det(guar) Z |k|2+2 a+6 T 2ateo D) S (k- #5%) > cigle — 2] (ako=)
keZ?
where the last inequality follows from Lemma 3.2. O

Proposition 3.7. Under the assumptions of Theorem 2.3,
dimp(Ly(2)) > dimg (Ly(z)) > 3 —a — 4,
with positive probability.

Proof: We use Frostman’s ideas, see Kahane (1985). To this end, given a non—
negative measure p on Ty and a number v > 0, deﬁne the y—energy of u as

Jull = [ [ HEE)
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where | - | denotes the distance on Ty (see Remark 3.3).

We proceed as in Wu and Xiao (2006) (see also Xiao (1995, 1997)) and define
the measures 11, = v2mn exp(—in|z(z) — y|?) dz. For our purposes, it is sufficient
to show that there are cjg,c20 (independent of n), such that E[u,(T2)] > cig,
E[un(T2)?] < co0 and E[||pn|l4] < oo for every v < 3 — a — 6. Indeed, by these
facts it follows that there is a sub—sequence converging to a measure p. Moreover,
p is non-zero with probability at least c?gcyy (see Kahane (1985)). By continuity
of z; (Lemma 3.1), it follows that p has support in £,(z;) and hence Frostman’s
lemma (see Kahane (1985, Theorem 10.3.2)) yields P[dimy £, (2:) > 7] > ¢3gcag -
We notice preliminarily that

—znlz(@)—yl* —u® Hiu(z (@) —y)
2mne e du.
R

As in Wu and Xiao (2006), simple computations yield,
T2 / / e 2nu —iuy E[ iuzy z)]dudx _
T2

T, JR T, +0't

2
> (14 c2o?) “se 2%% = ¢19.

With similar computations, involving this time two dimensional Gaussian random
variables, we see that

i (daz) i (d’) = ( / / ™ 3% Iaar " gmiy(uatuz) du) do do’ =
R2

2m 1 -1 T 2
— -39, (Wy) / !
— N a3 . dr dr’ < ——=dz d2’,
NeET Vdet grpr
where g,o0 = LI + ¢y and guu is the covariance matrix of (z(z),z(z')). By

Lemma 3.6, det(gyer) > det(guar) > c16lz — /|29~ hence pu, (dz)pn(dz’) <
cor]x — 2’| 7(@F0=1) and it is immediate to deduce that E[u,(T2)?] < cg. Likewise,
we deduce that E[||zn /4] is bounded uniformly in n if v <3 —a — 4. O

4. Non-linear results

We turn to the proof of Theorem 2.5. Our strategy is based on the idea that if 6
is the solution of (2.4) and z of (2.! )7 and if the laws of 0(t) and z(t) are equivalent
measures, then Theorem 2.3 immediately implies Theorem 2.5.

Remark 4.1. A standard way to prove absolute continuity of laws of solutions of
stochastic PDEs is the Girsanov transformation. In our case, to apply Girsanov’s
transformation, the quantity

t
/ G2 By (022 ds < 00, P —a.s.
0

should be finite, at the very least. This happens when « > 2 (see Mattingly and
Suidan (2005, Theorem 3)).
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The following theorem could be proved by means of the same method in Mat-
tingly and Suidan (2005), which is indeed the case a > 1, M =1 (see also Watkins
(2010)). Here we present an alternative proof based on the method introduced
in Da Prato and Debussche (2004) and on the polynomial moments proved in
Lemma 4.4.

Theorem 4.2. Let « > 1, M > 1 and assume the covariance is as in Assump-
tion 2.2. Let x € L%(Ty), 0(-;x) be the solution of (2.1) with initial condition x
and z be the solution of (2.5) with initial condition z(0) = 0. Then for everyt >0
the law of 0(t; x) is equivalent to the law of z(t).

We first state some preliminary results that will be necessary for the absolute
continuity theorem given above. The first result ensures existence and uniqueness
for the solutions of (2.4). Its proof is quite standard and follows the lines of the
proof of Flandoli (2008, Theorem 2.9).

Lemma 4.3. Let « > 1 and M > 1, and let Assumption 2.2 be in force. Given

a probability p on H,*(T2) with all polynomial moments finite in H,"(T2), there

exists a unique (path—wise) solution 6 of (2.4) with initial distribution p such that

?E OC([O,OO);H;O‘(TQ)) nL2 (o, oo);Li(Tg)). Moreover for every m > 1 and
>0,

Esup (03| + vE| / OO0 ] <, (@)
E[1og(1 +sup 16812, + V/OT 10(1)]2. dt)] < . (4.2)

Denote by 0(-;x) the solution with initial distribution concentrated at x. Then
the process (0(';$))I€H;0(T2) is a Markov process and the associated transition

semigroup is Feller in H,*(Ts).
If additionally p has second moment finite in Li (Ty), then for everyy < a+d—1,

T
E[log(1 +sup |0(8)]12 + u/ 16(t)]2 dt)} < . (4.3)
(0,77 0 K

Moreover, the process (6(+; z))IGLi(Tz) is Feller in L%’:(Tg).

Proof: The proof is standard and it is based on finite dimensional approximations.
For every N > 1 let Hy = spanley, : |kl < NJ, denote by 7y the projection onto
Hy and consider the following finite dimensional approximation of (2.4),

A0y + (vA®ON + wn B (0n)) dt = mnC2dW. (4.4)

Using (2.2), it is easy to see (as in the first chapter of Flandoli (2008)) that the
approximated problem admits a unique solution for any initial condition in Hy.
Given a probability measure p on H;)‘, let 6 be the solution of (4.4) with initial
distribution 7y, and denote by Py its law.

Step 1: inequality (4.1) for un. The estimate (4.1) for uy follows by applying
It6’s formula to ||y (¢)]|*%;, using the second of (2.2) and standard stopping time
arguments (as in Flandoli (2008)). Notice that the estimate will pass to limit as
N 1 oo yielding (4.1) for the infinite dimensional problem.
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Step 2: inequality (4.2) for uyn. To prove (4.2), we notice that if M =1, (4.1)
provides already a stronger inequality. There is no loss of generality then if we
assume M > 1 here. To prove (4.2) for uy, set ny = Oy — Ty 2z, where z is the
solution of (2.5), then ny is solution of Ny + vA*nN + 7y By (0n) = 0. Set

t
on(t) = llnn ()24 + V/O I ()17 ds,

then

d
%bg(l + on) < eaa([lOn 112 ar + N121172)-

Here the non-linear term is the only non standard part, and we estimate it as
follows. By the Holder inequality and the embedding H;’E — L™ withe < M —1
so that 2 —2M +e < a— M,
2(A™ 0N, Bu(0n)) < casllnn lli-2allOn ll2—2nr+ellOn |l 2 <
< vlnwlze + caop(lOnlla—nr + lI2lI72).

By integrating in time and taking expectation of the inequality for log(1+ ¢ ), and
by using the inequality log(1 + = + y) < log(1 + z) + log(1 + y) (for positive z, y),
as well as that z € C([0, T]; H,(T2) for every v < a+d — 1, we obtain (4.2) for fx.
Notice again that this inequality is stable in the limit N 1 co by semi-continuity
and will yield (4.2) for 6.

Step 3: inequality (4.3) for un. The computations are essentially the same of
the previous step, but with

t
Y (t) = llnn (07 + V/ I (s)ll2 ds,
0

and we use the first equality in (2.2), the Holder inequality, interpolation inequal-
ities, and Sobolev’s embeddings (with ¢ < o+ — 1 and € < %) to estimate the
non-linear part as

<77NaBM(0N)>L2 = <B(VJ‘A7M9N,7TNZ>L2 <
< cgollnn [l llOnllellzllze < esi(llnn i lnnllz Izl + ol llz)12) <

< caa(1+ [|2[[ )¢

Step 4: time regularity. Here we show that there are 8 € (0, %) and p > 1,

such that 6y has a uniform (in N) finite moment in W#»(0,T; H#Q"‘) Indeed,
write Ox(t) = On(0) + TnCY2 W, + Jn(t), where Jy is the time integral of the
drift of (4.4). Clearly, 7xC?W; has all polynomial moments uniformly bounded
in Wﬁ’p(O,T;H;M), for every p > 1 and 8 € (0,1). By duality, | Ba(2)| 20 <

' 2
||l L2|lz|| =2z, since if |ly||z2z < 1, by the Holder inequality and Sobolev’s embed-
dings,

— — 1 —
(A7, Ba(x)) < AP 2y[loo [ VA al| 2|l 22 < esslloll-arllol 2.

Therefore By (0x) has uniformly (in V) bounded logarithmic moments in the space
L2(0,T; H#lfa) by the above computations and the bounds in the first and second
steps. Since the same holds trivially for A%0y, we deduce that J(0x) has uniformly
bounded logarithmic moments in W5?(0, T; H;Qa) with p as before.

Step 5: the limit. By the previous steps the sequence of laws (Py)n>0 is tight
in the space Sy = L?(0, T} Lf#) NWw#a»(0,T; H;EQO‘L for suitable 8, p. Hence there
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are a sub-sequence (that we keep denoting by (Pnx)n>¢ for simplicity) and a prob-
ability measure P, such that Py — P,,. By Skorokhod’s theorem there are, on
a new probability space, a cylindrical Wiener process (that we keep denoting by
W), a sequence of random variables (denoted by 6y for simplicity) and a ran-
dom variable 6., with law P, such that each 6y has distribution Py. Moreover
(On)n>1 converges a. s. to O weakly in Sp. Since the space St is compactly em-
bedded in C([0,T]; H;**) and in L*(0,T; Hy~*M), (see Flandoli (2008)) it turns
out that 8 — 6 converges a. s. in these topologies, and in particular implies that
UN — Us converges a. s. strongly in L2(0, T LZ#), where 1o = VFA M@ . Such
convergence properties readily allow to show that 6. is a (distributional) solution
of (2.4).

Step 6: uniqueness. Let 61, 5 two solutions with the same initial condition. Set
U; = VLA*MGi, 1=1,2, £ =0, — 6 and v = us — uy, then

£+ VA*E 4+ B(v,03) + Bluy, &) = 0.

With the same methods of the fourth step, it is easy to see that £ € L2(0,T; H#QO‘).
Since ¢ € L*(0,T; L%,), it turns out that ¢ — [|{(¢)[|2,, is differentiable with deriv-
ative 2(A~€, €) (see Temam (2001)), hence

d -
SN o + 203 + 247, B(o,62) + Blur, ) = 0,
and using the Holder inequality and Sobolev’s embeddings,

2[(A7¢, B(v,02) + B(u1,€))| < esa (10122 + 1102 £2) 1€l 2 1€ ]| o
2
< v[|€]lrz2 + c35 (10122 + (10211 22) 1€ 2,

in conclusion by Gronwall’s lemma we have that a. s., £ = 0. O

The next preliminary ingredient is to prove that there exists an invariant measure
for problem (2.4) which has all polynomial moments finite in L? (and in smaller
spaces of higher regularity). This is done following (almost) Es-Sarhir and Stannat
(2010).

Lemma 4.4. Let o > 1, M > 1 and let Assumption 2.2 be true. Then there exists
an invariant measure p for the transition semigroup associated to problem (2.4).
Moreover, for every v < d+a —1 and m > 1 there is a number cgg > 0 such that

J 1l atde) < )

Proof: Consider the Galerkin approximations (4.4) of (2.4). It is fairly standard
(see Flandoli (2008)) to prove, using the bounds and methods as in Lemma 4.3
that for every N the system (4.4) admits an invariant measure py. If we are
able to prove (4.5) for each puy with a constant csg independent of N, then the
lemma is proved. Indeed, the uniform bound ensures tightness of (un)ny>1 in
L3(Ty) and, consequently, of the laws of each of the stationary solution of (4.4)
with initial condition py in C([0, 00]; Hy®) N L7, ([0, 00); LZ). The same methods
of the previous lemma ensure that, up to a sub—sequence, there is a solution of (2.4)
which is limit of stationary laws, hence stationary itself. Its marginal p at fixed
time turns out to be an invariant measure for (2.4) and a limit point of (un)n>1-
By semi—continuity p verifies (4.5).
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It remains to prove (4.5) for the Galerkin system. Given N > 1, let Oy be the
stationary solution of (4.4) with marginal law py.

Step 1: estimates for the linear part. For every A > 0 consider the solution z) x
of the following problem,

dzoan + (VA2 N + A2y n) dt = rNCEAW,
with initial condition z) x(0) = 0, and recall that W (t) = 3, 7o Brex, with
(Br)kez2 independent standard Brownian motions. Set for every 7' > 0, a € (0 Ly,

)2

e€ (0,a+d—1)and 5 € (0,1) such that «(1 —2a(1 —8)) < (a+dJ—1—¢),

1 2
Macs(T) = (sup 12@ope)
’ kgf |k[daa(i=0)+20-2¢ oo pep 1170

From Proposition 2.1 and Corollary 2.2 of Es-Sarhir and Stannat (2010),
E[My.5(T)*™] < c3:T™1 729 and, P — a.s., ||aan(t)]? < cssA 2P M, 5(T)2.
For the rest of the proof fix values of a and 8 as required above.

Step 2: estimates for the non-linear part. Set ny, ny = On — 2 N, then 1y n solves

N + VA N + v Bu(On) = Azaw,

with initial condition 1y n(0) = 05 (0). For every m > 1,

d m m—
prCRs Imanl32)™ = 2m(1+ [nan[172)" " (=vllna v |12+
— (N, Bu(0n)) + AMza v, man)) s

hence using (2.2), Holder’s inequality and Sobolev’s embeddings,
(s Bar(0n)) < =l 12 + csollan w12 + esollza v [ 2l1ma v |2
AN, DMUN)) = 4 TINN|[a T C39[|1ZA,N|le T C39||Z\,N || |IT\,N |25

where € € (0,40 — 1) can be chosen arbitrarily small (and cs9 = ¢39(€), although
is independent from N). Young’s inequality and the inequalities of the previous
step yield,

D0t Inwl3)™ + Svm(+ 3™ sl <

< caom(L+ [ l22)™ 7 O+ a1+ laan 12l [Z2)

< caom(L+ [[manl22)™ 7 O+ laaw [l + essA ™29 Mo, 5 (T)? [l 1[72)-
Consider w € {M, . (T) < R} and choose A = Ag so that

2\ —2a 14
caoc3s R Ay A= T

then by using the Poincaré inequality and again Young’s inequality,

d m m— m m
pACR I3, ll72)™ + vm(L+ i lZ2)™ " Himaw e < car(+XE" + lzan [E™)-

Finally, by integrating in [0, T, on the event {M, . g(T) < R},

T T
vm / N 22 r |2 dE < (14 0(0)]122)™ +can / (LEXE 2 ]| .
0 0
(4.6)
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Step 3: estimates in Ag. Define for every integer R > 1 the events Ag = {R—1 <
M,..3(T) < R}. By Fernique’s theorem (see for instance Da Prato and Zabczyk
(1992)), for every ¢ > 2 and every e < a+ 6 — 1,

. oy & |k|26—25 _q(a+g,1,5)
Ellzan v (0)19) < caz (Elllnp v 12])* < cas (Z pysree) MELSTER :

since Ag + v|k|?> > Ar V (v|k|?). By our choice of Ag, a, and S, if ¢ > 2,

[N

oo T o0 T
B[ tan [ enn@lia] <E[S [ lantolzde] <cst. @)
R=1 0 RrR=1"0

Likewise,

B[ 14, Nh] < caok (14 Mas(T)F] S ern(1+T955).  (48)
R=1
Finally, recall (4.6) and use (4.7) and (4.8) to obtain
o] T 1-2
B[ Lan [ e 32723 ] < can(t+ By lal2]+ 7+ T27°5),
R=1 0
(4.9)

Step 4: conclusion. By assumption E,,  [||z||33] is uniformly bounded in N for
every m > 1, due to the estimate in H;M(’]l’g). Fix v € (0,a+d —1), then by (4.7)
and (4.9),

TE,y [lll72 2 ll213] =

> T
-E[Y JlAR/O 1Ox 11222102 di]
R=1

T

00 T
< B[S Lan( [ Ionnn OB e+ [l v O O )
R=1

1—2a
< eso (14 T+ T2 5 1B, ]33],
The above inequality holds for all T > 0, hence if we take T" = 2¢59 and use the
Poincaré inequality, we obtain (4.5) for puy (with a constant uniform in N). O

Corollary 4.5. Let « > 1, M > 1 and let Assumption 2.2 be true. Given v <
0+ a—1 and an integer m > 1, there are cs;y, cs52 > 0 such that if x € Li(Tg),
and if 0 is the solution of (2.4) with initial condition x, then

T
E| / 10 IZ5=210(8) |2 db| < e5:(1+ T + all32),  (4.10)
for every T > 0.

Proof: The proof proceeds as in the previous Lemma. Indeed, steps 1-3 hold
regardless of the stationarity of the solution. For the last step, we follow the same
lines and, without stationarity, inequality (4.10) follows. O

Next, we show that problem (2.4) has a unique invariant measure which is
strongly mixing. Moreover, the strong Feller property ensures that the law of
0(t) is equivalent to the law of the invariant measure, for every ¢t > 0. This allows
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us to reduce absolute continuity of laws at each time to absolute continuity of the
invariant measures.

Lemma 4.6. Leta > 1, M > 1 and let Assumption 2.2 be true. Then the transition
semigroup is strong Feller in H,“(T2) and problem (2.4) admits a unique invariant
measure which is strongly mizing.

Proof: Uniqueness and strong mixing follow immediately from Doob’s theorem
(see Da Prato and Zabezyk (1996)) if we prove that the transition semigroup is
strong Feller and irreducible in H,*(Tz). The proof is very similar to Flandoli and
Maslowski (1995), we give only a sketch and the key estimates.

Preliminarily, we prove the strong Feller property in Li. Let x : [0,00) = R be
a smooth non-increasing function such that x = 1 on [0,1] and x = 0 on [2,00)
and set xr(r) = x(r/R?) and Bf(z) = xr(||z]|22) B (z). The cut—off problem is

dOr + (VA“Or + B(0R)) dt = CZdW.

It is easy to show, as in Lemma 4.3, that the above equation has a unique solution
in C([0, 00); LZ,) for each initial condition in L% (Ty). Strong Feller in L7, follows
from the Bismut—Elworthy—-Li formula (see Elworthy and Li (1994)), which yields
for every bounded measurable ¢ and every z, h € Hj(T»),

t 1
R _ pR <C§ -3 . 2 2
PR + ) = Plp(w)] < ﬁusonooE[(/o Ic™% Dubr(s;y)l32 ds)” |

t 1
< el | 1Dt as]
where (P/[t);>o is the transition semigroup corresponding to 6z and Dp0g(-;y) is
the Gateaux derivative (with respect to the initial condition) of 6 in the direction
h. Let £(s;y) = Drbr(s;y), then it is sufficient to compute the “energy estimate” of
€ in L?(Ts,), and the “dissipative” term will provide the estimate we need. Clearly,
the most troublesome term is the non-linearity, which is estimated as follows, using
the Holder inequality with exponents p, ¢, with 2 — % < a,

(DB (0r)€, &) 12 <
< essXrUI0RN7) 10832161 L2 1€ ]le + csoxr (101172 10R] L2 €] L2 1€l
< w||€]|2 + cooRO|IE]1 7

Next, we prove strong Feller in H;a, following an idea in Romito (2011). We
know that if ¢ : H,“(T2) — R is bounded measurable, then Pyp € Cy(LZ), and
we want to prove that Pyp € C’b(H;’). To this end, let z,, — z in H;“, then
it is sufficient to show that 0(t;x,) — 0(t;x) a.s. in Li, since by the Markov
property and the Lebesgue theorem, Pip(x,) = E[P;/20(0(t/2;2,))] converges to
E[P;/20(0(t/2;2))] = Prp(z).

Set wy,(t) = 0(t;z,) — 0(t;z) = 6,, — 6. The computations that follow are only
formal and can be made rigorous through suitable approximations (for instance the
Galerkin approximations in Lemma 4.3). The final inequality (4.11) we get is stable
under the approximation by semi—continuity and by the fact that the right—hand
side of (4.11) is finite at the level of the original problem.
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The energy inequality in Li and the first property in (2.2) yield

d
@Ilwnlliz + 20wy || = —=2{(wn, Bar(6n) — Bar(6))
< w3 + corl|0]1 2 lwn e,
hence by Gronwall’s lemma, for every s < t,
1w (8)]|22 < [lwn(s)]|2 e SO 2 < Jwn(s)]|2 e Jsnelzs

Notice that the exponential term is P—a.s. finite by (4.2). Integrate the above
inequality for s € [0,t] to get

1/ [t gl
lwn (@I < 7 ( / Jwa(s) 32 ds ) ocor J5 19152 2 (4.11)

So it is sufficient to prove that fot lw,(s)||72 ds — 0. Use the Hélder inequality
(with exponent p such that 2 — 11; < « as above) and Sobolev’s embeddings on the

energy inequality in H;O‘ for w,, to get

d _ _
%Hwnnz—a + 2V||wn||%2 = *<wan(VJ—A Man»wn) + B(VJ_A Mwn79)>—a

< VlfwallZs + co2(I1011Z + 10nll72) lwn |2 o

The Gronwall inequality finally yields
t
Hwn(t)”Q—a + I// ||wn(5)||2L2 ds < ||33n _ 33”—0( eco2 ]g(H9|‘L2+‘|1‘)n”L2)ds7
0

and the right hand side converges to 0, P-a.s., since z,, — x in H#O‘.
Similar computations also yield irreducibility as in Flandoli and Maslowski (1995)
(see also Ferrario (1997, 1999)). O

Lemma 4.7. Let« > 1, M > 1 and let Assumption 2.2 be in force. Given e € (0,1)
with € < a =1, x € L%(Ty), and t > 0, there is cs3 = cgs(e,t, ||| L2) such that if
0 is the solution of (2.4) with initial condition x, and if n = 0 — z, where z is the

solution of (2.5), then

C63
E[Hn(t)”1+e] < tlj

2a

In particular, 0(t) is continuous on Tq for every t > 0.

Proof: Fix T and € as in the statement, and consider Galerkin approximations of
the equation for 7, as in Lemma 4.4. At the level of approximations, we know that
Efsupgo, 77 [[7n5 (#)[l1+¢] < oo (for instance by Lemma 4.3), although with a constant
that may possibly depend on N. We claim that there is cg3 = ce3(e, T, ||||z2) > 0
(in particular not depending on N) such that

14e
E [ sup ¢ [y (1) 1] < cos.
[0,T]

Before proving the claim, we show how this proves the lemma. Indeed if ¢ € (0,77,
then by semi-continuity,

Ellln(®)ll1+] <l inf B[ (#)[[14¢] <

<t 2 liminfE sup tae ||77N(t)||1+6} < cest™ .
N [0.7)
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We conclude with the proof of the claim above. For simplicity for the rest of the
proof we drop the subscript n. Set M = supjq 1 t25 || n(t)]| 1. We have that

t
U(t) _ equat T / equa(th) BM(Q) ds =[]+ ,
0

For the first term we use standard analytic semigroup bounds, ¢ Iliee <
ceal|z||z2. For the second term we use also the inequality (we use here the Sobolev
embedding H*¢ C L*)

I(V=ATYM0) - 0l 2 < 0] L2 VAT 0] Lo < cos|6]] 22]|0ll2—201+¢ < coollOl 22101,
to get

t t
Bl < [ 14304962700 By () ds < [
0 o (t

We use interpolation to estimate

101122000 < N6l (lzlle + linlle) < 160122 =l + 161 e il 5 Il 5.

Now, choose p > 2 such that 2;; + % < 1, and let ¢ be the Holder conjugate
exponent of p, then

t t 1

10| 2 - : 2\ 7

/ H Zie 77” g ||"7||1Jr ds <M T ( 2+5 g ||9||L2||77|| 5 )p
0o (t—s)2a 0 (tfs sza

T
11t . = »
< costh M (/ 1611l 25 ds)"
0
€ € l
= Cﬁgtiilz MT*"A%

with obvious definition of the random variable Ar. Likewise,

¢ ds 1_ 24 T » » » 24 1
oy e < ot S ([ 101. 2 ds ) = cooti ™5 BY.
0 0

— 8) 2a

Cg7

ez Oll 21101l

In conclusion the above estimates yield
M < ero(lally + T4 AD + T4 55 BE M),
Take expectation of both sides of the above inequality, use the Hélder inequality
and Lemma 4.4 to obtain
E[M] < K(1 +E[M]T5),
where K = K(q,¢,T,||z||f2) > 1. Recall that at the level of approximations we

know that E[M] < oo. Let us prove that E[M] < (2K)% Indeed if on the
contrary E[M] > (2K)T+, then E[M] > 2KE[M] 7+ and so

2. 1
E[M] < K + KE[M]™ < K + SE[M],

that is ElM] < 2K < (2[()%7 a contradiction. O

We have now all elements to prove Theorem 4.2. Since both problems (2.5) and
(2.4) satisty the strong Feller property and have irreducible transition probabilities,
the law of each process at some time ¢ > 0 and the corresponding invariant measure
are equivalent measures. It is then sufficient to show equivalence of the invariant
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measures. To this end choose € € (0, 1) such that e > 2—a—3§ and € < a—§ (which
is possible since a > 1), and let 6, = A=¢/20 and z. = A=“/2z. The new process 6,
solves .

dfe + vA%O. + By (0c) = C& dW, (4.12)

where By (z) = A™/2By(A?z) and C. = A~°C, and similarly for z.. We
will deduce equivalence of the invariant measures of 6. and z. by Da Prato and
Debussche (2004, Theorem 3.4) (and an additional argument) applied to 6, and z..

Proof of Theorem 4.2: We briefly summarize the several assumptions of Theorem
3.4 of Da Prato and Debussche (2004). As it concerns the linear problem, it is
required that (see Da Prato and Debussche (2004, Hypothesis 2.1))

o Ceo is trace class, and e=*4" L2 C C:,/tzLi,
e ||A¢|| has Laplace transform in (—1, c0),

—-1/2 _ e
where At:CS,t/ e t" and

t
Ce,t = / e—sA"‘ Ce eis(Aa)* dS, 0<t<oo.
0

For the nonlinear problem it is required that

e there is a unique solution with initial condition in Li,

e the transition semigroup is Feller and admits a strongly mixing invariant
measure [,

o there are a sequence (B, n)n>1 of Lipschitz continuous maps on L2# and
g € L*(L%, pe) such that || Base v (2)|| 2 < g(2), pie —a.s., and Bar,e n(z) —
Br,o() jic-a.s.,

o if . n is the solution of (4.12) with Bjps . replaced by Base n, then for
pe—a.e. x and for all t > 0, . n(t;2) = 0.(t;z) P-a.s. in Li,

e for every A > 0 and p.—a.e. z,

/ e M | Bat,e,n(Oc,n (t; 7)) — Base, N (8e(t;2)) | L2 ds — 0, n — 00.
0

If the above assumptions hold, Theorem 3.4 of Da Prato and Debussche (2004)
ensures that the invariant measure of 6. is absolutely continuous with respect to
the invariant measure of z. (and thus the same statement hold for the invariant
measures of 6 and z, as well as for the laws at each time by the strong Feller
property).

Before checking that the assumptions of the aforementioned theorem are satis-
fied, we show how to deduce the equivalence of measures (notice that this statement
is not given in Da Prato and Debussche (2004)). Indeed, the theorem in Da Prato
and Debussche (2004) shows the following formula

()‘ - Le)_l = ()‘ - NE)_l - ()‘ - NE)_1<BM,ea DO\ - LE)_1>, A >0,

where L. and N, are the generators of the Markov semigroups associated to z. and
0., respectively. To prove equivalence it is sufficient to show that for every bounded
measurable function f on L%, (A — L.)~'f = 0 if and only if (A — N.)~1f = 0.
If (A\— L)~ 'f = 0, the conclusion is immediate (it is already in Da Prato and
Debussche (2004)). Assume that (A — N.)71f = 0 and set ¢ = (A — L)1 f = 0.
By the formula above,

¢)\ + ()\ — Ne)_1<BM,e7D¢,\> =0.
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Clearly, ¢» € D(L¢) and, by Proposition 2.4 of Da Prato and Debussche (2004),
ox € C}. Therefore ¢y € D(N,) and (A — N )pr = (A — Lo)pn — (Bare, D). By
the formula above it follows that (A — L¢)¢y = 0, that is ¢, = 0. This proves the
equivalence.

We turn to the verification of the assumptions of Theorem 3.4 of Da Prato and
Debussche (2004). The assumptions for the linear problem are standard and can be
verified as in Section 4 of the mentioned paper. We only give a few details on the
last hypothesis, namely that ||A:|| admits Laplace transform defined on (-1, c0).
By our assumptions each ey, (the sine-cosine orthonormal basis) is an eigenvector of
A;. Denote by A j the corresponding eigenvalue. Elementary computations yield

— 22 1
2t[k| T2 k|2 C71
e FIT Tot
Oé2(‘Y €

1—e
M = (o8 5 parar
for ¢ small. Existence of the Laplace transform follows, since |A¢|| = supy, A and
dt+e<2—a<a.

As it regards the assumptions for the non-linear problem, Lemma 4.3 and
Lemma 4.6 ensure that problem (4.12) has a unique solution and generates a Feller
semigroup in Li. Moreover the semi—group has a unique invariant measure .
which is strongly mixing. Let

N

N A+ ||z -
where 7y is the projection onto spanfey : |k| < NJ, then By n is Lipschitz—
continuous in Li. Moreover, 0. n(t) = 0.(t) for all ¢ > 0 and all x € Li, whenever
0, n(0) = 0.(0). Let us prove the main assumption of Da Prato and Debussche
(2004, Theorem 3.4), namely that Basc n(2) = Bare(x), pa.s. in L3, and that
there is a g € L*(L%,p) such that [|Baren ()2 < g(x), pa.s. Let exr =
0 if M > 1, and an arbitrary value in (O,e —(2-0- a)) if M = 1, and let
ge = c2]|  |leten )| - [l1- Lemma 4.4 and interpolation immediately imply that
ge € L*(L3, pie) since,

E*<[g2(2)] < craBH [[l2l|72ll2]1T - cpe,, -

Moreover, by choosing c7o large enough, we have that |[|Baen(2)|r2 < ge(2).
Indeed, by using the embedding of L into H*7, for v < epr V2(M — 1), we have
that

Bite,n(2) TNBum,e(Tnz),

1By (@)l|z> < ersllwlley llzlln, 1By (@)l-1 < crallwlley 2]l L2,
and hence || Bas(w)]| - < crsallcy )1
Finally, the last assumption of Da Prato and Debussche (2004, Theorem 3.4)
follows from the convergence of 6 n to 6 in Li (which in turns gives convergence
in stronger norms using the same methods of Lemma 4.7), and the bounds in
Corollary 4.5, that give uniform integrability. ]
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