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Abstract

The present thesis is an integrated compilation of the two main works that de-
fined my PhD research at the University of Pavia, University of Milano-Bicocca,
and University of York, where I completed a four-month Erasmus Traineeship Pro-
gramme.

The two principal works are presented as the main chapters of this thesis. They
both address the two-dimensional stochastic Navier-Stokes Equations (sNSEs) for
homogeneous incompressible fluids and the study of invariant probability measures.
The first work [Fer24|, supervised by Professor Enrico Priola from the University
of Pavia, introduces a novel a priori estimate for the sNSEs, set in a bounded do-
main and with additive noise, which leads to an intriguing application regarding the
uniqueness and ergodic properties of its invariant measure. The second work [BF24],
co-authored with Professor Zdzistaw Brzezniak from the University of York, explores
the inviscid limit for the hyperviscous sNSEs, set in R? with additive noise. This in-
vestigation results in the proof of the existence, along with some moment estimates,
of an invariant measure for the deterministic Euler Equations.
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Introduction

The study of fluid dynamics is essential for understanding the behaviour of fluids in
motion, with applications spanning from meteorology to engineering. At the heart of
this discipline lie the Navier-Stokes and Euler equations, which model incompressible
fluid flows. These equations are fundamental in describing the time evolution of
velocity and pressure fields in a fluid, and they serve as a cornerstone for theoretical
and applied fluid mechanics.

The Navier-Stokes equations for incompressible, homogeneous fluids are

ou—vAu+ (u-Viu=f— %Vp,
divu = 0,

where u represents the flow velocity vector field, p the pressure scalar field, v > 0
is the kinematic viscosity, and p > 0 is the density of the fluid. The term f serves
as an external force, per unit of mass, acting on the system, which may be either
deterministic or stochastic. In this system, viscosity (¥ > 0) plays a critical role
by introducing diffusion that smoothens out velocity fluctuations, thereby modelling
viscous fluids like water.

When viscosity vanishes (v = 0), the Euler equations are recovered:

du+ (u-Vyu=f— %Vp,
divu = 0,

which describe the motion of inviscid fluids, such as ideal gases. The Euler
system differs fundamentally from the Navier-Stokes equations because it lacks the
dissipative term —vAuwu, meaning that the dynamics are purely advective, without
the smoothing effect of viscosity.

A central theme in the analysis of these systems is the study of their long-term
behaviour. In particular, understanding the statistical properties of solutions as time
tends to infinity is a challenging open problem, especially in the stochastic setting.
Invariant measures provide a natural way to capture the statistical steady states
of fluid flows. Formally, an invariant measure is a probability distribution over the
possible states of the system that remains unchanged as the system evolves over
time. Invariant measures are crucial for studying ergodic properties and the long-
term statistical behaviour of solutions, especially in turbulent flows where direct
analysis of individual trajectories is difficult.

This thesis is dedicated to the study of invariant measures for the 2D Navier-
Stokes and Euler equations, particularly in the stochastic setting, which is of sig-
nificant interest in statistical hydrodynamics. Stochastic forcing in these equations
models unpredictable external influences, such as thermal fluctuations or turbulent



INTRODUCTION

background noise, and leads to the formulation of stochastic partial differential equa-
tions (SPDEs).

A preliminary chapter lays the groundwork by introducing the necessary mathe-
matical notations that will be used throughout the thesis.

In the first main chapter, based on [Fer24|, we focus on the stochastic Navier-
Stokes equations (sNSEs), where an additive Wiener process models the external
force f. When set in the abstract setting of square-integrable vector fields, the 2D
SNSEs take the form

dX; + [AXt + B(Xt)] dt = G dWy, fort >0,

where A is the Stokes operator, B represents the non-linearity, and G dW; models
the stochastic forcing. The first contribution of this work is the existence and unique-
ness of solutions to the sNSEs, along with their regularity properties under specific
conditions on the noise operator G.

We further establish the ergodic properties of these solutions by proving the exis-
tence of a unique invariant measure, which describes the statistical equilibrium state
of the system. This invariant measure is ergodic, meaning that the time averages of
observables converge to ensemble averages with respect to this measure. The ergod-
icity of invariant measures provides a rigorous foundation for the statistical analysis
of fluid flows, particularly in two-dimensional turbulence, where direct numerical
simulation of the equations is often intractable.

In the second part of the thesis, based on a co-authored work with Professor
Zdzistaw Brzezniak, from the University of York, UK, we turn to the Eulerian limits
of the 2D sNSEs. By considering the limit as v tends to 0, we examine the conver-
gence of the stochastic solutions of the Navier-Stokes system to those of the Euler
system. This passage from viscous to inviscid fluid dynamics is non-trivial, particu-
larly in unbounded domains like R?, where the compact embeddings for Sobolev-type
spaces are absent, and new techniques are required to manage the lack of compact-
ness. We employ weak topologies and advanced stochastic methods to address these
challenges, ultimately deriving invariant measures for the Euler equations as the limit
of those from the Navier-Stokes system.

Specifically, we study the stochastic hyperviscous Navier-Stokes equations as an
intermediate model:

AX; + [VA“X; + B(Xy)| dt = Vv dWi,  fort >0,

where a > 1 introduces additional dissipation, regularizing the solutions and allowing
us to derive a priori estimates. The choice of the noise scaling factor /v plays a
crucial role in ensuring the convergence of solutions to the inviscid limit. Using a
version of the Krylov-Bogoliubov method, adapted for weak topologies, we establish
the existence of invariant measures in this setting and show that these measures
converge as the system transitions from the Navier-Stokes to the Euler equations.



Notations and preliminaries

Notation 0.1. Let X,) be topological spaces. We denote by C(X;)) the vector
space of continuous functions f : X — Y. If Y = R, we simply write C'(X") instead
of C(X;R). The subspace of C(X) consisting of bounded functions is denoted by
Cy(X). A function f : X — Y is sequentially continuous, and we write f € SC(X;)),
if for any € X’ and any sequence {x, }nen in X convergent to z in X, the sequence
{f(zn)}nen converges to f(x) in Y. If Y = R we write SC(X) instead of SC(X;R).

If X is compact and (Y, || - ||) is a normed vector space, then C(X;)) is endowed
with the usual supremum norm, i.e. HfHC(X;y) = sup,cy || f(2)], for f e C(X;)).

Remark 0.2. If a function f : X — Y between topological spaces is continuous, then
it is sequentially continuous, while the converse is generally false, i.e. C(X;)) C
SC(X;)Y), see |[AVA90, Example 1, Chapter 3|.

A topological space X is said to be sequential if sequentially closed subsets are
topologically closed. Therefore, under the additional assumption of X being sequen-
tial, a function f : X — Y is sequentially continuous if and only if it is continuous,
see |[AVA90, Proposition 3, Chapter 3|. As a matter of fact, this universal property
characterises sequential spaces: a topological space X is sequential if and only if
for any topological space ), we have C(X;)) = SC(X;)Y). Let us recall, see e.g.
[AVA90, Chapters 1, 2|, that metrizable spaces are sequential spaces.

Notation 0.3. Assume that X is a topological space. We denote by %Ay its Borel
o-algebra and by Z(X) the family of probability measures on (X, Z%x). More-
over, Bp(X) will denote the Banach space of measurable and bounded functions

o (X, Bxr) — (R, Br), endowed with the sup norm, i.e. sup |p(z)|, for ¢ € By(X).
reX
Two probability measures p, v on (X, By) are equal if and only if

[oau= [ oan veen.
X X

Let p,p, € Z(X), n € N. We say that p, — p in the weak sense in Z(X), or
simply in Z(X), if

lim /de#nz/xfdu, vf e CyX).

n—o0

Assume that p € Z(X) and that Y is another topological space. If ® : X — ) is a
Borel measurable function, we denote the pushforward measure of u via @ by

D.p: By 3 Ews p(@HE)) €[0,1],
which is a probability measure on (), %y).
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NOTATIONS AND PRELIMINARIES

Notation 0.4. A filtration {F;};>¢ on a probability space (£, F,P) is said to be
augmented or to satisfy the usual conditions if it is right-continuous and complete,
namely if

o Fi= ﬂfs, for any ¢ > 0,
s>t

e P-null sets belong to F;, for every ¢ > 0, i.e. if £ C { is such that there exists
N € F such that P(N) =0 and £ C N, then E € F; for all t > 0.

Notation 0.5. Assume that X', ) are topological spaces. We say that X is contin-
uously embedded into ), and we write X — Y, if X C )Y and the map ¢ : X >z —
x € ) is continuous. The map ¢ will be referred to as the natural embedding.

Assume now that X and ) are Banach spaces. We say that X is compactly
embedded into Y, and we write X < ), if X — Y and the natural embedding is a
compact linear operator, i.e. if closed balls in X are compact in ).

Remark 0.6. If X', ) are Polish spaces such that X < ), then
Bx =RBynNX, (0.1)

where Zy N X ={UNX : U € ABy}. Indeed, if we denote by ¢ : X — Y the
natural embedding, Kuratowski’s Theorem [Kur66, Theorem 1, Section V, Chapter
39] implies that ((X) € Ay, see also [Kec95, Theorem 15.1]. Then X € Ay because
t(X) = X by direct inspection. Then [Loj88, Theorem 4.3.3] yields Zx = By N X.
In particular,
By C %y.
Indeed, if £ € Ay, then, by (0.1), there exists F' € %y such that E = FFN X. Since
X € Ay as discussed, we infer that £ € %y .

Notation 0.7. Assume that (X,| - ||) is a Banach space. We denote by L(X)
the Banach space of linear and bounded operators T : X — X', endowed with the
operator norm

| Tz
Il = sw 2l yre g,
zeX\{0} |zl
Assume that (#, (-, -)) is a separable Hilbert space, with induced norm || - ||. The

symbol £q(H) will denote the subspace of £(H) consisting of trace-class operators,
see e.g. [Morl8, Section 4.4]. If T € L£1(H), then its trace Tr[T] € R is defined as
follows. If {ey, }nen is an orthonormal complete system for #H, then

[e.9]

Tr[T) := Z<T€n, en),

n=1

where the definition can be shown to be independent of the orthonormal complete
system.

Remark 0.8. Assuming H to be a separable Hilbert space, if S € L(H) and T €
L1(H), then both ST and TS belong to £1(#). Moreover, the functional Tr :
Li1(H) 2T — Tr[T] € R is continuous and satisfies the properties

Tr[T'S] = Tr[ST], VS eL(H), TeLi(H),
Tr[T'S] < |1S|l g3 Tr[TT], VSeL(H), TeLli(H), T=>O0.

We refer to [Morl18| for a complete dissertation on the topic.
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NOTATIONS AND PRELIMINARIES

Notation 0.9. Assume that X is a Banach space. We denote by X, the topological
space (X,7%), where the weak topology 7% is the smallest topology on X with
respect to which every linear f : X — R is continuous. If 73 denotes the strong
topology on X (i.e., the natural topology induced by the norm), we will, with a
slight abuse of notation, simply denote the topological space (X,75) by X. We
denote by Aj,, the topological space (X, Tf’vw), where the bounded weak topology Tg(w
is the largest topology on X that coincides with the weak topology on norm-bounded
sets, i.e. C' C Xy is closed if and only if C' N BY is closed in X, for every closed
ball BY C X. We refer to [Day73, Section IL.5] for details about the bounded weak
topology.

Remark 0.10. If X is an infinite-dimensional Banach space, then the topological space
Xy is not sequential, see [GKP16, Theorem 1.5|, in particular, it is not metrizable.

Remark 0.11. Assuming X to be a Banach space, we have
TH C T C TS (0.2)
Hence, for any topological space )
C(Xp;Y) C C(Xpw; Y) C C(X;Y).

We show the first inclusion in (0.2). Fix O € 7%, and a closed ball B in X.
B?Y is closed in X,, by [Brel0, Theorem 3.7]. Moreover, O° is closed in X,, because
O € 7%. Therefore, 0O°N B is the intersection of closed sets in X, hence it is closed
in X,,. By arbitrariness of B and definition of bounded weak topology, this implies
that O¢ is closed in A}, hence O € Tf’\}“.

We now prove the second inclusion in (0.2). Fix O € 78, then we will show that
O¢ is sequentially closed in X', which implies that O € 73 because & is sequential. Fix
x € X and a sequence {xy, },en of points in O¢ convergent in X to z. Since the strong
topology is larger than the weak topology, the sequence {z,},en converges to x in
Xy. Moreover, assuming || - || to be the norm on X, and letting R := sup,,cy ||zn||, we
consider the strongly closed ball By := {y € X : |ly|| < R}. By direct inspection,
xn € 0°N Bf{ for all n € N and, by definition of bounded weak topology, O¢ N Bg
is closed in X,. Therefore, x € (OC N Bg ) C O°.

Remark 0.12. If X is a Banach space, then compact sets in &, are compact in Xp,,.

Fix a compact set K in X, and a collection C of open sets in A}, that cover K.
K is bounded in X by |Brel0, Corollary 2.4 and Exercise 3.1|, hence there exists a
strongly closed ball B¥ C X such that K ¢ B¥. For any O € C, we know that
0O°N B is closed in X, by definition of bounded weak topology, hence (OC NnBY )C =
ou (BX)C is open in &},. Moreover, the collection {OU (BX)C}OGC covers K because
OCou (BX )C for any O € C and K is covered by C. Therefore, by definition of
compact set in X,,, we can extract O1,...,0On € C such that {On U (BX)C}TJLI still
covers K. However, K C BY, hence

(00 (BY)) = | On

1 n=1

C=

K= (BY)'nK C (BY)n

n

which proves that K is compact in Ap,,.
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Remark 0.13. If H is a separable Hilbert space, then for any topological space Y
SC(Hw§ y) = C(wa; y)

Let f € C(Hpw; V) and fix a convergent sequence {z, }nen in Hyy to some limit
x € H. Then, denoting || - || the norm in H, there exists k& € N such that the strongly
closed ball B :={y € H : |ly|| < k} contains both z and =, for all n € N. If C is
a closed set in ), then its inverse image f~1(C) is closed in Hpy, hence f~1(C) N B
is weakly closed by definition of bounded-weak topology. However f~'(C) N B is
the inverse image of C' via the restriction f ‘ g of f to B. Thus we proved that
f‘B € C(By;Y). In particular, f(z,) = f‘B(xn) tends to f|B(:E) = f(z) in Y as
n — oo. Therefore, f € SC(Hy;)).

On the other hand, fix f € SC(H;Y), consider a strongly closed ball B C H
and the restriction f } 5 I {Zp}neny C B is a weakly convergent sequence, then
its limit belongs to B by [Brel0, Theorem 3.7], thus f|B € SC(B,;Y). However,
B,, is metrizable by the Banach-Alaoglu Theorem, hence sequential. Therefore,
f ‘ g€C (By;Y). This implies that, assuming C to be a closed set in ), the inverse
image (f‘B)fl(C) = f~YC) N B is weakly closed, thus f~!(C) is bounded-weakly
closed. Hence f € C(Hpy; V).

Remark 0.14. Let T > 0 and H be an abstract real separable Hilbert space, with
inner product (-, -) and induced norm || - ||. Notice that the space C([0,T];H) is
strictly contained in C ([O,T];”Hw), whereas L?(0,T;H) has the same elements as
L2(0,T;H).

The fact that L?(0,T;H) and L2,(0,T;H) denote the same vector space, despite
being equipped with different topologies, is merely a notational convenience.

It is also clear that, if f € C([0,T];H), then f € C([0,T]; Hw). Since [0,T] is
sequential, it is indeed sufficient to verify the sequential continuity. Let t € [0, 7]
and {t, }nen C [0,T] be convergent to t, then for all z € H

(f(tn) — F),2)] < | f(tn) = FOl]z]| — 0,  asn — oo.

The opposite inclusion is false and we exhibit a counterexample. Let {e, }nen be
an orthonormal complete system for H. We consider a strictly decreasing sequence
{sn}nen C [0,T] converging to 0, such as s, = 1/n, n € N, and define f : [0,7] — H
as follows, for ¢ € [0, T7:

T t— sy . T t—sp
t) = 1 t - - .
f(> Z [8n+178n)( )[COS <25n+1 _Sn)en+81n (23n+1 _Sn>en+1:|

neN

Roughly speaking, f is a curve in ‘H, whose support consists of a sequence of arcs of
unit circles in the planes spanned by {ey,e,+1}, for n € N. These arcs are traversed
faster as time approaches 0. This function f belongs to C’([O, T]; Hw) ﬂC’((O, T]; H),
and is not strongly continuous in 0. Strong continuity at every ¢t € (0,7 \ {sn nen
is trivial. Strong continuity at s,, for any n € N, can be easily proved by showing

6
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left and right-continuity:

[ t— Sp— t— Sp— ]
lim f(t) = hHiL ]1[5n73n—1)(t) Co8 <7T<9nl>en_1 + sin (Trsnl)en = €n,

t—)si t—sn

[ t— s, t— sp 1
lim f(t) = lim 1p,  .(t)|cos <7T8> €én + sin <7TS> Entl| = €n,

t—sn, t—sn,
T Sp — Sp—1 . T Sp — Sp—1

f(sn) = ]l[smsnil)(sn) cos | =————|ep_1 +sin [ =———— )e, | = e,.
2 8p — Sp—1 2 8p — Sp—1

As for t = 0, we have by inspection that f(0) = 0, which prevents strong continuity
because || f(t)|| = 1 for all ¢ € (0,7]. It only remains to be shown that f is weakly
continuous at t = 0. Let x € H, then

0 < limsup [(f(t), x)|

t—0t
. ™ t— sy . T t— s,

<limsup sup cos (—7> |(en, )| + sin (— )]<6n+1,m)]
N—00 tE€[Sp+1,5n) 2 Spt1 — Sn 2 Spt+1 — Sn

< limsup (’<6n,l‘>‘ + ’<€n+17$>‘) =0,
n—oo

by the well-known fact |{ey,x)| — 0, as n — oo.
We remark that, by appropriately modifying f, one gets an example of a contin-
uous function [0, 7] — H,, yet everywhere strongly discontinuous.

Remark 0.15. If X is a separable Banach space, then the Borel sigma algebras gen-
erated by the strong, bounded weak, and weak topologies coincide:

Bx, = Bx,, = Bx.

We refer to [Ziz03, Theorem 7.19] or [Edg79, Corollary 2.4] for the proof of this
statement. See also [MSO01, Introduction].

In particular, assuming H to be a separable Hilbert space, if a function f : H,, —
R is sequentially continuous, then it is %y-measurable. Indeed if f € SC(H,), then
f € C(Hpw) by Remark 0.13, then f is %Ay, -measurable, however %y, = PBy.

Remark 0.16. Assume that H is a separable Hilbert space and let ) be a Banach
space. If H < ), then Hp, — V.

If indeed ¢ : H — Y denotes the natural embedding, the assertion is equivalent to
proving that ¢ € C(Hpw; )), which is again equivalent to showing that ¢ € SC(H,;))
by Remark 0.13. Therefore, let us fix a weakly convergent sequence {zy}nen C H,
then the sequence is convergent in ) because of the compact embedding H <«
and the assertion follows.

Notation 0.17. Assume that (7—[, (o >H) is a separable real Hilbert space. If d € N,
we denote the Fourier transform of a Bochner-integrable function f : R — H by

Ff] : R > € = Z[f](€) = (zw)dﬂ/ e % f(x)dx € H.
R
The resulting function .%[f] : R? — H is bounded and continuous. By the Plancherel
Theorem, the linear operator L'(R%H) N L2(R%H) > f + F[f] € L2(R%GH) is a

7
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linear isometry with respect to the L?(R?;#H)-norm. By a density argument, this
operator admits a unique extension to a unitary operator

T LP(RGH) — LAH(RYH).
In particular, for any f,g € L*(R% H) we have
1z = |21 oo (0.3)

[ (rahat@yda = [ (F1O. Flal(€))y, e (04

In addition, .# is a continuous endomorphism when restricted to the Schwartz space
S(R?; H), endowed with its canonical LF topology. Therefore, its unique transpose is
well-defined and it is a continuous endomorphism, still denoted by %, acting on the
space of tempered distributions S’(R%; H), where H is identified with its topological
dual by the usual Riesz identification. Moreover, by denoting ,(-, -),, the duality
product, we have

F [H,@c, f>H] = (2. FIf])y, Ve L*®REH), Vo H. (0.5)



Chapter 1

New a Priort Estimate for
Stochastic 2D Navier-Stokes
Equations with Applications to
Invariant Measure

1.1 Introduction

The Navier-Stokes equations provide a complete characterization of the motion of
a viscous Newtonian fluid. For incompressible and homogeneous fluids, the N-S
equations take the following form:

p— :_l
{atu vAu+t (Duju=-;Vp+f (L1.1)

divu=0

where the kinematic viscosity v > 0 and the density p > 0 are given constants, while
f denotes a known external force acting on the system. Here, the unknowns are p and
u, which represent respectively the pressure scalar field and the flow velocity vector
field of the fluid. We set the equation in a non-empty bounded and connected open set
D C R? with Lipschitz boundary. Consequently, we require u, f : [0, +00) x D — R?
and p : [0, +00) x D — R. Moreover, we choose the units of measurement such that
v = 1. We associate equation (I.1.2) with the Dirichlet boundary condition and an
initial datum

u=0 in[0,400) x 0D u(0,-) = up(-) in D.

The choice of the domain offers a more general and physically relevant framework
compared to the unbounded domain or torus with periodic boundary conditions.
Nonetheless, we believe that the novel technique introduced in this chapter can also
be extended to these alternative cases. In particular, it may yield stronger results,
especially for periodic boundary conditions; see Remark 1.1.1 for further details.

In order to study equation (I.1.1), we introduce a basic Hilbert space H C
L?(D;R?), see Section 1.2.1, which incorporates both the boundary condition and
the divergence-free condition. In Section 1.2.2, we define the Leray projector II onto
H, the Stokes operator A = —IIA, and the Navier-Stokes non-linearity B. For a

9



CHAPTER I I.1. Introduction

detailed treat, see [Tem01; VF88; Tem95| and the references therein. In the litera-
ture the case when the external force f is random is extensively investigated starting
from the seminal paper [BT73]. Here we analyze the case when f is formally the
time derivative of a cylindrical Wiener process W in H, see Section 1.2.3, appropri-
ately regularized by an injective and bounded linear operator G : H — H. These
modifications turn the equation into a stochastic differential equation in the infinite
dimensional Hilbert space H

Au+ B(u)] dt = f
{du+[ u+t B(w]dt =GdW;,  fort >0, (1.1.2)

u(0) =z € H.

We point out that two special types of noise have been investigated in the lit-
erature. On one hand, on a more physical ground, most of the current research on
additive noise goes in the direction of studying highly degenerate noises, where only
few modes are excited, ¢f. [GMR17|. On the other hand, sits the technical question
of reaching the white noise case, namely G = I, ¢f. [Fla94; FM95; Fer97]. We
discuss more on this topic in Remark [.1.1. Even if the techniques employed in this
work do not allow to reach the white noise case, the present paper aims in the second
direction and concentrates on a case which is quite close to the cylindrical one, in
the sense that Ran(G) C D(A%Jra) for some € > 0.

Interesting topics related to equation (I.1.2) include defining a suitable notion of
solution, see Definition [.2.6, that assures both its existence and pathwise uniqueness.
Once the solution is proven to be a Markov process, one associates with it a Markov
semigroup, see Section 1.2.5, which formally describes the mean behaviour in time of
the solution given the starting point. This leads to other lines of research, including
the regularity of the semigroup and the existence, uniqueness, and strong mixing
property of the invariant measure p. The strong mixing property says that the law
of the solution with a random starting point converges for long times to p in the total
variation norm, see Theorem 1.4.4. This in particular implies the ergodicity of the
invariant measure, cf. [DZ14; Sei97|, which means that p is the equilibrium measure
over the phase space H. This principle, known as the ergodic principle, forms the
basis of the statistical approach to fluid dynamics.

Under the basic conditions made throughout the paper, namely Ran(G) C D(A%+5 )
for some € > 0, and x € H, Theorem 1.2.7 gathers the results found in the literature
about the existence, uniqueness and path regularities of solution. Stricter conditions
have also been considered, and are recalled in detail in Remark 1.2.9. However, to the
best of the author’s knowledge, no results have been established for more degenerate
noise, i.e. if D(A%) C Ran(G), at least for the Dirichlet boundary value problem
under investigation. The periodic case is briefly discussed in Remark I.1.1.

We improve the existing results as follows, see Section 1.3. If D(A%) C Ran(G) C
D(Ai“) for some € € (0,1/4], and € D(A") for some v € [0,1/4 + ¢), then the
trajectories of the generalized solution are continuous with values in D(AY), see
Theorem 1.3.1. The approach to the study of the regularity of path is classical and
employs the splitting of the solution ©v = v 4+ z where z is an Ornstein-Uhlenbeck
process and v solves a partial differential equation (PDE) with random coefficients,
see the discussion after Theorem [.3.1. The question of the regularity of the paths
is then deferred to the analysis of this random PDE. The main novelty of this work
is to show that the solution of this random PDE has continuous paths in regular
spaces, under loose regularity assumptions on z. This is obtained through a new a

10



CHAPTER I 1.1. Introduction

priori estimate inspired by a technique introduced by Sobolevskii in [Sob59| and later
studied by Kato, Fujita and Giga, cf. [KF62; FK64; Gig81; Gig83; GM85; Gig86|,
see Lemma 1.3.5. We refer to the introduction of [Kie80] for a clever presentation of
the Sobolevskil approach, which is based on a semigroup approach that circumvents
the appearance of high order norms of z when estimating the nonlinearity in the
classical higher order energy estimates. Comparing the semigroup approach initiated
by Sobolevskii to the classical energy estimate approach, we can say that, while the
energy estimate for solutions is fundamental to prove that there is a global weak
solution, every method has advantages and disadvantages. If we discuss the existence
of a unique local strong solution, the semigroup method seems to be more powerful
than the energy estimates and allows to achieve more regularity. To the best of our
knowledge, previous papers on the stochastic N-S equations do not use this semigroup
method to establish further regularity of the solution.

In Section 1.4 we use the new path regularity result to study the problem of
uniqueness and ergodicity of the invariant measure, which is known to exist if
Ran(G) C D(Ai"'s) for any € > 0, ¢f. [Fla94]. To this aim, we also prove irre-
ducibility and strong Feller properties for the Markov semigroup. We blend and
adapt the reasoning followed in [FM95] and |Fer97| (see Remark 1.4.2 (7)), which
managed to prove uniqueness of invariant measure and related ergodic properties
under the stronger assumption D(A%) C Ran(G) C D(A%J“E), for e € (0,1/8].
This upper bound Ran(G) C D(A%JFE) appears also in more recent works, see for
example [DX11; GMO05|. We obtain uniqueness, ergodicity and a strong mixing prop-
erty for the invariant measure in the hypothesis D(A%) C Ran(G) C D(A%‘Fa) for
e € (0,1/4]. The case Ran(G) C D(A%) has been studied in [Fer99].

Concerning the main difficulties in proving existence and uniqueness of the in-
variant measure beyond the threshold Ran(G) C D(A%FE), e > 0, new regularity
results for the solutions are undoubtedly required, see, for instance, the role such
regularities play in Lemmas 1.4.5, 1.4.11, and 1.4.12.

Remark 1.1.1. To generalize the results presented in this paper to a more degenerate
noise, with the goal of approaching the white-noise case, it may be worth to couple
equation (I.1.1) with periodic boundary conditions. These conditions help isolate and
highlight the limitations of the techniques currently available. The Cauchy problem
in equation (I.1.2) can then be formulated within a functional framework analo-
gous to the one described in section 1.2.1, but adapted to incorporate the periodic
boundary conditions. As a matter of fact, on the torus, much more can be achieved
using complex Fourier analysis to explicitly characterize the eigenvalues and eigen-
functions of the Laplacian operator. This allows for more robust estimates on the
Ornstein-Uhlenbeck process, which are essential for establishing results concerning
the solution. For instance, uniqueness of solution holds with space-time white noise,
see [Fer06, Theorem 10.1] (with the weak assumptions x € H and G = A™¢, for any
e > 0), or the recent work [HR24|, as well as the strong Feller property, see |ZZ17].
It is worth noting that [DD02; AF04] explore the case of an infinite-dimensional
cylindrical white noise on the torus, while [FO19] considers a cylindrical fractional
Wiener noise. In particular, we recall that [AF04] treats the stochastic N-S equa-
tions with space-time Gaussian white noise, having a Gaussian infinitesimal invariant
measure p,, whose covariance is given in terms of the enstrophy. Pathwise uniqueness
for u, — a.e. initial velocity is proven for solutions having p, as invariant measure.
Eventually, sticking to the periodic setting, [HM06; Kupl2| focus on the case

11
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where the operator G has a finite-dimensional range, leading to a finite-dimensional
stochastic noise, whereas [HM11] sets the 2D stochastic Navier-Stokes Equations on a
sphere, with a finite-dimensional Brownian noise. We believe that the novel powerful
approach by [HMO06], based on the concept of asymptotic strong Feller property, could
be adapted also to our situation, thanks to the new regularity results in Section I.3.
This would allow us to obtain uniqueness and ergodicity of the invariant measure.
However, once we have proved Theorem 1.3.1, it seems more straightforward to follow
the arguments in [FM95] and [Fer97| to derive results on the invariant measure, as
shown in Theorem 1.4.4. It should also be noted that the method in [HMO06| does
not yield mutual equivalence of the solution laws, nor the strong mixing property
that we obtained.

1.2 Preliminaries

I.2.1 Functional setting

Let D C R? be a non-empty, bounded and connected open set with Lipschitz bound-
ary, then we denote by C°(D;R?) the linear space of smooth vector fields with
compact support and define the following spaces:

2 R2
H:={uc Cx(D:RY) | dvu=0) %)

@ p2
H® = ue CR(D:RY) [ dva=0)" O vaso,

V.= H"

They inherit the Hilbert and embedding properties respectively from L?(D;R?) and
from the classical fractional Sobolev spaces H§(D;R?), see for instance [DPV12].
We identify H with its topological dual H’ and introduce

H™:=(H*, Va>0.

As a consequence, we have the following compact and dense embeddings for all
a€ (0,1)and 8 > 1:

H «V=H'sH*H=H - H <V =H'< HA.

We denote the inner product in H by

2
(x,y) :z/m-yd$2:Z/x1yidZ2 Va,y € H,
D — Jp

where we integrate with respect to the two-dimensional Lebesgue measure £2, we
denote by x;,y; for i = 1,2 the scalar components of z,y € H C L?(D;R?) and by -
the euclidean inner product in R2. The norm induced by (-, -) is denoted by || - |,
while we reserve the symbol | - | for the euclidean norm in R?. We use the symbol
v (+, -)y for the duality pairing between V'’ and V. We denote the Hilbert norm on

V by
2

2
lalfy = S losal = Y [ @?az?  vaev,

j=1 ij=1
where 0; is the partial derivative (in the weak sense) with respect to the j-th variable
in D C R?.

12
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1.2.2 Operators

Since H is a Hilbert subspace of L?(D;R?) we can construct an orthogonal projector
operator, commonly called Leray projector and denoted by II : L?(D;R?) — H. We
define the Stokes operator as

A:H2—>H:x»—>H<_Axl),
—A:L’Q

where A is the weak Laplacian operator on HZ(D). Here A is a linear, bounded,
positive-definite, self-adjoint, invertible operator. Its inverse A~! is a compact opera-
tor on H, therefore there exists an orthonormal complete system {ey};cy in H made
of eigenvectors of A and a strictly increasing and diverging sequence of eigenvalues
{Mtren C (0,400) such that Ae, = Ape for all k& € N. If we endow the vector
space H? = D(A) with the norm induced from H, then —A: D(A) C H — H is an
unbounded, closed, densely defined and self-adjoint operator (see [FM77, Theorem
3|) which generates a one-parameter analytic semigroup of linear bounded operators
{e7*4},5, (see [Gig81, Theorem 2]).
If o > 0, then we define the injective and bounded linear operator on H

—a 1 oo a—1_-—tA
A% = —— tY e dt,
0

where the integral converges in £(H), and I is the usual Gamma function.

It is proved in [Mét78; Cae98| that, in 2-space dimensions, there exists ¢ > 0 such
that the eigenvalues A\, k € N, of A are asymptotic to ck, as k — oo. Therefore, A~
is positive and bounded for any « > 0, Hilbert-Schmidt if o > 1/2 and trace-class if
a> 1.

In addition, for « > 0, we denote by D(A®) C H the range of A=* and by
A% : D(A%) C H — H the unbounded inverse operator of A= : H — D(A?%), see
[Paz83, Chapters 1,2]. Then, [FM70, Theorem 1.1] shows that

D(A%Y) = H*.
Moreover, the complete norm on D(A®) given by
[zl paey = [1A%]l, V& e D(A®),

is equivalent to the usual Sobolev norm on H2*(D;R?). Since A™% is bounded
and positive, it is also self-adjoint, hence its inverse A® : D(A%) C H — H is a
self-adjoint unbounded operator, see |Tay96, Proposition 8.2]. Moreover Ave—tA g
bounded for all ¢ > 0 and the following property holds (see [FK64, Lemma 2.10])

Jae g < (5) 4 Ve 0, va >0, (L.2.1)

From the properties of A and the Holder inequality, we derive the following
lemma.

Lemma 1.2.1 (Interpolation inequality). For all 0 < p < q¢ < +oo and for all
u € D(A?) it holds

1ATul| < [APu|M A% YA€ (0,1), ri=Ap+ (1= N)a.

13
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Eventually, we define the function

Argles) .2 . o JJ'VJEl
B:C:¢ (D,R)—>H.m»—>H[(D:L‘):U]—H<$.Vx2),

which is commonly known as the Navier-Stokes non-linearity. Similarly, we introduce
the trilinear bounded operator

2

z - Vi 2 / 2

b:VxVxV—=R:(z,vy, — -z d¥” = i 0; 'dg,
(z,y,2) /p(fﬂ'v?ﬁ) z Z-;l 70

which is antisymmetric upon exchange of the second and third entries, thanks to in-
tegration by parts and the fact that vector fields in V' have vanishing divergence. The
following result is taken from [Gig83, Lemma 3.2| and characterizes the extensions

of b and B.

Lemma 1.2.2. For all§ € [0,1) and 0, p > 0 such that p+60+6 > 1 and p+ > 1/2,
b can be uniquely extended to a bounded trilinear operator and B to a continuous
function as follows

b: D(A%) x D(AP) x D(A%) = R,
B:D(AM) — H%.

Moreover, there exists a constant co = co(6, p,d) > 0 such that
6 1 -0 6
b(z,y, 2)| < col| A%|[|A%Y]l[|[ A=), |AT°B(2)| < col|A%x|[|| A%
Eventually, as soon as both members make sense, it holds b(z,y,z) = —b(x, z,y).

We observe in particular that B allows to rewrite b(x,x,2) = /(B(x), ), for all
x € D(A%) and z € V.

1.2.3 Brownian noise

We consider an augmented filtered probability space (Q, F A Fiti>0s ]P’), a sequence

of mutually independent {F;},.-adapted real Brownian motions {w"}, y and we
introduce a coloured Wiener noise as

GW, =) wfGe,  Vt>0, (1.2.2)
keN

where {eg }ren are the eigenvectors of A and G € L(H) is an injective and bounded
linear operator. We observe that if G is Hilbert-Schmidt, GW is an H-valued Wiener
process, thus the series in equation (1.2.2) converges for all ¢ > 0 in L?(Q; H) or
P—a.s.in C([O, T7; H) for all T > 0 (see [DZ14, Theorem 4.5]). However, our primary
interest lies in more general noises: if G is not Hilbert-Schmidt, GW is defined as a
generalized Wiener process (cf. [DZ14, Section 4.1.2]). The main assumptions on G
that will be used throughout the paper are the following

G e L(H), G injective, 3e>0 st. Ran(G)cC D(AiT9), (Ho)
G e L(H), G injective, Jee (0,1/4] st. V C Ran(G) C D(ATT). (H)

14
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Clearly (H1)==(Hy). Hypothesis (Hy) is the basic assumption found in literature
(cf. [FM95; Fer97]) that guarantees uniqueness of generalized solution and existence
of invariant measure for our equation (see Sections 1.2.4 and 1.2.5). Conversely, (H)
is the required hypothesis for our setting.

We remark that (GWy, ¢) = >, wi(Gey, ¢) for all t > 0 and ¢ € D(A), where
the series converges for all + > 0 in L?(£2) or almost surely in C([0,T]) for all T > 0.

The following theorem defines and characterizes a stochastic process {Z;},~,
which will be often referred to as stochastic convolution or Ornstein-Uhlenbeck pro-
cess starting at 0 € H.

Theorem 1.2.3. Let ¢, G satisfy assumption (Hy). There is a pathwise unique pre-
dictable process {Zt}tzo with P — a.s. trajectories z € L*(0,T; H) for all T > 0 such
that, for all p € D(A)

(z(t), P) +/0 (z(s), Ap) ds = (GWy, ¢) Vt>0, P—a.s.

Moreover z € Cﬂ([O,T];D(AV)) for any B > 0 and v > 0 such that  + v <
(1/44+¢e)A1/2, for allT >0 and P — a.s.

Proof. For the existence and uniqueness result we refer to [DZ14, Theorem 5.4|. The
second statement for e € (0,1/4] descends from [DZ14, Theorem 5.15], once checked
that for any o < 1/4 + €, it holds

1 1
R e A O

Let p = 1/4 + ¢€; we have

1 1
/0 2 e TG 2, g dt = /0 2l AP APG|Z, ) dt

1
< | 47GI2 / 20t AAP, o dt,

where we used the properties of the Hilbert-Schmidt norm and the fact that APG €
L(H), thanks to hypothesis (Hp). In order to compute the Hilbert-Schmidt norm
of e " AP we resort to the orthonormal complete system {er}ren for H made of
eigenvectors of A

1 e 1
/ 2T AT 2, gy dt = ZA,;??’/ 22 qt
0 1 0

N op1t2a [T
< E AL p—it O‘/ e 25572 .
k=1 0

The time integral converges for all v < 1/2. It is known (c¢f. [Mét78|) that the Stokes
eigenvalues A\ in our two-dimensional setting are asymptotic to ck for some constant
¢ > 0, as k — oo. Consequently the series converges for all « < p =1/4+¢. An
application of [DZ14, Theorem 5.15] gives Z path regularity C? ([O,T]; D(AV)) for
any S+ < « for any a < 1/4+¢, thus also for any 5+~ < 1/4+¢. Finally, [DZ14,
Section 5.4.2] shows that we can’t choose v = 1/2, thus preventing the continuity of

the trajectories in V = D(A%), even if ¢ > 1/4. O
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Remark 1.2.4. Theorem 1.2.3 underscores the significance of the hypothesis (Hp)
on the range of G. It sets our minimal regularity for the noise, thus affecting the
solution of the Navier-Stokes Equations, as will be discussed in the next section. For
Ran(G) C D(Ai%) with e arbitrarily close to 0, we reach continuity in time with
values in D(A%). On the other hand, for Ran(G) C D(A%), Z achieves the maximal
regularity as a P — a.s. continuous process with values in D(A?) for 4 > 0 arbitrarily
close to 1/2.

Example 1.2.5. An example of operator G that satisfies our assumptions (H;) is
given by
G=A"L,

with v € (1/4,1/2] and L an isomorphism in H. Another example is
Gx = Z Mek VreH,
Ok
keN

where ak/4te < gy, < bk'/2 for some constants a,b > 0 and all k € N. Recall indeed
that the eigenvalues Ap of the Stokes operator A behave like ck, for some ¢ > 0, as
k — oo (cf [Meét78]).

I.2.4 Abstract equation

We study the abstract stochastic 2D Navier-Stokes Equations in H, for some starting
point € H and some bounded linear operator G satisfying assumption (Hp)

{ AXT + [AX? + B(XP)]dt = G dW, £>0,P—as. 123

Xi== P—a.s.

We state the definition of solution we employ in the paper, which is taken from
[Fla94].

Definition 1.2.6. Given z € H and G as in hypothesis (Hy), a generalized solution
to equation (I.2.3) is a progressively measurable process X* in H with path regularity

X*(w) =u € C([0,T]; H) N L*(0,T; D(A7)) VT >0, P—a.s we

such that

(u(t), 6) + /0 (u(s), Ad) ds = /0 b(u(s), 6, u(s)) ds + (x, &) + (GWi, 6)
Vt>0, Vo € D(A), P—a.s.

The following theorem summarizes the results in the literature regarding the
existence, uniqueness, and path regularity of the generalized solution.

Theorem 1.2.7. For every x € H and e, G as in hypothesis (Hy), there exists a path-
wise unique generalized solution to equation (1.2.3) (cf. Definition 1.2.6) with trajec-
tories u that satisfy P—a.s. u—z € L*(0,T;V) for all T > 0, where z is given by The-
orem 1.2.3. Moreover this solution is a Markov process in H and satisfies P—a.s. the
following additional path reqularities: uw € L? (O,T; D(A(%FE)/\%) NnLA (O,T; D(Ai))
for all T > 0.
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Proof. The first assertions follow by [Fla94, Theorem 3.1]. In order to show the
additional path regularity, we simply observe that the space L?(0,T; V)NC ([0, T);H )

is continuously embedded into L*(0,T; D(Ai)). Indeed we have for a generic v €
L*(0,T;V)nC([0,T); H):

T ) T L
[ ittt ar= [ abote), e
0 0
T
< /0 o) ()] dt

2 2
< HUHc([O,T};H)HU”L2(0,T;V)'

Therefore if u is the unique solution by [Fla94, Theorem 3.1], then u—z € L4 (07 T; D(A% ))
and consequently u = (u— z) + z € L*(0, T} D(%ﬁ))7 thanks to Theorem 1.2.3. O

Remark 1.2.8. (1) It is proved in [Fer03|, that, under the assumption (Hp), a
wider class that assures a pathwise unique generalized solution is C ([O,T];H ) N

Lt (O,T;D(Ai)), to which belongs our unique solution from Theorem 1.2.7. The
class of uniqueness from [Fer03]| is indeed larger, because the author does not require
the additional condition u — z € L?(0,T; V'), which is instead used in [Fla94].

(74) The technique employed in [Fla94] to construct a generalized solution com-
bines the general approach to stochastic partial differential equations with additive
noise (see, for instance, [DZ14, Chapter 7|) with the classical energy estimates on the
Galerkin approximations used for the deterministic case (see, for instance, [Tem01,
Chapter 3|).

(747) While for injective G € L(H) with Ran(G) C D(A%"'E) for some € > 0, the
maximal regularity in space u € L?(0,T; V) follows from the deterministic N-S equa-
tions, see [TemO1]; if G is more degenerate, in the sense that Ran(G) C D(A%’La) with
e € (0,1/4] (as in assumption (Hy)), then the space regularity u € L?(0, T’ D(A%ﬁ))
is inherited from the stochastic convolution Z, see Theorem I1.2.17.

In other words, the wider is the range of G, the less regular are the trajectories of
Z, thus resulting in worse path regularities for the generalized solution. Conversely,
when the range of G narrows (but remains not smaller than V = D(A%))7 both Z
and X exhibit better path regularities. Ultimately, if the range of G is contained
within V = D(A%)7 the generalized solution achieves maximal path regularity.
Incidentally, under the stronger assumptions Ran(G) C D(A%+5 )withe > 0and x €
D(A1), [FM95, Theorem 2.1] claims that u € C([0,7]; D(A%)) N L2(0, T; D(A%)).

Remark 1.2.9. We give a complete summary of the problems of existence, uniqueness
and additional regularities of generalized solutions, see Definition [.2.6, that we have
found in the literature. There are essentially two kinds of approach.

On the one hand, under the hypotheses z € H and Ran(G) C D(Ai“) for some
e > 0, [Fer03, Theorem 4.1| proves that a generalized solution exists and that it is
pathwise unique in the class C([0, T]; H) N L2(0,T; D(AGT9"2)) N L4(0,T; D(A%)).
Moreover, if a € (0,1/2), x € D(A%), and Ran(G) C D(Ai‘*'%‘”), for some £ > 0,
then the solution enjoys the path regularity C([0,T]; D(A%))NL = (0, T; D(A%+% )
cf. |Fer03, Theorem 4.2|.
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On the other hand, under the starting assumptions z € H and Ran(G) C
D(A%FE) for some € > 0, [Fla94, Theorem 3.1 (7), (47)], [FM95, Theorem 2.1 (i), (i7)]
and |Fer97, Proposition 3.1], state the existence and uniqueness of a pathwise gen-
eralized solution satisfying the additional condition u — z € L2(0,7;V), for T > 0,
where z is the Ornstein-Uhlenbeck process associated to the noise G dW, see Sec-
tion [.2.3. This kind of uniqueness property will be used throughout the paper as
well. Moreover, according to [Fla94, Theorem 3.1 (iv)|, if, in addition, Ran(G) C
D(A%reo) for some €9 > 0, and 2 € D(A?) for some 6 € (0,2¢) N (0,1/2], then
the trajectories u of the generalized solution satisfy u € C([O,T];D(A(i“)w)) N
L? (07 T; D(A(%FE)/\(%*B)), for all € < ¢y and all T > 0. A particular case of this last
assertion, for ¢g > 1/8, can be found in [FM95, Theorem 2.1], that we already re-
called at the end of Remark 1.2.8 (7i7). Eventually, if a € [1/4,1/2), x € D(A?%), and
D(A?*) c Ran(G) C D(Ai+%+5), for some € > 0, then the solution has trajectories
in C([0,T); D(A%)) N LT (0,T; D(A%*'%)), cf. [Fer97, Theorem 4.1].

1.2.5 Invariant measure

Let By(H) be the linear space of all Borel and bounded functions ¢ : H — R,
endowed with the complete norm |||, := sup,cp |¢(y)]. According to Theorem
1.2.7, we can define the Markov semigroup P = {P;},- associated to the generalized
solution of equation (1.2.3) as follows -

Pio(x) :=E(X[) Vt>0, VoeBy(H), Vo e H.

Let Z(H) be the set of all probability measures over the Borel sigma-algebra
Py on H, then we can define

Piv(U) := /HP(Xf € U)v(dz) Vt>0, Vve PH), VU € Bn,

and it is readily verified that P/v is again a probability measure on Ap.

A probability measure p € Z?(H) is said to be an invariant measure for the
semigroup { P}, if P = p for all times ¢ > 0 (see also [BKP22] and the references
therein). The following theorem collects known results from literature regarding
existence and uniqueness of the invariant measure (see [Fla94, Theorem 3.3|, [FM95,
Theorem 3.1| and |Fer97, Corollary 4.1]).

Theorem 1.2.10. Under hypothesis (Hy) there exists an invariant measure p for
the Markov semigroup {P;},> associated with the generalized solution to equation
(1.2.3). Moreover, under the stronger hypotheses

G e L(H), G injective, Jee (0,1/8] st V CRan(G)C D(AST), (Hy)

w is known to be unique in the set & (H) and concentrated on the Borel set D(Ai) C
H.

Note that (Hs)=(H1)==(Hp). In Section 1.4 we will generalize the uniqueness
and concentration results of this theorem to the weaker assumption (Hj).
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1.3 Main result

This section is devoted to the following main result regarding the additional path
regularity we obtained for the unique generalized solution.

Theorem 1.3.1. Let €,G be as in hypothesis (Hy). For every v € [0,1/4 + ¢) and
every starting point x € D(AY) the unique generalized solution to equation (1.2.3)
from Theorem 1.2.7 has the additional regularity

ue C([0,T);D(AY)) VT >0, P—as.
Moreover, if x € H then u € C([to, T); D(A)) for all 0 <ty <T and P — a.s.

The proof of this theorem employs the Sobolevskil-Kato-Fujita method, which
involves the mild formulation to the Navier-Stokes Equations (c¢f. [Sob59; KF62]).
We outline the approach to be followed in the subsequent subsections.

1. First, we utilize a known technique to investigate abstract stochastic partial
differential equations with additive noise (see, for instance, [DZ14, Chapter
7]). This involves fixing P — a.s. w € Q and formally introducing the equation
satisfied by v = u— z, where z is the fixed trajectory of the Ornstein-Uhlenbeck
process (cf. Theorem 1.2.3):

v+ Av+Bv+2)=0 t>0
v(0) ==z
We rigorously study this equation by means of finite dimensional approxima-

tions v, and obtain some a priori estimates (see Lemma 1.3.3), similar to those
found in [Fer97].

2. We rewrite v, Ehrough the mild formulation and obtain a new a priori bound in
L>® (0, T; D(AZ)), arguing as in the Sobolevskii-Kato-Fujita approach (slightly
more spatial regularity will be obtained, see Lemma 1.3.5).

3. This new estimate allows us to establish the continuity of v through the Arzela-
Ascoli theorem. Subsequently, we define u, := v, + z and infer convergence
to the unique u given in Theorem I1.2.7 in appropriate function spaces (see
Theorem 1.3.6).

1.3.1 Finite dimensional approximations for v =u — 2

For all n € N let II,, be the projector onto the finite dimensional subspace of H
generated by the first n vectors of the complete orthonormal system {ey}, o (seee
Section 1.2.2). We denote H,, =11,,H, B,, : H, — H,, : x — I, B(z) and z,, = Iz,
for any x € H. Let z be a P — a.s. fixed trajectory of the stochastic convolution (see
Theorem 1.2.3), then we study the following equation in finite dimensions over the
time interval [0, 7] for an arbitrarily fixed 7" > 0:

{vﬁl + Avy 4 By (vn +2) =0 te (0,7 (13.1)

v, (0) =z
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We know by the theory of ODEs that there exists a pathwise unique v, € C ([O, TY; Hn)
such that

¢ ¢
vn(t)+/0 Avy(s) d8+/0 By (vn(s)+2(s)) ds = @y, Vtel0,T], P—a.s. (1.3.2)

We observe that in finite dimensions all the norms on H,, are equivalent, thus v, (t) €
D(A®) for alln € N, a > 0, t > 0 and P — a.s. Moreover, the process v,, has almost
surely smooth paths. Therefore the equations in system (1.3.1) are satisfied almost
surely in probability and pointwise in time.

Remark 1.3.2. Inspired by the classical reasoning in [Tem01], it is proved in [Fla94]
that, under the assumption (Hp), and for any z € H and T > 0, there exists a
sub-sequence of v, converging weakly* in L>°(0,T; H), weakly in L?(0,7;V) and
strongly in L?*(0,T; H) to a function v € C([0,T); H) N L*(0,T;V) which is the
pathwise unique solution to equation

{v’+Av+B(v+z) =0 t € (0,77 (1.3.3)
v(0) ==z
in the following generalized sense P — a.s.

(v(t), @) -|-/0 (v(s), Ap)ds = /0 b(v(s) + 2(s), ¢, v(s) + 2(s)) ds + (z, b) (1.3.4)

V¢ e D(A), YVt € [0,T].
We recall that this result does not depend on the stochastic properties1 of the Ornstein-
Uhlenbeck process, but only on its path regularity z € C’([O, T); D(A4 )) forall T > 0.

We henceforth replace v, with its converging subsequence, that we still denote
as v,. We are going to obtain some a priori estimates by adapting the calculations
provided in the proof of [Fer97, Proposition 4.1].

Lemma 1.3.3. Let €,G be as in hypothesis (Hy). For all T > 0 and p € [4, 1%25)

there exists a constant c¢1 > 0 that depends on €,G,p, T, and z such that
T
up [ A0, O dt < 11+ [ 4072 Ve € D(A), P
neNJO

Proof. We rename 2o = 1 — 4/p and we observe that the bounds on p translate into
the bounds 0 < o < €. Let us take the ODE in equation (I.3.1), which is satisfied
almost surely in probability and pointwise in time, and take the scalar product in H
with A?®v,(t). By the sake of brevity we omit the dependence on t.

A + ARl = (o, A% ) + {Avi, A% )
= —(Aa_%Bn(vn + 2), Aa"'%vn)
< ol A5 T3 (vn + 2) |2 A7 20, |
< 2o (4B v ||| A0 | + | ATE 2]7) | A 30 |
1

1 .o 1
< AcG|| AP AZvn ||* + 4G A2 2] + 5||Aa+2vn||2
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To perform the estimate, we first applied the Cauchy-Schwarz inequality together
with Lemma 1.2.2, with the choices 6 =1/2 —«a, 6 = p = 1/4 + «/2. Next we used
the Young inequality and the interpolation inequality (¢f. Lemma 1.2.1) with the
choices ¢ = 1/2,A = 1/2,r = 1/4 + «/2. Finally, we applied the Young inequality
again.

If we rewrite the first and last member we reach

d d 1
Ellz‘l‘”vnll2 < EHA"‘%!F + || A% 20,
1 1 @
< 8cp|| A% 12| A2 vp ||* + 8cG ]| AT T2 2| .

We integrate over the time interval [0, ¢]

@ 2 a,. |2 21 gL+ 4 2 (1 4 2| 42 2
[ A% ()17 < |A%@nl|” + 8cpll AT 2 2 La g ) + 865 ; [A%vn (s) ||| AZvn(s)]|” ds,
and we apply Gronwall’s lemma:

1, o t 1
1A% (]2 < (1A% ]2 + 8BIAT*E 2] o 7)) exp [&% /0 |szn<s>||2ds]
(1.3.5)

Since a < €, as discussed at the beginning of the proof, we have ||[A%z, || = |11, A% <
c||A%x||. Moreover, Theorem 1.2.3 implies that HAiJ'_%ZH L4(0,7;H) 18 almost surely
bounded. Eventually, we know that v, converges in L?(0,T;V) as n approaches
infinity to the function v defined by equation (1.3.4) (¢f. Remark 1.3.2). Therefore

A%vn is uniformly bounded in L?(0,T; V). To sum up, estimate (I1.3.5) results in the
following a priori bound for ||A%wvy,(t)]|, uniform both in n and ¢:

sup sup [|A%,(¢)]] < C(1+ ||A%z]]) P — a.s.
neN¢€[0,T

By means of the interpolation inequality (c¢f. Lemma 1.2.1) with coefficients ¢ = 1/2,
A=1-2/p,7=Xa+ (1—\)qg=1/2—4/p* we have

1
[ATv ()] < cl|A"vn(8)]
1 _
< cf| A% ()M AZ o (B[
Ay 4 _
< K (1 [|A%]) [ Az v (0
By raising to the power of p = 2/(1 — \) and integrating in time we reach the sought

a priori estimate, for a constant ¢; > 0 depending only on ¢,G,p and T. For all
n € Nand P— a.s.

T T
/ HAivn(t)Hp dt < KP(1+ ||A5x\|)p_2/ ||A%vn(t)\|2dt
0 0

< (1 + ||A€x||p72).
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1.3.2 Mild formulation

We now shift to the mild formulation, thanks to the following standard lemma.

Lemma 1.3.4. For any n € N the stochastic process vy, satisfies the integral formu-
lation in equation (1.3.2) if and only if it satisfies the following mild formulation

t
v (t) + / e~ (t=94p, (vn(s) + 2(s)) ds = e Ay, Vt>0, P—a.s. (1.3.6)
0

Note that the mild formulation has been already used to study the stochas-
tic Navier-Stokes Equations (see, for instance, [DZ96, Chapter 15|). However, it
seems that the Sobolevskii-Kato-Fujita technique has not been applied before to the
stochastic case. The following crucial lemma provides the new a priori estimate for
vy, using a method inspired by [Sob59] (see the introduction to [Kie80]).

Lemma 1.3.5. Let €,G be as in hypothesis (Hy). For all T >0, v € [1/4,1/4+ ¢)
and x € D(AY) there exists a constant co > 0 that depends on ,G,~, ||AVz||,T and
z such that

sup sup ||A7v,(t)] < c2 P—a.s.
neNte[0,T

The estimate is uniform for x in bounded sets of D(AY).
Proof. Step 1. We start by estimating the D(Aé)—norm of the integral term in

equation (I1.3.6), thanks to Lemma 1.2.2 with the choices 6 = 5/8,p =1/4,0 = 1/8.
We obtain, for a constant C' > 0 depending only on 7" and on the choices of ¢, G

J = HAé /Ot e~ =94B, (vn(s) + 2(s)) ds

= H /OtAge_(t_S)AA_an (vn(s) + 2(s)) ds
< (fe)3/4<t ) Y] A% (0a(5) + 2(5) 1 4% (0n(5) + ()
c / )4 (4% ()] + 1) ([ 4¥va(s)] +1) ds,

IN

where we used equation (I.2.1) and controlled uniformly in time z thanks to Theorem
[.2.3. We now use the Holder inequality with exponent p > 4 and the respective
q=(1-1/p)~t < 4/3. Constants C > 0 hereafter may vary from line to line, yet
they depend only on ¢, G, T, p.

= (b — 50 s " [ / (1atun(o) 1) (ha%on (o)) +1)as]

t 1/p
<C |1+ a2+ [ pabu @ (latneP +1)as]

1/p

where the first integral is finite because —3¢/4 > —1 and we controlled the LP(0,T'; H)-
norm of Atv, thanks to Lemma 1.3.3 (thus p must be chosen such that p < 4/(1 —
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2¢)). We now use this estimate into the mild formulation for v, (¢f. equation (1.3.6))
to control ]\Aévn(t)ﬂ P — a.s. and for every ¢ € [0,T7:

[abu 0 <271 (e 1, Abal? + 17)
t
< 0[1 + || ATz|P2 +/ \\A%vn(s)HP(HA%%(S)HP + 1) ds].
0
The Gronwall Lemma applied P — a.s. entails

T
Akl < C(1+ Akl exp e [ 4o P as]
0

We can apply again Lemma I.3.3 and we obtain the uniform bound in L*° (0, T, D(A% ))

sup sup ||Aévn(t)|| <C(1+ ||Ai33”1—2/1)) exp [CHA%:BHp_ﬂ P—a.s. (1.3.7)
neNt€[0,T]

Step 2. We now emulate the first step, but with the exponent v € [1/4,1/4 + ¢)
instead of 1/8. We can apply Lemma 1.2.2 with the choices § = 7/8—~v,p =~,0 =1/8
for every ¢t € [0, 7] and P — a.s. to obtain

t
470, (0] < e 0, 7] |7 [0 1 o) 4 2(6) s
0

t
< |l 47a]| + H [ AR (0, (5) ()
0

< |yA7x|y+C/0 (t— 8)" /)| A7 (vals) + 2(5))|| | A (vn(s) + 2(5)) ]| ds
<1+ hraliexp (Ol 2] |1+ [ =5 TS 6] ds).

where in the last line we employed equation (I.3.7) and Theorem 1.2.3. We resort
now to the modified version of Gronwall’s lemma A.3 to obtain

sup ||Av,(8)]] < C(l + ||A7 x| exp [C’HAVJJHP*Z]) VneN, P—a.s.
te[0,7)

The assertion follows easily. O

I.3.3 New path regularity

We can use Lemma 1.3.5 to prove that the generalized solution to equation (1.2.3)
characterized by Theorem 1.2.7 has trajectories with higher regularity in space.

Theorem 1.3.6. Let ¢,G be as in hypothesis (H1). Let us take v € [0,1/4 4 ¢) and
x € D(AY). Then the generalized solution X* to equation (1.2.3) from Theorem 1.2.7
has P — a.s. paths in C([0,T]; D(AY)) for all T > 0.

Proof. Step 1. We take €,G,~,x,T as in the hypotheses and fix w € Q P — a.s. We
prove that a subsequence of A%v, (cf. equation (I1.3.6)) converges in C ([O,T];H )
As for the term involving the initial datum, we directly have that ez, converges
to ez in C([0,T]; D(A")) as n — oco.
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As for the term with the non-linearity, we intend to apply the Arzela-Ascoli
theorem. If we rename h, : [0,7] — H : t — fg e~ =)D, (va(s) + 2(s)) ds,
we prove that h, is uniformly bounded in C'/ 277([0,T); D(A7)), which gives equi-
continuity. In [Lun95, Section 2.2.1|, the Banach space D 4(«, 1) is introduced for any
a € (0,1)!. The result [Lun95, Proposition 2.2.15] proves that D4(a, 1) is continu-
ously embedded into D(A?%), which directly implies that for any 8 € (0, 1) the space
of B-Hélder continuous functions C?([0,T]; Da(a, 1)) is continuously embedded into
CP(]0,T); D(A®)). We apply these results for o = 1/2 4+~ € [1/2,3/4 +¢) C (0,1).
Moreover, [Lun95, Proposition 4.2.1] gives

)

_1 _1
IA72 hnlc1-a((o,1):Da(art)) < € SUp ||[A72 By (vn(t) + 2(1))
t€[0,T]

for a constant ¢ > 0 that depends only on a and T'. This considerations lead to the
following estimates, where C' = C(e,7,T) > 0 possibly varies from line to line

_1
1l /2 (0,17 D(a7y) = 1A 2hnllc1-a((0,17;0(40))
_1
< CIA™ 2 hnllcr-a(0,17:D 4 (01))

< C sup “A_%Bn(vn(t) +2(1))|]
t€[0,T]

1 1
< ClIA% 2l o) + sup AT va ()]
te[0,7T

where we used almost surely Lemma 1.2.2 with § = 1/2 and p = § = 1/4. Finally
Lemma [.3.5 gives the uniform estimate in n.

By arbitrariness of 7, we can consider v < v’ < 1/4 4 ¢ and apply Lemma 1.3.5
with ~/ instead of v. Since D(A") is compactly embedded into D(A?), we have that
ho(t) = ez, — v, (1), at any fixed t € [0, 7], lies in a compact set of D(A7).

We thus apply the Arzela-Ascoli theorem to the sequence h,, and infer the exis-
tence of a sub-sequence converging in C ([0, T]; D(A")) to a certain h € C([0,T]; D(A7)).
Let us define v := e~z —h, then a subsequence of v, converges to v in C ([0, T]; D(A")).
We already discussed in Remark 1.3.2 that v, converges weakly* to v in L>°(0,7; H),
thus v = v € C([0,T]; D(A")).

Step 2. We now define u,, := v, + z for all n € N and P — a.s. By the previous
step we obtain uniform convergence in time for u, to the function v := v + z €
C([0,T]; D(A")). This function satisfies our definition of generalized solution (cf.
Definition 1.2.6). Indeed, by recalling the equation (1.3.4) satisfied by v, we have for

Tt consists of all € H such that s +— s~*||Ae™**z|| is in L'(0,1) and it is endowed with the
complete norm ||z||p , (a,1) = ||lz|| + fol 57| Ae™ 2| ds.
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all ¢ € D(A), for all times ¢ > 0 and almost surely in probability
(u(t), ¢) = (v(t), d) + (2(1), )
=~ [ (e Ag) s+ [ b(uls) + (). 0v0(5) + 2(5)) ds + ,0)
0 0
+(2(1), ¢)
= —/ (u(s), Ag) d5+/ (z(s), Ap ds) +/ b(u(s),¢,u(s)) ds + (x, ¢)
0 0 0
+(2(1), 9)

= —/ (u(s), Ag) ds —|—/ b(u(s), ¢,u(s)) ds + (z, ¢) + (GWy, ¢),
0 0

where in the last line we employed Theorem [.2.3. By the uniqueness result expressed
in Theorem 1.2.7, it follows that the function u we constructed by finite dimensional
approximations coincides with the one in Theorem 1.2.7. O

Remark 1.3.7. It is worth noting that we only used so far the regularities for the
trajectories z of the stochastic convolution (¢f. Theorem 1.2.3), reasoning at w € €2
fixed almost surely. Therefore the theses in Theorem 1.3.6 still hold if we replace
the stochastic convolution with a generic continuous deterministic function. More in
detail: given v € [0,1/2), z € D(A7) and z € C([0,T]; D(A")) such that z(0) = 0,
the unique solution v to equation (I.3.4) has regularity C([0,7]; D(A")).

Proposition 1.3.8. Let ¢,G be as in hypothesis (H1). Given x € H, the gener-
alized solution to equation (1.2.3) from Theorem I1.2.7 has P — a.s. trajectories in
C([to, T); D(AY)) for all 0 < tg <T and all y € [0,1/4+¢).

Proof. Let us take € H and €, G as in the hypotheses, then we know by Theorem
[.2.7 that there exists a pathwise unique stochastic process X* with almost surely
trajectories u € L? (O,T;D(A%+E)) for all T > 0. We take v € [0,1/4 + ¢), thus
u(t) € D(AY) for almost every ¢ > 0 and P — a.s. This allows us, once fixed
0 <ty < T, to choose t; € (0,tp) such that u(t1) € D(AY) P — a.s., which can be
chosen as a more regular starting point for equation (I.2.3). Its unique generalized
solution was proved to have paths in C([O, T; D(AV)) almost surely: let us fix one
of these trajectories, denoted by w, and its respective w € 2. We now define for that

w e N
i {u(t) if ¢ € [0,1)
u(t) = . ,
w(t—ty) ift>t
then @ satisfies the equation and the regularities in Definition [.2.6 for that w €
and with starting point x € H, therefore it must coincide with the trajectory u
of X* by the uniqueness result in Theorem [.2.7. In particular we deduce that
t — u(t) = a(t) = w(t — t1) is continuous and D(A")-valued at every ¢t > ¢, thus
also u € C([to, T]; D(A)). We conclude by arbitrariness of w € Q@ P — a.s. O

I.4 Application to invariant measure

In this section we use the regularity result obtained in Section 1.3 to prove the
uniqueness and the related ergodic properties of the invariant measure p € Z(H)
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provided by Theorem 1.2.10. To this purpose we will also prove the strong Feller
and irreducibility properties for the Markov semigroup {P;};>¢ (see Section 1.2.5).
We will always assume that the stochastic noise in equation (I.2.3) is given by a
cylindrical Wiener process W in H regularized by a linear operator GG that satisfies
hypothesis (H;). We adapt the reasoning from [FM95; Fer97|, where however the
uniqueness of the invariant measure is proved only under the stronger hypothesis
(H2).

We start by recalling two main properties for the Markov semigroup associated
to equation (I1.2.3), the first of which is classical and the second was introduced in
[FM95].

Definition I.4.1. Assume that o > 0. The Markov semigroup {F;},5, introduced
in Section 1.2.5

e is irreducible on D(A®) if for every time ¢ > 0, every point x € D(A?%) and all
open non-empty sets U C D(A“)

Pré,(U) > 0;

e enjoys the (SF) property on D(A®) — H if the following property holds. If
t >0, ¢ € By(D(A%)), x € D(A%) and {zp}nen C D(A?) is a bounded
sequence in D(A?%) converging to z € D(A%) with respect to the norm of H,
then

Jlim Prp(zn) = Bip(x).
Remark 1.4.2. (i) First of all, observe that the o-algebra on D(A®%), a > 0,
generated by the norm || - HD(Aa) = [|[A® - || and denoted by #p(4a) coincides with
the one induced from H and denoted by By N D(A®). In particular, we have that
all Borel subsets of D(A%) are Borel subsets of H. A proof of this statement can be
found in appendix (cf. Lemma B.4).

(74) A classical approach to proving uniqueness of the invariant measure for a
Markov semigroup involves showing that the semigroup is both irreducible and strong
Feller (cf. [DZ14, Section 11.2]). This methodology was applied in [Fer97| to our
equation, with the stronger hypothesis (H3), to establish uniqueness of y within the
set of probability measures over 4 D(A/4)-

On the other hand, in [FM95] the authors introduced two modified versions of irre-
ducibility and strong Feller property, denoted respectively by (I) and (SF), which
granted uniqueness of the invariant measure in &?(H) under the hypothesis (H2).
We have blended the two notions in Definition 1.4.1, by making use of the classical
irreducibility and the (SF) property from [FM95]. We will prove that they are suffi-
cient, under the more general assumption (H;) and thanks to the results in Section
1.3, to establish the uniqueness of the invariant measure within probabilities on H
and its concentration on a suitable Borel subset.

(797) It is straightforward that the (SF') property on D(A®) — H is stronger then
the usual strong Feller property on D(A®), which would prevent us from obtaining
uniqueness of the invariant measure over all probabilities on H. It is worth men-
tioning that the (SF) property on D(A®) — H is however weaker then requiring the
continuity of P, with respect to the norm of H for all ¢ > 0 and ¢ € B,(D(A%)).
This would actually be sufficient for our goals, but we were not able to prove it.
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We first present a lemma, adapted from [FM95, Theorem 4.1|, which is auxiliary
for our main result. This lemma does not depend on the fact that the Markov
semigroup generates from our equation (1.2.3), thus we state it in a general form as
follows.

Lemma 1.4.3. If a Markov semigroup {P;},~q on H is both irreducible in D(A®)
and enjoys the (SF) property on D(A®) — H, for some a > 0, then the transition
probabilities Pfé; fort >0 and x € D(A®) are mutually equivalent on Bp(se).

Proof. Let us assume that P;0,,(U) > 0 for some t > 0, g € D(A%) and U €
Bp(a«y. We arbitrarily fix x € D(A%) and s > 0, then the thesis is proved once we
show that PX§,(U) > 0.

First we suppose s > t. The (SF) property on D(A®) < H applied at time s —¢
and at point xo assures that there are ¢, M > 0 such that P;_;1y(y) > 0 for all
y € BH(x9) N Bﬁ(Aa) ={y € D(A%Y) : ||A%| < M, |ly — zo| < €}. Moreover
P}é,; > 0 on open non-empty Borel sets in D(A“) thanks to irreducibility in D(A®).
Resort to the Chapman-Kolmogorov equation to conclude:

P = [ P Ba@) = [ Pedu@ P >0
H

BH (z0)nBLA*Y)

Assume now s € (0,t] and choose h € (t — s,t) to write

0 < Proy, (U) = /H Py (y) P (dy).

Therefore, by density of D(A®) in H, there exists yg € D(A®) such that P;_, 1y (yo) >
0 and so we can repeat word for word the first step of the proof by substituting xg
with yo and ¢ with ¢ — h < s. We conclude once again that PX§,(U) > 0, which
completes the proof. O

We now state the main theorem of the section, which improves Theorem 1.2.10.

Theorem 1.4.4. Let P = {P;};>0 denote the Markov semigroup in H associated to
the solution of equation (1.2.3) (cf. Section 1.2.5) under the hypothesis (H1). Let p

be the invariant measure of Theorem 1.2.10. If P is both irreducible on D(Ai) and
enjoys the (SF) property on D(Ai) — H, then

(1) p is unique in the set Z(H) and is concentrated on D(AY) for ally < 1/4+¢,

(i1) w is ergodic, i.e. for all ¢ € By(H), it holds

1 /T
lim — Pipdt = d
Tl—I;go T /0 (24 /H @ Ak,
(7i1) p is equivalent to Pfoy for allt >0 and x € H,

(v) for allU € By and x € H it holds . li+m Pro,(U) = p(U),
— 400

(v) p is strongly mizing, i.e. for everyv € P(H) it holds . ligl | Pfv—pllry = 0.
—+o0
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Proof. Step 1. We first apply the auxiliary Lemma 1.4.3 with the choice o = 1/4 to
obtain that the transition probabilities P;*d, for t > 0 and = € D(Ai) are mutually
equivalent on &p(41/4).

Step 2. We now prove the equivalence on %y of the transition probabilities P/d,
for t > 0 and # € H. This reasoning is inspired by [FM95, Lemma 4.1], which
however required the stronger assumption (Hs).

Let t,s >0, xo,2 € H and U € By and let us suppose that P 0., (U) > 0, then
the thesis is proved if we show that P}d,(U) > 0. We use the Chapman-Kolmogorov
equation with intermediate time h € (0,s A t):

0 < Prosy(U) = /H Py (y) d(Pyony) (v)

_ / Py (y) d(Fyoa) (y) + / Pl (y) (P} 6s,) (3)
D(Al/4) H\D(A/%)

- / Pl (y) d(Pi ) ().
D(AY) (1.4.1)

The last equality holds because we know by Proposition 1.3.8 that X} ¢ D(A%)
P-a.s., thus

0< / Pyl () P (dy)
H\D(A/%)
< Py, (H \ D(AT))
— P(X® € H\ D(A7)) = 0.

We deduce by the strict inequality in equation (I.4.1) that there exists yo € D(Ai)
such that

0 < P ply(yo) = P(XP, € UND(AT)) + P(X¥X, € U\ D(A7))
* 1
— P70, (U N D(AY)),

where we used that X}°, € D(Ai) almost surely. We now resort to the hypothesis

on the equivalence of transition probabilities over A D(Al/4) = By N D(Ai) to infer
that ) X
P ,6,(UND(A%)) >0  Vye D(A3). (1.4.2)

Therefore, by the fact that X7, X7 € D(A%) almost surely and the Chapman-
Kolmogorov equation, we conclude that

)) + P(XZ € U\ D(A7))

el

Pio,(U)=P(Xy eUND(A
= P}6,(UND(A%))

= L Psfh]lUmD(Al/‘*)(y) P}tdx(dy)

i

/ Py ilgnpans () P (dy)
D(AY4) U (H\D(A1/1))

- / PenLynparn () Pios(dy) > 0.
D(A1/4)
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If indeed the last strict inequality were false than we would have Ps_p 114 p(41/4) (y) =

0 for almost every y € D(A%), which contradicts equation (I1.4.2).

Step 3. Thanks to the previous step, Doob’s Theorem implies (7i), (iii), (iv) and
the uniqueness part in (7) (¢f. [DZ14, Theorem 11.14]). Concentration of p in D(A7)
for v > 0 close to 1/4 + ¢ follows by (#ii), thanks to Proposition 1.3.8. Part (v) is
due to Seidler (cf. [Sei97, Proposition 2.5]). O

In what follows, it is proved that the Markov semigroup associated with the
solution of equation (I1.2.3) (see Section 1.2.5) does indeed satisfy the hypotheses of
Theorem [.4.4, thus reaching all the uniqueness and ergodic properties there listed.

1.4.1 Irreducibility

If F is a normed vector space, we denote with CO([O, T; E) the closed subspace of
C ([O, TY; E), with the induced norm, of all functions z such that z(0) = 0. For every
x € H and continuous z : [0, +00) — H with z(0) = 0, we study the deterministic
abstract equation in H given in system (I.3.3). Its solution is intended in the gener-
alized sense, namely as a function v € C’([O,T]; H) N L2(0,T;V) for all T > 0 that
satisfies equation (I1.3.4) in the deterministic frame.

We adapt the proof of [FM95, Lemma 5.3] thanks to the regularity we obtained
in Theorem I.3.1.

Lemma 1.4.5. For any v € (1/4,1/2), x € D(A") and every T > 0 the following
map ® = &1 s well-defined

o : Cy([0,T); D(AY)) = C([0,T); D(AT)) : 2= v+ 2,

where v is the unique solution in C([O,T];H) N L20,T;V) to system (1.3.3) in the
generalized sense expressed by equation (1.3.4). Moreover:

(a) The map ® is continuous with respect to the assigned topologies.
(b) For everyy € D(A") there exists z € Co([0,T]; D(A7)) such that ®(z)(T) = y.

Proof. For fixed v € (1/4,1/2), x € D(AY) and T > 0, the well-posedness of @
follows from Remarks 1.3.2 and 1.3.7. As far as part (a) is concerned, we take an
arbitrary zg € Co([O, TY; D(A'Y)) and prove continuity of ® at z5. We choose z close
to zp and we show that ®(z) is close to ®(zp), in the respective norms.

We denote uy = P(z20),v0 = P(20) — 20 and u = P(z),v = P(z) — 2. We
know by Remark 1.3.7 that ug, vg,u,v € C([O,T];D(AV)), which guarantees that
B(ug), B(u) € C([0,T]; V') by Lemma 1.2.2. We introduce for brevity Z = 29 — z €
Co([0,T); D(AY)), Y = v —v € L*(0,T;V)NC([0,T); D(AY)) and U =Y + Z =
ug —u € C([0,T]); D(A7)). Then Y satisfies for all ¢ € D(A) and t > 0

V00 + [ (6. A0)ds = [ bun(e).o.u0(9) ds = [ blu(s).0vu(s)) s

which implies, by the regularity of the terms involved

Y (8), 6)y + /0 V(Y (s), 0), ds = /0 o (Blu(s)) = Blug(s)), @), ds.  (14.3)
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By density of D(A) in V and continuity of the duality pairing, equation (I1.4.3) can
be written for all ¢ € V', which implies by a standard result in functional analysis
(¢f. [Tem01, Chapter 3, Lemma 1.1]) that Y € H'(0,7;V’) and

Y'(t) + AY (t) = B(u(t)) — B(uo(t)) a.e.t >0,
the equality holding in V’. We take a.e. in time the pairing in V' /V with Y to obtain

v’ <Yl(t)7 Y<t)>V +y <AY(t)7 Y(t)>V = V/<B(u(t)) - B(“O(ﬂ)? Y(t)>v a.e. (tIZ 2)
We recall that (see [Tem01, Chapter 3, Lemma 1.2|) B

t
1
| vt s =3Iy vizo
and that . (AY (t),Y(t)),, = [|[Y(¢)||} for almost every ¢ > 0. Moreover almost
everywhere in time it holds (see Lemma 1.2.2)
v(B(u) = B(ug),Y )y, = b(uo, Y, Y) = b(ug, Z,Y) — b(U,u,Y).

The three terms in the right-hand side can be controlled as follows for some € > 0,
thanks to the uniform bounds in time on u, ug

1 1 1/2
[b(o, Y, )| < eoll Aduo|[| ATY|I[Y [y < CUY V2NV IRV Iy < el VIR + Cel Y
1 1
[b(uo, Z,Y)| < col| ATuo|[| AT Z[[|[Y ]|y < e Y} + Cel| A7 Z]?
1 1 1/2 1/2 1
(0w, V)| < coll AT (Y + 2) | ATull[Y [l < COY IV + A Z]) Y Iy
<e|YNZ + CIY|? + Ce|| A Z)2.

Therefore if we integrate equation (I.4.4) on the time interval [0, ], we obtain for
all times

1 t t
IO+ =39 [ YOI as < 12100 + [ VO],
After choosing in the last equation 1 — 3¢ > 0, Gronwall’s lemma entails

1Y@ < ClZlleo,r1:p(a7))-

By means of the interpolation inequality (c¢f. Lemma 1.2.1) one obtains, for A\ :=
-

JASY (1) < YOI 1A O < CIZ1 g0z
We finally proved continuity at zg for ®:

1 1
[2(2) — @(20) | (o,17:p(a1/4)) = sup [|[ATY () + AT Z(t)]
te[0,7)

< C(HZ — 20|30y peavy + 17 — ZOHC([O,T];D(A”Y)))'

As far as part (b) is concerned, we follow the approach by [Fer97|. For fixed
T > 0, starting point € D(AY) and terminal point y € D(AY) we construct the
following function u, by choosing 0 < to <t; < T

e g if t € [0, to]
a(t) = { e Ty if t € [t,T] |
t—t .
alto) + 5 (alt) = a(to)) if t € (to,11)
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By direct inspection, thanks to equation (I.2.1) (with & = 1/2 — ) and the bound
v > 1/4, we have @ € C([0,T]; D(AY)) N L*(0, T} D(A%)) This in turn implies, by
Lemma 1.2.2 (choosing 6 = 1/2 —~ and p = § = 1/2) and the bound v < 1/2, that
B(u) € L*(0,T; H*'~1). Define now o as the weak solution of the following linear
differential equation, set in D(A7)

v + Av = —B(u)

v(0) ==z
We know by a standard result in linear parabolic PDEs (¢f. |[RR04, Section 11.1.2])

that there exists a unique v € Hl([O,T];HQV_l) N L? (O,T;D(A%‘W)), hence v €
C([0,T); D(A")), such that (0) = z and

(@' (1), 8) + (Av(1), 0) = —(B(u(t)),6)) Vo € D(ATT), ae. t >0,

where we denote by {((-, -)) the duality pairing between H?'~! and D(A%_V). By
limiting test functions to ¢ € D(A) C D(A%_V) and integrating over [0,¢] C [0,7],
we reach for all ¢ € D(A) and t € [0,T]

(5(2), ) + /0 (5(s), Ag) ds (1.4.5)

Then we conclude that z := u— v satisfies the thesis of the theorem. Indeed equation
(1.4.5) tells us that v satisfies in the generalized sense the equation
v+ Av+ B(v+2z)=0
v(0) ==z

which is known to have a unique generalized solution as discussed at the beginning
of the proof. Therefore we have ®(z) = zZ 4+ v = @, which entails the thesis. O

Lemma 1.4.6. Let ¢,G be as in hypothesis (Hy). For all v € [0,1/4 + ¢), the law
of Z as a random variable* in Co([0,T]; D(A")) is full, i.e. P(Z € U) > 0 for every
open non-empty subset U of Co([O, TY; D(A”’)).

Proof. This lemma is a direct application of [Mas93, Lemma 2.6] once checked that
its hypotheses (denoted by (A1) and (X2)) are satisfied in our case. Adopting the
notations used in the cited reference, we choose D(A”) as the space E, so that
E = Co([0,T]; D(A7)). Moreover Q" is the law of the random variable Z : Q —
Co([0,T]; D(A)) and condition (A1) (about Z having a continuous version in E)
is satisfied thanks to our Theorem 1.2.3. Eventually the technical condition (X2) is
met thanks to [Mas93, Proposition 2.7|, where QY2 = G is a linear bounded and
invertible operator from H to Ran(G), which is densely and continuously embedded
into D(AY). The hypotheses of [Mas93, Lemma 2.6] are thus satisfied and the thesis
states that the closure of supp(Q°) in the topology of E coincides with E. Let now
U be an open non-empty subset of C’o([O,T];D(AV)) = E, then the intersection

*The stochastic process {Zi};c[o,7] can be seen as a random variable Q — Co([0,7]; D(A"))
thanks to [DZ14, Proposition 3.18] and our Theorem 1.2.3.
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between U and S := supp(Q") is non-empty ®. Eventually by definition of support
of a probability distribution 4 we have P(Z € U) = Q°(U) > Q°(U N S) > 0. O

Proposition 1.4.7. Let ¢,G be as in hypothesis (Hy). The Markov semigroup
{Pi}i>o (cf Section 1.2.5) is irreducible in D(Ai).

Proof. Let us fix T >0, x € D(Ai) and U open non-empty set in D(Ai), we prove
that Pjé,(U) > 0. Fix € and G as in the hypothesis and take v € (1/4,1/4 + ¢).
By density of D(AY) in D(Ai), we find y € D(AY) and § > 0 such that the open
ball B(SD(AIM)(y) = {w € D(Ai) D w — y|]D(A1/4) < ¢} is included in U. For
that y € D(A?), part (b) of Lemma 1.4.5 returns a z € Cy([0,T]; D(A")) such that
®(2)(T) =y and P — a.s.

[a(T) = ¥l p ey = [B(Z2)(T) = ST passay < 19(2) — 2o rypears)-

For the above ¢ > 0, continuity of ® at z (see part (a) of Lemma 1.4.5) returns p > 0
such that, whenever HZ—E”C([O,T];D(AV)) < p, then || ®(Z) = @(2) | 0,110 (a1/4)) < 6
We conclude by monotonicity of probability and Lemma 1.4.6

Pré.(U) = P(HU(T) - y||D(A1/4) < 5) 2 P(HZ - Z||C([0,T];1:)(Av)) < ,0) > 0.

a

Remark 1.4.8. Irreducibility in D(Ai) implies irreducibility in H for our semigroup.
Let indeed U be an open set in H, then U N D(Ai) is open in D(Ai), as discussed
in Remark 1.4.2 (7). Moreover, if x € H, then we proved in Proposition 1.3.8 that
for all t > 0 we have X} € D(Ai) almost surely. Therefore, given irreducibility in
D(A%), r € H and t > 0, we find to € (0,¢) such that X = xq € D(A%) almost
surely, thus

Py8,(U) > Py, (U N D(AT)) = Pfy 65 (U N D(AT)) > 0.

1.4.2 (SF) property

As far as the (SF) property is concerned, we proceed by finite dimensional approxi-
mations of a suitably modified version of our 2D stochastic Navier-Stokes Equation
(I.2.3), similarly to [FM95; Fer97|.

For any n € N let II,, be the projector onto the subspace of H generated by the
eigenvectors e of A for k € {1,...,n}. For every R € (0,+00) let Op : [0,400) —
[0,1] be a smooth function with compact support [0, R + 1] and equal to 1 on the
interval [0, R].

We study the following modified and approximated version of the stochastic 2D
Navier-Stokes Equations, in which the function B is smoothly truncated to 0 when-
ever the norm in D(A1) of the solution exceeds the parameter R. For every positive

31f it were empty, we would reach a contradiction: since U NS = @ <= S C U®, then E=5cC
Ue=U+—=UCE =2

4The support of a probability distribution Q° on a topological space is the largest Borel set S with
the following property: if U is an open set with non-empty intersection with S, then Q°(UNS) > 0.
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integer n € N we denote with W :=IL,W =Y}, wPey, a finite dimensional stan-
dard Brownian motion in H,, = II,,H, then for every real parameter R > 0, every
injective G € L(H) and every z € H,, we consider

?) B, (X)) dt = L,G AW t >0,

dxfr 4 AxPr 4+ e AT X
Xél2 "=

(1.4.6)
This is an autonomous finite dimensional stochastic differential equation, with an
additive noise and a drift which is the sum of a linear term and a globally Lipschitz
non-linearity. Therefore, according to the standard existence and uniqueness theorem
for solutions to SDEs under regular and Lipschitz coefficients (refer to, for example,
[Ball7, Theorems 9.2, 9.6]), there exists a pathwise unique Markov process X Amn
which is a solution to the modified and approximated system (I1.4.6). When we want
to highlight the dependence on the initial datum, we use the notation X" (z). Let
PR denote the Markov semigroup associated with this solution. It is known by
classic theory (¢f. [Cer01, Chapter 1]) that the function H, — H, : z — X2 (x)
is mean-square differentiable, therefore, by means of the Bismut-Elworthy formula
(cf. |EL94; Bis81]), we know that Pﬁ’"(p is differentiable at all times ¢ > 0 for all
¢ € Cy(H,) and that, for x,h € H,

VP p(x)  h = %E [@(Xf’""(w)) / (I,GGTL) /2D, (X (@) e AW
0
(1.4.7)

We denoted with D[ X" ()]h the row-by-column multiplication between the Jaco-
bian matrix evaluated at z of the function H, — H, : z — X "™(z) and the vector
h € Hy,.

Lemma 1.4.9. For any G as in hypothesis (Hy) and for all R,t > 0 there exists a
constant Cr(t) > 0 such that, for alln € N

[P/ o) = P o(y)] < Cr)|ellollz =yl Vo € Co(Hy), Va,y € Hy.

Proof. Let us fix R,t > 0, n € N and take ¢ : H, — R bounded and continuous,
then PtR’"go is differentiable at all times ¢ > 0 by the Bismut-Elworthy formula. By
the mean value theorem we have, for all x,y € H, and t > 0

|P/*"p(x) — P/ p(y)]
< sup [VP"o(2) - (v — )

FASY =

1 t 1/2
< ¢l sup (E /0 H(HnGG*Hn>—1/2Dz[X?%)](x—y>H2ds) ,

where we employed equation (1.4.7) with h = x — y, controlled the first factor inside
the expectation via the boundedness of ¢, and It6’s isometry. Since V' C Ran(G)
and by adapting known estimates from [FM95] (details are provided in the appendix,

33



CHAPTER I [.4. Application to invariant measure

see Propositions B.1 and B.2), we get

E/ (I, GG*IL,) 2D, [ X (2)] (& — )| ds
0

: Eni)(x — 2 s
g]E/O 1D [XF(2)](z — )]}, d
< Cr(D)lz - Il

for a certain positive constant depending only on R and t. By inserting this result
back into equation (I.4.2) we reach the thesis of the lemma for a possibly different
constant Cg(t). O

We study the following modified version of the stochastic Navier-Stokes Equations
for fixed R >0 and x € H

AXE + AXEdt + Og (AT XE|2)B(XF) dt = GdW, ¢ >0, P —a.s.
X§ =z P—a.s.
(1.4.8)

where the non linearity is continuously truncated to 0 as soon as the D(A%)—norm
of the solution exceeds the parameter R.

Lemma 1.4.10. The results presented in Section 1.3 still hold true if we replace
equation (1.2.3) with its modified version (1.4.8). In particular for all G as in hypoth-
esis (Hy) and for all x € D(Ai) we have X € C([O,T];D(A%)) for all R,T >0
and P — a.s. Moreover a sub-sequence of X" converges to X in C([O, T7; D(Ai))
for all T > 0, P — a.s. and uniformly both in R and in x, for x in bounded sets of
D(A%).

Proof. We remark that the previous known results gathered in Theorem 1.2.7 main-
tain their validity for the modified version of the Navier-Stokes Equations (see the
appendix in [FM95]). In order to adapt the new results in Section 1.3, we proceed
by the finite dimensional approximations in equation (1.4.6). The two differences
from Section 1.3 lie in the presence of the truncating function O and in the finite
approximation of the Wiener noise.

We observe that the proofs of Lemmas 1.3.3 and 1.3.5 are not modified if we add
Or in front of the non-linearity B,, and replace z by its finite dimensional approxi-
mation z, = II,z. Indeed we can always employ the obvious estimates ||Og|oc = 1
and ||A%(2)| < ||A%2(t)]| for all t, > 0 and P — a.s. Thus we obtain analogous a
priori estimates for vff ;= X1 — 2

In the first step from the proof of Theorem 1.3.6, estimates for v? do not change
if we replace B,, with ©rB,, and z with z,. We conclude that a sub-sequence of v,]f
converges in C([0,7T]; D(A7)).

As for the second step from the proof of Theorem 1.3.6: we have X" = vf + zn
and we need to prove that z, converges to z in C([O, T; D(A’V)). This fact is true for
a sub-sequence, that we extract almost certainly through the Arzela-Ascoli theorem.
Indeed, the equi-continuity of the sequence derives from the regularities expressed in
Theorem 1.2.3 and the following estimate for any § > 0 with f4+~v < 1/4+¢

20 (t) = 2n(s) | p(an) < 12(t) = 2(8) I peary < l2llesory.peanylt — 1.

As for the relative compactness, we use the compact embedding D(A%) «— D(AY)
for v < @ < 1/4 + ¢ and the arbitrariness of v < 1/4 + ¢. O
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Furthermore, it is classical to show that the solution to equation (1.4.8) is a
Markov process (cf. [DZ96]), thus its Markov semigroup will be denoted by {PtR}tzo-

Lemma 1.4.11. For any G as in hypothesis (Hy) and for all R,t > 0, there exists
a constant Cr(t) that satisfies

1 1
|Pfo() — Plo(y)] < Cr)l@llollz =yl Yo € Cy(D(AT)), Yo,y € D(AT).

Proof. We fix R > 0 and z,y € D(A%), we denote by X7 (z), X" (y) for all n € N
and by X% (z), X®(y) the solutions to equations (I.4.6) and (I.4.8) respectively, with

starting point = or y respectively. By Lemma 1.4.10 we have for all ¢ € C, (D(Ai))
and all ¢t >0

SO(XtR’n(l‘)) — SD(XtR(fL‘)), QO(Xﬁ’n(y)) — go(XtR(y)) P —a.s. as n — oo.

Therefore by the Dominated Convergence Theorem we have

{Pf’”cp(x) =Ep(X(2)) — Ep(Xf(2)) = Pfip(z) Vit >0, asn — oo.

Pl o(y) = E(XR"(y)) — Ep(XT(y)) = PRo(y)
Thus, for all £ > 0
|PFo(z) — PRo(y)| < |PFo(z) — P o()] + [P o(x) — P o(y)|

R7
+ [P "o (y) — Plo(y)]
< |Po(x) = P o(y)] + o(1), as n — oo,

By use of the uniform estimate in n provided by Lemma 1.4.9, and taking the limit
inferior as n goes to infinity, we obtain

|Pfo(a) = Plo(y)| < CrO)lellclle =yl VE=0.
O

Lemma 1.4.12. For every G as in hypothesis (Hy), for every bounded and countable
set U C D(Ai) and for all times t > 0 it holds

lim sup || P/ 6, — P64y = 0.

Proof. Let us fix G, U as in the hypothesis and take x € U, t > 0 and ¢ € Cj, (D(Ai))
with |||l < 1, then we need to prove that

lim |Pfo(x) — Peo(a)| = 0
R—o00
uniformly with respect to x and ¢. We define

A= {Sup sup HAiXtR(x) — A%Xt(x)HQ > 0} C {sup sup HAiXtR(ur:)H2 > R},
zeU t€(0,T) zeU t€(0,T

where the inclusion holds by definition of O and uniqueness of equation (1.4.8).
Observe that A is measurable in , thanks to the continuity of X (x), X#(x) : [0,7] —
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D(Ai) and the fact that U is countable. We also have by direct inspection that
Tpe X' (z) = Tpe Xy (z) for all times and all z € U. Therefore

sup |PFo(x) — Pep(z)] < sup E [!@(Xf(w)) — p(Xy(2))|(1a + ILAC)}

= supE[[p(X[(2)) — p(Xi(2)) 1]
zelU

< 2P(A)

1
< 281 (509 sup 4161 )]
zeU ¢€[0,T)

We know by Lemma 1.4.10 that ||AiXﬁ(:p)|| is P — a.s. uniformly bounded both in
time, in R and in x in bounded sets of D(A%), thus we conclude by the Dominated
Convergence Theorem

sup || P60, — P} oyl gy — 0 as R — oo.
zelU
O

Theorem 1.4.13. For any G as in hypothesis (H1), the Markov semigroup {P;},>
associated to the solution of equation (1.2.3) (cf. Section 1.2.5) enjoys the (SF)

property on D(Ai) — H.

Proof. By Lemma 1.4.11 we have for all R > 0,¢ >0 and z,y € D(Ai):
* * 1
| P60 = P8, gy = sup {|Peo(@) = PRo(y)] : ¢ € By(D(AT)), llglloe < 1}
1
= sup {|Pig(x) = Po(y)] : ¢ € Co(D(AT)), ol <1}

< Cr(®)[lz =yl

where we used the fact that the total variation norm can be equivalently defined
through Borel or continuous b?unded functions.
We now fix t > 0, x € D(A%) and take an arbitrary sequence {x}, .y bounded in

D(Ai) and converging to z € D(A%) with respect to the norm of H. For any € > 0,

Lemma [.4.12 returns R > 0 (which depends both on € and on sup,,cy HAia:nH) large
enough such that

|Pip(x) — Pup(n)| < |Prp(x) — Pfo(x)| + | Pfo(x) — Plo(zn)]
+ |Pfo(2n) — Pip(zn)]
||Pt*5a: - PtR*(sa:”TV + ||PtR*5:c - PtR*(Smn ||TV

IN

(1P 00, = P00, v | Il
< CrO)lellocllz — znll + 2llel e
By taking the limit inferior as n goes to infinity we find out that

0 < liminf [Pp(x) — Prp(zn)| < 2[|¢lloce,
n—oo

which gives the thesis by arbitrariness of € > 0. O
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Chapter 11

Inviscid Limit of the Stochastic
Hyperviscous Navier-Stokes
Equations and Invariant Measures
for the Euler Equations in R?

II.1  Introduction

The most famous equations in fluid dynamics, at least from a mathematical point of
view, are the Navier-Stokes equations for homogeneous incompressible fluids

Ou —vAu+ (u-V)u = f — %Vp,
divu = 0.

They describe time and space evolution of the flow-velocity vector field v and the
pressure scalar field p of any fluid, given constant parameters v, p > 0 and a vector
field f. The parameter v is the kinematic viscosity, p is the density of the fluid, while
f is interpreted as an external force per unit of mass acting on the fluid and can be
either deterministic or stochastic.

By formally setting the kinematic viscosity v to zero, one obtains the Euler
equations for homogeneous incompressible fluids

II.1.1
divu = 0. ( )

{6tu +w-Vju=f— %Vp,

The main physical difference between the two systems is the following. The
Navier-Stokes equations describe the motion of viscous Newtonian fluids, while the
Euler equations predict the behaviour of inviscid fluids.

The problems of the well-posedness, the existence and the uniqueness of solutions
for both equations have been widely investigated in literature and are completely
solved in the two-dimensional (2D) case, see, for instance, [Wol33; Lad69; TemO1;
Jud63; MB02|. Further interesting properties, both from a mathematical viewpoint
and for the practical implications in understanding the long-term behaviour and
statistical properties of turbulent flows, concern the invariant measures for the two
equations. Formally speaking, invariant measures are spatial distributions of the
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fluid, which remain stationary as time evolves. Rigorous definitions will be given in
Sections I1.2 and IL.5.

A classical method for proving the existence of invariant measures for partial
differential equations, both in the deterministic and stochastic setting, is the Krylov-
Bogoliubov method; see, for instance, [DZ14; DZ96; BG99]. It has been successfully
applied to the stochastic Navier-Stokes equations, starting from the celebrated pa-
per [Fla94]. Instead, concerning the deterministic Euler equations, earlier works have
identified invariant measures, in the case of bounded domains and periodic bound-
ary conditions, often employing the Gibbs measure [ARH79; AH89; AC90; Cip99;
Bir06]. Kuksin’s influential studies have demonstrated that stationary solutions for
the Navier-Stokes equations with stochastic forcing converge to non-trivial station-
ary solutions of the deterministic Euler equations as viscosity vanishes and the noise
vanishes as well [Kuk04; Kuk06; Kuk07; Kuk0§].

The approach in this paper builds upon foundational works, including [Fer23| and
[Lat23|, which investigate the Eulerian limits and their connection to the stationary
solutions of the 2D hypoviscous and hyperviscous Navier-Stokes equations as vis-
cosity vanishes, in the case of bounded domains with periodic boundary conditions.
Instead, we focus on the case of the unbounded domain R?, inspired by recent ad-
vances in stochastic partial differential equations (SPDEs) on unbounded domains,
which involve the continuity of the solution flow with respect to weak topologies, a
crucial aspect for handling the lack of compact embeddings in unbounded domains.

Specifically, we start from the stochastic hyperviscous 2D Navier-Stokes equations
on the domain R?

dX; + [VA“ X, + B(Xy)| dt = B, dW4, fort >0, (11.1.2)

where o« > 1, W is a cylindrical Wiener noise, and 5, > 0 is a coefficient to be
appropriately chosen. The higher-order dissipation terms given by the power a > 1
of the Stokes operator regularise the solutions, and allow us to derive powerful a
priori estimates. The scaling factor 3, in front of the external forcing is of paramount
importance. The following theorem gathers known results from the literature which
clarify the role this factor plays in the deterministic setting on bounded domains.

Theorem I1.1.1 ([Tem95, Theorem 10.1]). Assume that D C R? is a bounded do-
main with periodic or Dirichlet boundary conditions and let V' denote the space of
divergence-free vector fields in H'(D;R?). If v > 0 and f € V', then there exists
u €V such that

vy(Au, v)y + b(u, u,v) = A f, )y (I1.1.3)

Moreover, if there exists ¢ > 0 depending only on D, such that

Il < ev?,
then the uw € V' from above is unique.

Remark 11.1.2. The last theorem motivates the following claim: if the coefficient (5,
in equation (I1.1.2) converges sufficiently rapidly to 0, as v — 0, then the solutions of
the Navier-Stokes equations vanish in the limit ¥ — 0 and converge to zero solution
to the Euler equations. We will make this claim more precise.

Let us consider the setting of Theorem I1.1.1. Assume that f € V’. For all v > 0,
let 5, > 0, and let u” € V satisfy equation (II.1.3) with f = B, f. Then, in the limit
as v — 0, the following statement hold.
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e If 5, = 0(1), then vu¥ — 0 in V. In particular B(uv”) — 0 in V.
o If B, =o(v), then ¥ — 0 in V.

Indeed, if we test the equation (II.1.3) with f = B, f, against u” € V, by recalling
that b(u”,u”,u”) = 0,

v’} = Bu A fou)y < Bull fllvllu”lly,

which implies
vlw’lly < Bull fllv,
from which the assertions follow.

Therefore, if we want to construct an invariant measure for the Euler equations
by studying the inviscid limit of the Navier-Stokes equations, then we need (5, to
converge to 0 less rapidly than v.

Remark 11.1.3. Let us now consider the setting of our equation (II.1.2) with o > 1,
and hint at the reason for our choice of the constant 3,, see Theorem I1.5.12 for
the details. Assume that (H, || - ||) is the space of square-integrable divergence-free
vector fields on R2. If we suppose that the H-valued process X is a solution to the
equation (I1.1.2), then the It6 formula applied to the process || X”||? gives

t
E| XY |+ ME/ 142 XY ds = E| X|* + B;Ct,  Vi=0,
0

for a constant C' > 0 that depends on the Wiener process. If, in addition, X" is
stationary, ¢.e. its law is an invariant measure, hence constant in time, then the
first terms in both sides of the equality cancel out, and the integral in time is easily
computed. We are left with

2
yt(2E||A3X5||2” ):0, Vit > 0.
v

The last equality, together with the stationarity of the law, implies

2

E||l45x7|? =E|ASxg|> = e, vs>o,
v

which becomes a uniform estimate with respect to the kinematic viscosity v if 5, =

Vv, and thus gives a powerful property to study the inviscid limit.

The last remark, inspired by [Lat23, Proposition 4.2], motivates the choice of the
factor 8, = /v in our equation (I1.1.2).

Once the well-posedness of the equation (I1.1.2) with 8, := /v has been in-
vestigated, we establish the existence of invariant measures, by employing a ver-
sion of the Krylov—Bogoliubov method tailored to weak topologies. This tech-
nique was introduced in [MS99|, and successfully applied to the stochastic non-linear
beam and wave equations [BOS16], the Navier-Stokes equations in unbounded do-
mains [BMO17; BF19|, the stochastic Landau-Lifshitz-Bloch equation |[BGL20], the
stochastic damped Euler Equation [BF20], and the stochastic non-linear and damped
Schrodinger equation [BFZ24|. The lack of compactness has been addressed also in
[BLO6; BL04|, where the authors established and Li established the existence of a
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compact absorbing set for the 2D stochastic Navier-Stokes equations with additive
noise in a certain class of unbounded domains.

Later, we use the found invariant measure to construct stationary solutions to the
stochastic hyperviscous 2D Navier-Stokes equations, and finally perform the inviscid
limit by means of the Jakubowski’s version [Jak97, Theorem 2| of the Skorokhod
Theorem. To this end, we find a sufficiently large space in which the laws of the
viscous sequence are tight. This space has also to be small enough so that, after
using the Jakubowski theorem, the convergence in that space is strong enough for the
sequences of viscous solutions, as well as some auxiliary processes, to be convergent.
A similar technique has been applied for finite-dimensional approximations to SPDEs
in [BO13; BM13; BMOL17].

Finally, the process resulting from the inviscid limit is proved to be stationary
and its law is the sought invariant measure for the Euler equations, which inherits
the moment estimates valid for the approximating sequence.

The structure of the paper is as follows. In Section I1.2, we present some nota-
tions and preliminaries on frequently used functional spaces, operators and stochastic
processes. Section I1.3 gathers the main results of the paper. Section I1.4 formulates
and solves the stochastic hyperviscous 2D Navier-Stokes equations, whose Markov
property and invariant measure are later studied in Section II.5. In Section I1.6, we
rigorously pass the stochastic Navier-Stokes equations to the inviscid limit. Hence,
we derive an invariant measure for the deterministic Euler equations. Finally, the
appendices gather some ancillary results and technical lemmas used throughout the

paper.

I1.2 Preliminaries

I1.2.1 Functional setting

Notation I1.2.1. For s € R, we recall the definition of the Sobolev space
H (R4 H) = {f eSRLH) + [v0 (1+ a2y 2Z[f)(x)] € L2(Rd;ﬂ)},

which is a Hilbert space if endowed with the inner product
/Rd(l +[2)(Z[f)(x), Zlgl(2))y, do, YV f,g € HYREH),

and with the induced norm || - HHS(Rd;H)'
A variant of the classical Sobolev spaces, tailored to deal with the equations of
incompressible fluid dynamics, is given in the following definition.

Definition I1.2.2. For s € R, we define the Sobolev space of divergence-free vector
fields

1= {ue SRER?) ¢ [om (L4 o) ()] € LR R?), diva =0},

where |z| and z -y, for z,y € R?, denote the standard Euclidean norm and inner
product in R%. We recall that, for u € &’(R?; R?), the distribution divu € S'(R?; R?)
is defined as

divu := zﬁ_l[xﬁ[u](x)], for z € R,
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where z - Z[u](x) is the real-valued distribution given by the euclidean product in
R? between the smooth function R? 3 z — z € R? and the distribution .Z[u] €
S’(R?;R?). The linear space H* is endowed with the inner product

(U, V)gs 1= /R?(l + |z} Z [u)(z) - Fv](z) dz, Vu,ve H?,

which makes H*® a separable Hilbert space. The induced norm is denoted as || - || .

Notation I1.2.3. If s > 0, the topological dual space of H® is H~*. The duality
product is denoted by

ik

U0 )y, = /Rzﬂ\[u](:zz)-?[v](x)dx, Vue H™® ve H°.

If s = 0 we use the following notation:

H:= H°,
1/2
fulli= o = ([ Jut@Pac) . vuen

(U, v) := (U, v)go = /]RQ u(x) - v(z)de, Yu,v e H,

where the equalities hold thanks to the properties (0.3) and (0.4).

Remark 11.2.4. If u € H and v € H?® for some s > 0, then, by direct inspection, since
H?* —~ H — H™%,

(1,0) = gty 0y
Definition I1.2.5. The Hilbert space H is a closed subspace of H°(R?;R?) =
L?(R?;R?), thus an orthogonal projection

IT: L*(R%*R?) — H,

called Leray projector, is well-defined, see e.g. [BrelO, Proposition 5.3, Corollary
5.4]. Tt is known that the operator II can be extended in such a way that, for any
s € R, II(H*(R%R?)) = H*.

We derive the following trivial lemma from the definition of the divergence-free
Sobolev spaces and the Holder inequality.

Lemma I1.2.6 (Interpolation inequality). Assume that p,q € R with p < q and
A€ (0,1). Ifue HY, then

A -
lull e < llullzp el = Ap+ (1= Mg

I1.2.2 Operators

The Laplacian on the Sobolev spaces of divergence-free vector fields is a paramount
operator in fluid dynamics that has been extensively studied in the literature. We
give here the definition of its powers, that will allow us to study the hyperviscous
Navier-Stokes equations.
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Definition I1.2.7. For o > 1, we define
A%y = F1 [z — (1+ |$|2)°‘9’[u]], Yu e S'(R% R?),

where z +— (1 + |2[?)*Z[u] is the R%valued distribution given by the product
between the smooth function R? > z + (1 + |2[?)® € R and the distribution
Zu] € S'(R%R?). If s € R, the operator A := A! : H*** — H® is commonly
called the Stokes operator. Whereas, for o > 1, the operator A® : H?*t$ — H*, for
s € R, will be referred to as the hyperviscous Stokes operator.

Remark 11.2.8. Assume that s € R and o > 1. We will show that the linear operator
A% H?0F5 5 % is well-defined.

Let v € H?***, then A% € H*(R?;R?) by direct inspection. We only need to
prove that div(A%u) = 0 in the distributional sense. Indeed, we have in S'(R?; R?)

div(A%u) = i.F [a: - F [A%u] (a:)} =iF! [(1 + ) - Flu] (:r)} :

where we used Definitions 11.2.2, I1.2.7. The right-hand side vanishes because u €
H?9%5 implies divu = 0, which entails x - #[u](z) = 0 in the distributional sense in
S'(R?;R?).

Remark 11.2.9. For s € R and o > 1, the linear operator A% : H?*TS — H* is

positive definite, bounded, self-adjoint in H*® and has spectrum [1,400). Moreover,
given u € §'(R?;R?), then

we H?**t  — A% e H®,
and,

] graass = || A“U| g, Vue g2,

(U, V) g2ats = (A%, A%) s, Vu,v € H?**FS,
In addition, if w € H?**, then by the properties of the Fourier transform,
Au=u— Au € H®.

Eventually, if we introduce the normed subspace Dys(A%) := (H?*" || - || ;) C H?,
then, assuming v > 0, the operator

—VA®: Dys(A%) C H® — H°,

generates a contraction analytic semigroup { e vtA” } 4> Of linear bounded operators
in H?. B

Eventually, one needs to formally introduce the non-linear term that appears in
both the Navier-Stokes and the Euler equations.

Lemma I1.2.10. Assume that p,q,r > 0 satisfy the assumption

ptqg+r=>1 ifpqgr#l,
p+q+r>1, otherwise,
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then the trilinear form

b: HPxHI ' < H" 5 (u,v,w) — <u-Vv1>.w
R2 U'V'UQ

Z/ w; u; 07v; d.Z? e R,
R2

2,j=1

is well-defined and continuous, where we denoted by £? the 2-dimensional Lebesque
measure on R%. Moreover, whenever the expressions make sense,

b(u, v, w) = b(u,w,v), (I1.2.1)
b(u,v,v) =0, (I1.2.2)
b(u,u, Au) = 0. (I1.2.3)

Proof. The well-posedness of the trilinear form comes from [Tem95, Lemma 2.1].
The two properties in equations (I1.2.1), (I1.2.2) follow by a density argument from
[Tem95, equations (2.33), (2.34)].

The last property (I1.2.3) is proved in [Tem95, Lemma 3.1] in the case of periodic
boundary conditions, however, its proof can be adapted also to the case of the un-
bounded domain R? as follows. Let us suppose that u € C°(R?; R?), with divu = 0,
then by (I1.2.2) and integration by parts

b(u, u, Au) = b(u,u,u) Z / aku] u;(Ojuy) d.L?

i,5,k=1

Z / (Oku;) (Okus) (O5uy) diﬂ + Z / (Oruy) ul Zku])d.,?Q

i,7,k=1 i,7,k=1

The first sum vanishes because a simple calculation shows that

2 2
D (Owuy) (Opui) (D) = (div u)< > (aiuj)Q) =0.

i k=1 ij=1

The second sum vanishes because (9yu;)(0%u;) = 0;((Oku;)?)/2, hence, by integra-
tion by parts

Z (D) (D) (Dyuj) d.L2% = Z / u;0; ((Opuj)?) L2
i,7,k=1 R? z]k 1 R?
1 2
- _2/ (div u)< > (akuj)2> dz?=o.
R2

J,k=1

The general case is obtained by recalling that compactly supported smooth vector
fields are dense in H?, for any o € R. O

Definition I1.2.11. Let p, q,r satisfy the assumption of Lemma I1.2.10, then we
define the bilinear continuous operator

u - Vg

- gP q+1
B:H? x H 9(u,v)»—>1’[<u.v02

> =Idiviu®v) e H™".

With a slight abuse of notation, by B we will also denote the corresponding quadratic
map
B: HMV*Y 54 B(u) := B(u,u) € H",

called Navier-Stokes non-linearity.
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In the following lemma we summarise some frequently used estimates on the
operators b and B.

Lemma I1.2.12. Assume that o > 2 and € > 0. There exists a finite constant ¢ > 0
such that

1B(u, v)l[ go-1 < cllull gorllvll e, Vue H!, ve H, (I1.2.4)
1B, o)l < el ol ve. Vue B, ve HYS,  (1125)
| B(u,v)|| - < cllullgrllv]l g1, Vuec H', ve H', (I1.2.6)
|b(u, v, w)| < c|lul| gl|vl g llwl| g Yue H', ve H', we H*. (11.2.7)

In particular, B € C(H®; H°™1).

Proof. The first estimate is taken from [KP86, Lemma 1.3]. Then the continuity of
B: H? — H°! follows directly from

1B(u) = B(y)llgo-1 = [ B(u—v,u) + B(v,u = )| o
< cllu =l gollullge + ellvll gorllu — vl ga

< c(llull o + vl o) e = vll -

In particular, B : H® — H°~ ! is Lipschitz continuous on bounded sets of H°. The
second estimate comes from the continuity of the bilinear operator B, see Definition
I1.2.11 with p = 1, ¢ = ¢, » = 0. The third and fourth estimates follow from the
continuity of the operators b and B, see Definition 11.2.11 and Lemma I1.2.10 with
p=1q¢g=0,r=c¢. O

I1.2.3 The 2D incompressible Euler Equation

We project the Euler equations (II.1.1) on the space H of divergence-free square-
integrable vector fields, by means of the Leray operator, see I1.2.5. This allows us
to incorporate the incompressibility condition in the functional setting and to cancel
out the gradient of the pressure. The equations thus reduce to the following (2D
incompressible) Euler Equation

v + B(u) =0, on (0, +00). (EE)

We give the definition of a solution to this equation and recall an existence and
uniqueness result from the literature.

Definition I1.2.13. Assume that o > 2. We say that a function u € C(Ry; H?) is
a solution to the Euler Equation (EE) if in Ho~!

u(t) + /O "B(u(s) ds = u(0), Yt 0. (11.2.8)

Remark 11.2.14. If t > 0 and v € C'(R4; H?), then the integral in equation (II.2.8)
converges in H°~! by Lemma I1.2.12, hence the equation (I1.2.8) holds in H°!.
However, since both u(t) and u(0) belong to H?, the equation defines the integral in
H? and the equality is thus true in H°.
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Theorem I1.2.15 (|[KP86, Theorem III|, [KP87, Theorem II|). Assume that o > 2.
If x € H?, then there exists a unique solution u® to the Euler Equation (EE) such
that v*(0) = x. Moreover, the Euler flow map

O :Ry x H° 5 (t,x) — ®(t,x) :=u"(t) € H?,
1S continuous.

We aim to prove the existence of an invariant measure for the Euler Equation,
whose definition is given below.

Definition I1.2.16. Assume that ¢ > 2. We say that a probability measure p €
P (H7) is an invariant measure for the Euler Equation (EE) if

(Pt =p € P(H), Vit >0,

where, for t > 0,
O, H° >0 Oy(z) = O(t,x) € H°.

11.2.4 The Ornstein-Uhlenbeck process

As explained in the introduction, the invariant measure for the Euler Equation (EE)
will be obtained as the law of stationary solutions, which are constructed as the limit
of stationary solutions for appropriate Navier-Stokes equations, as the kinematic
viscosity tends to 0. In order to obtain good estimates for the invariant measures of
the Navier-Stokes equation, i.e., uniform with respect to the kinematic viscosity, we
add a white noise to the equation that vanishes in the inviscid limit together with
the diffusion term.

A usual tool to study the solution to stochastic partial differential equations
with additive noise exploits the Ornstein-Uhlenbeck process, as briefly explained in
Remark 11.4.4, see [DZ14, Chapter 5] for a complete dissertation. Therefore, we now
consider the equation that defines this stochastic process, adapted to our setting,
and recall its main properties.

Theorem I1.2.17. Assume that § > 0 and let (Q, F,{F:}+>0,P) be an augmented
filtered probability space with an adapted HP-valued Wiener process W. Assume also
that o > 1 and v > 0. Then, there exists a pathwise unique HP-valued predictable
process Z with reqularity

Z e L*(Qx [0,T); H™™) n L2(; C([0,T]; H?)), VT >0, (112.9)

that satisfies the weak formulation for the equation

(11.2.10)

AZ + vA“Z, dt = o dW,,  fort >0,
Zy =0,

i.e. if ¢ € HPH2Y then P — a.s.

t
(s, By + v /0 (Zoy ABs ds = Vo (Wi, B)pyss V1t 2 0.
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Furthermore, Z satisfies the mild formulation for equation (11.2.10), i.e. P — a.s. in
HB

t
Z = ﬁ/ e V=DA% qw,, V>0, (I1.2.11)
0

and the strong formulation, i.e. P — a.s. in HP~
¢
Zy + 1// A%Z,ds = /v Wy, Yt >0, (1I1.2.12)
0

where a continuous modification for both integral processes in equations (I11.2.11),
(I1.2.12) is employed.

Proof. All the assertions follow from the general theory for linear equations with
additive noise from [DZ14, Chapter 5].

Adapting the notations from [DZ14, Section 5.1.1], we see that the abstract
Hilbert spaces U and H in the reference are both supposed to be the Sobolev-type
space H” and that the operator B is, in our setting, simply /7 I5. In addition, the
abstract linear operator A is replaced by the hyperviscous Stokes operator —v A%,
which generates a contraction analytic semigroup {e‘”tAa} 4o Of linear bounded

operators in H?. The deterministic function f, and the initial random variable &
are both chosen to be 0. Finally, we work under the assumption of the HP-valued
Wiener process W, whose reproducing kernel Hilbert space and covariance operator
will be denoted by Uy and Qs respectively. We recall that Qg € L1(H #), and that
Uy = Q;/Q(HB), hence Uy is Hilbert-Schmidt embedded into H?.

The pathwise uniqueness result for the weak formulation and the validity of the
mild formulation (I1.2.11), P — a.s. in H?, follow from [DZ14, Theorem 5.4], while
the pathwise continuity in H” is stated in [DZ14, Theorem 5.11]. In order to apply
these theorems, the following condition has to be verified: there exists v € (0,1/2)
such that

1
At”whkﬁww@ﬂ&<+m.
Indeed, it is sufficient to notice that

Tr [e-214° Q) < HE_QVtAaHz:(HB) Tr[Qgp] < Tr[Qp] < +oo,

because Qs € £1(H?) and the semigroup is contractive.

As far as the strong formulation in equation (I1.2.12) is concerned, we refer to
|[DZ14, Section 5.6]. We make the following remarks to show that our situation can
be reduced to that of [DZ14, Section 5.6]. If v : H? — H~2* denotes the natural
embedding under the Riesz identification H = H’, then (W is an H~2“-valued
Wiener process with covariance operator @) := 1Qgt* € L1 (H *20‘) and with the same
reproducing kernel Hilbert space Q'/2 (H2) = Q;/Q(Hﬁ) =: Up as W. Hence, the
abstract Hilbert space H from [DZ14, Section 5.6| coincides with the Sobolev-type
Hilbert space H2*. We also need to set the hyperviscous Stokes operator on H 2%,
that is to say

A% Dy2a(A%) = H C H? - H2,

With these conventions, we seek to apply [DZ14, Theorem 5.38] in space H 2%,
Indeed, we show that the hypotheses of the cited theorem are satisfied. First, we
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need to check that Q/2(H—2%) = Up is contained into Dp-24(A%) = H: this is
true because Uy is embedded into H?, which is again embedded into H. More-
over, since Uy is Hilbert-Schmidt embedded into H?, we also have the Hilbert-
Schmidt embedding ¢ : Uy — H and thus the Hilbert-Schmidt property for the
operator A%IQY/2 . H=2> — H~2* Eventually, the validity of equation (I1.2.12)
in H~2% follows from [DZ14, Theorem 5.38]. In addition, the P — a.s. regularity
Z € C’([O, T); HP ) discussed above, allows us to conclude that the equation (I1.2.12)
is satisfied in HP~.

We will now show the regularity in equation (I1.2.9). It follows from the Ito
formula, see [DZ14, Theorem 4.32] or [Par79, Theorem 1.2], applied to the H”-
valued It6 process Z and to the function F : H? 5> 2+ ||z||%, € Ry. This F is
twice Fréchet differentiable, its differential at = € H” is the vector F'(x) = 2z € H?
and its second derivative at = € H” is the operator F”(x) = 25 € L(H?). In
particular, F' € C2(H?). This allows us to apply the Ito formula to the HP-valued
It6 process Z and obtain, P — a.s.

t t
|\Zt||§{ﬁ = —2V/0 <ZS,A°‘ZS>HB ds+2ﬁ/0 (Zs, dWs>HB + v Tr[Qg]t, Vit > 0.

Assume that 7' > 0 and take the supremum for ¢ € [0,7] to both members of the
last equality, then compute the expectation. We reach

T t
E sup HZtH?{B = —21/IE/ HZS||12L16+0< ds+2v/VE sup / <Zs, dWS>Hﬂ—|—VTr[Q5]T.
t€[0,7] 0 te[0,77J0
(I1.2.13)

We estimate the middle term on the right-hand side, thanks to the Burkholder-Davis-
Gundy inequality, see [DZ14, Section 6.4] or [Hyt+16, Theorem 4.2.25, Proposition
4.2.14|, and the Young inequality. For a constant ¢ > 0 that depends on W

¢ T 1/2
2V E sup /(Zs, AW) s g?cﬁE</ (A d8>
0 0

t€[0,T]

< 2eVVTE sup ||Zi]| s
t€[0,T]

1
<2c%T + =E sup | Zi%s-
2 t€[0,T]

We insert this estimate back into equation (II.2.13) and obtain

1 T
§E sup || Z¢|| s + ZVE/ 1 Zs]|76+a ds < (2¢% + Tr[Qg]) VT
te[0,7 0

The sought regularity in equation (I1.2.9) follows from this last estimate and the
pathwise continuity, which we already discussed. O

Example I1.2.18. Assume 5 > 0. We here show an example of trace-class operator
Qs H B — HPB that generates an HP-valued Wiener process W as in Theorem
11.2.17.

Let {en}nen be an orthonormal complete system for H. For instance, one could
construct such sequence by means of tensor product of Hermite functions on L?(R),
and by projecting them into H through the Leray operator 11, see Definition I1.2.5.
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Then, the sequence {A~#/2¢,}, oy is an orthonormal complete system for H?. We
can therefore define the operator Q7 as follows:

Q5A75/2en = an*5/2en, Vn €N,

where {gn }nen is any sequence of real numbers such that the series Y o | |gn| con-
verges in R.

II1.3 Main result

Theorem I1.3.1. Assume that o > 2. There exists an invariant measure i €
P(H?) for the Euler Equation (EE), see Definition I1.2.16, that satisfies the fol-
lowing properties. There exists a finite constant C, > 0 such that

| el dnto) = G,
Ho
/ l2|2n du(z) < @n—DICT,  WneN.
HO’
Moreover, assuming that 0 < B < (2C,)71,

28Cs

/ Aol dyy(z) < 2673587

I1.4 The stochastic hyperviscous Navier-Stokes Equation

This section is devoted to the study of the 2D hyperviscous Navier-Stokes equations,
projected onto the space of square-integrable divergence-free vector fields, with an
additive white noise, and coupled with an initial condition that can be either deter-
ministic or random. First, we give the definition of solution for the equation and
specify its uniqueness property. Next, we construct a solution that satisfies these
properties and obtain some further regularities.

Definition I1.4.1. Assume that v > 0 and a > 1. We say that the stochastic
hyperviscous Navier-Stokes Equation

dX; + vA° X, dt + B(X) dt = udW;,  fort >0, (HNS, )

has a solution if there exists an augmented filtered probability space (Q2, F, {F; }+>0, P)
with an adapted H?*-valued Wiener process W, and a predictable process X :
R, x Q — H?* such that

e X has P — a.s. trajectories in C(R; H*¥) N L?

loc

(R+ﬂ H3a)7

e the following identity holds P — a.s. in H®

t t
Xt—i-z// A“Xsder/ B(X,)ds = Xo+vW,, Vt>0. (IL4.1)
0 0

In this case, we say that (Q,F,{F:}i>0,P;W;X) is a solution to the equation
(HNS, o) (with kinematic viscosity v and hyperviscous power «).
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The definition of solution for the stochastic hyperviscous Navier-Stokes equation
is given in a weak probabilistic sense, i.e. with a non-fixed filtered probability space
or Wiener process, in anticipation of Sections II1.5.1 and I1.5.2, where we will need
to work with different probability spaces.

Definition 11.4.2. Assume that v > 0 and a > 1. We say that the solutions to the
equation (HNS, ,) are pathwise unique if, given two solutions (Q, F, { F; }+>0, P; W; X?),
i = 1,2, such that P(X} = X2) = 1, then

P(ﬂ {x} :XE}) =1.

>0

Definition 11.4.3. Assume that v > 0 and a > 1. We say that the solutions to the
equation (HNS, ,) are unique in law if, given two solutions (Q¢, F?, {F} }+>0, P4 W X1,
i = 1,2, such that (X}).P! = (X2).P? on (H?*, Bp2a), then for all T > 0

(X1).P! = (X?),P* € 2(C([0,T); H*)).

Remark 11.4.4. Fix v > 0 and o > 1. In order to study the solvability of the
equation (HNS, ), we formally differentiate in time the process V := X — Z, where
Z is defined in Theorem I1.2.17 as the solution of the stochastic equation (II1.2.10).
We have, without any claim of rigour:

AV, = dX; — dZ
= —vA“X;dt — B(X;) dt + v dW; — (vA® Zy dt + /v dW)
= —vA*V,dt — B(V; + Zy) dt,
Vo = Xo — Zo = Xo.

In this new equation, the stochastic term is reduced to the term Z inside the non-
linearity and does not explicitly appear in the dynamics for V. Therefore, we are led
to consider the following deterministic equation, for some = € H?®,

{v/ +VvA% + Bu+2) =0, in (0,+00), (I1.4.2)

v(0) = =z,

where z is a deterministic function which plays the role of a trajectory of the Ornstein-
Uhlenbeck process, hence, it is supposed to have its regularity. Once the existence
and uniqueness for the solution to this deterministic equation will have been proved,
a map V : z — v will be properly defined, and the process X will be recovered as
X =V +Z.

Before proceeding with the technique described in the above remark, we present a
simple lemma which clarifies the definition of solution for the deterministic problem
(11.4.2).

Lemma I1.4.5. Assume that v > 0, a > 1, x € H** and z € C(Ry; H?>®). A
function v € C(Ry; H**) N LY (Ry; H3) satisfies the mild formulation in H** for
the problem (11.4.2), i.e.,

t
v(t) + / e VDA B (u(s) + 2(s)) ds = e Vg, Vi >0, (1.4.3)
0
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if and only if it satisfies in H® the strong formulation, i.e.,
¢ t
v(t) + u/ A%(s)ds +/ B(v(s) + z(s))ds = =, Vit > 0. (11.4.4)
0 0

Proof. The proof of the lemma is classical, see, for instance, [RR04, Theorems 12.14,
12.16].

Let us suppose that v € C(Ry; H2**)NL2 (R ; H3®) satisfies the mild formulation
in H%®. First we notice that v(0) = = and we recall that e 4%z € C1((0, +o0); H®)
by the analyticity of the semigroup.

As for the integral term, let us momentarily denote T := {(s,t) € R? : t >
0, 0 < s < t}, T its closure, and f : T 3 (s,t) — e *(=9)4% B(v(s) + 2(s)) € H®.
We notice that f € C(T; H*) by composition of the continuous functions B(v +z) €
C(Ry; H?*~1) by Lemma 11.2.12, e™"4" € L(H®) for any r > 0, and e ¥ 4%y ¢
C(Ry; HY) for any y € H®. Moreover, the functions (s,+o00) 3 ¢t — f(s,t) € H®
are well-defined for all s > 0, and continuously differentiable by the analyticity
of the semigroup, hence 0;f € C(T;H®). These fact allow to apply the Leibniz
Integral Rule, see [Fol99, Theorem 2.27|, and infer that v = e A"z — [ f(s,-)ds €
C1((0, +00); H*) with derivative given at all times ¢ > 0 by

V' (t) = —vA“e VA g 4 /0 vA%e V4% B(y(s) + 2(s)) ds — B(v(t) + 2(t))

= —vA® <e”tAa:c — /0 t e V=AY Bu(s) + 2(s)) ds> — B(v(t) + 2(t))

= —vA%(t) — B(u(t) + 2(t)).

The Fundamental Theorem of Calculus then gives equation (I1.4.4) in H*.
Conversely, if v € C(Ry; H**) N L} (Ry; H3*) satisfies the strong formulation
in H®, then we first notice that all the terms in (I1.4.4) make sense in H®, indeed
A% € L} (Ry; HY) and B(v+2) € C(Ry; H**~1) by Lemma I1.2.12. Also, v(0) = z
by direct inspection. Furthermore, A% € C(Ry; H), thusv—z = —v [ A%(s)ds—
Jo B(u(s) + z(s))ds € C*(Ry; H). By differentiating in time the equation (I1.4.4),

in the sense of H-valued functions on [0, +00), we obtain in H
V() + vA%(t) + B(v(t) + 2(t)) = 0, vVt >0. (I1.4.5)

In order to obtain the equation (I1.4.3) from this last identity, we fix t > 0 and com-
pute the derivative of (0,1) 3 s — e “(:=9)4%(s) € H, thanks to the differentiability
of both(0, +00) > 7+ e™™% € L(H) and v : R, — H:
%e—u(t—s)AaU(S) _ VAae—uA"‘ (t—s)v(s) + e—u(t—s)A“ U,(S)

= e VA (LAY (s) + e VDAY [y A% (s) — B(u(s) + 2(s))]

= — A=) B(u(s) + 2(s)).

For the last equalities, we used the fact that A%v(s) € H for all s € (0,¢) to exchange
the semigroup with the operator A%, and implemented the equation (II1.4.5). The
Fundamental Theorem of Calculus gives the equation (I1.4.3), whose terms, however,
make all sense in H2*. O
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We now state and prove the main theorem that concerns the existence, uniqueness
and dependence on parameters, for the deterministic problem (11.4.2).

Theorem I1.4.6. Assume thatv >0, a > 1, x € H?**, and z € C(Ry; H?>*). Then,
there exists a unique function

v € C(Ry; H*) N Li,o(Ry; H*),

loc

that satisfies the problem (11.4.2) in the mild sense in H**, or strong sense in H?,
see Lemma I1.4.5. Furthermore, the map

Vva=V:H**x C(R; H*) > (z,2) = v e CRy; H**)N L} (Ry; H)

loc

is such that V(0,0) = 0 and satisfies the following estimate. For every T > 0 and
every R > 0 there exists C = C(T,R,v,a) > 0 such that if ||z 2 < R and
SUPye[o,7] llzi()|l y2o < R, 0= 1,2, then

T
sElp] IV (21, 21)(t) = V(2, 22) (1) | F20 + / V(w1,21)(t) — V(2, 22)(1)]| 750 dt
te[0,T 0

< C(llzr = zalfan + sup [l21(8) = 22(8) 320 ).
t€[0,T

(11.4.6)

Proof. Step 1. Let us fix v > 0 and a > 1. We introduce
[: H?** x L*(Ry; HY) — L*(Ry; H3*) N Cy(Ry; H*),

such that, for x € H?* and f € L?(Ry; H®),

t
Tz, )(t) = e VA% — / A f( s, VS0,
0

We prove that I' is a well-defined bilinear operator and that it satisfies, for a constant
C, > 0 and for all (z, f) € H>** x L?>(R,; H®)

“+o00 —+00
| I D@ dt +sup TG DO e < Culllle+Co [ 170

(I1.4.7)
This directly implies that, for any 2 € H?* and T > 0, the restriction

I%: L*(0,T;HY) > f =I5 f == (D(z, f)) € C([0,T); H**) N L*(0, T; H*)

o
is linear and bounded, where fe L?(RJ'_; H?) is the trivial extension of f € L?(0,T; H*),
i.e. f(t)=f(t) fort € [0,T] and f(t) =0fort >T.

To this end, let us fix x € H?* and f € L?(R,; H®). For a.e. t > 0, we calculate
the Fourier transform of I'(z, f)(t), denoting it by (¢, - ), then for all £ € R? we
have

i(t,€) = e 0T 2 (2] (¢) - /t eI Z [ £(s))(€) ds
0

= Ke(0)Z[a](€) — ((Ln, ) = (1, ZLF(I() ) (1)
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In the last line, we defined K¢ : Ry > ¢ e VtIHEP® ¢ R and rewrote the
second integral as a convolution. We use a straightforward generalisation of the

Young convolution inequality, see [Bog07, Theorem 3.9.4]: for measurable functions
g:R—=Rand h:R — R?

1 1 1
19 * Al o@r2y < 9l Loy 1P Lr (roR2)» Vp,q,r € [1,400] st 1+ P +

We employ this estimate with the choice of parameters p = r = 2 and ¢ = 1, or
p =00 and ¢ = r = 2. We obtain for all £ € R?

+OO 2\«
Jal ),y <2 [ 2O (o)
+ 2 e, K2, o 10, Z LN 2 iz

= S+ P Z IO + 2K el [N, ooy

and similarly
. 2 2
- )3 ee, 2y < 2|22l + 21Kl Za, |21 VO aga, o

In particular, we have

+o00 2
2 _ —vr(1+|€]?) _ i 2\ —2a
el = ([ e ar) = Ll
K, 2 = l —2vr(1+[¢*)* dr = 1 1 2\—«
IKelfog,y = | e r= o (14|,
By the Fubini Theorem and the last calculations, we infer that
IT (2, )72, mse) + 0@ Ol o, 2120

“+oo
- / / (14 1€2)%[a(t, ) dé dt + ess sup / (1+ JE2)20 e, €)[2 d
0 R2 t>0

RQ

< /Rgu +1EPYNal- )72, ge) 46 + /RQu €Y N oo ) A€
1 a 2
< <2+V) L a+1ep |z o) a

1 2 Q\al||l g 2
N ( N ) /R AHIEPZ O 2, 2 46

v 2

B 1 9 1 2 2

This is the sought estimate (I1.4.7), once proved that I'(x, f) is continuous in time.

As for the continuity of I'(z, f), first observe that 4( -, &) is continuous in time for
a.e. ¢ € R?, then take a sequence of times {t, },en convergent to a fixed ¢t > 0. The
above estimate allows to apply the Dominated Convergence Theorem and conclude
that

im0, £)(t) = P PO e = T [ (14 627t €) = i) d =

n—oo
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Step 2. For fixed T > 0, we introduce the Banach space (Vr, | - ”J/T) given by
Yr = L*0,T; H**)n C([0,T]; H*),
[0]13,, = HUH%%O,T;HM) + HUH?}([O,T};H%‘)’ Voe Yr.
Fix z € C(Ry; H**). We prove that the function
Ap:Yr v Ap(v) :=TF(B(v+2)) € Vr

is a well-defined contraction on bounded sets of V.
First of all, we recall that for sufficiently regular z1,x2,y € H

B(z1 +y) — B(xa +y) = B(x1 — 22,21 +y) + B(xe + y, 21 — x2).

Therefore, thanks to the estimate (I1.2.4) in Lemma I1.2.12 (with 0 = a + 1 > 2),
and to the Sobolev embeddings, we have for x1,z2,y € H?

|B(z1+y) — B(w2 + y)llge < ||B(x1 — 22,21 + )|l go + | B(w2 + y, 71 — 22)]| o
< cllz1 — @all gollv1 + Yl ot

+ cllza + yll gollzr — 22l ot

< cllas = @] gan |71l 120 + 721l 120 + 20 720 -

If we use this estimate together with the estimate (I11.4.7) from the previous step, we
obtain for all v1,ve € YV

1Az (v1) = Ar(v2)[13,. < CollB(v1 + 2) — B(va + 2)| 20 7110
T
<200, [ oa(®) = va®)lfes [lo1 O
2
o Joa(8) 2 + 202l 2e]

2
< 202CVT{”U1H32T + [Jv2lly, + QHZHC([O,T];HM)} lor = wa 3.

Similarly, we have for all v € Yp
AT ()13, < Cullelan + CUIBE + )20 110
4
< Cyllalzn + 22T [[0lly, + lzlloqoime

Therefore, given e € (0,1), we can choose R > 0 and T > 0 such that

2
22C,T[2R+2 sup [[2(0)]jp2e| <&
te[0,T]

4
Collelaa + 2P C T [R+ |l oqomyamny| < 2
which in turn means that Ar is an e-contraction on the closed ball {v € Yr : [|v[|y,. <
R}. Therefore, for a sufficiently small 7' > 0, there exists a unique fixed point v € Yp

for Ap, which is the unique mild solution to equation (I1.4.2) on the interval [0, 7).
Step 3. We prove a local uniqueness result for the solution.
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Let us take z1,20 € H?* and 21,2 € C(R+;H2a). In the previous step
we proved the existence of times 7; > 0, for ¢+ = 1,2, and mild solutions v; €
C([0, T;]; H**) N L2(0,T;; H3®), to the equation (I1.4.2) with parameters z;, z;, re-
spectively. We restrict the functions to the time interval [0, T], where T := T A T5.

On the interval [0, 7], we denote w = v — v, { = 21 — 29 and u; = v; + z;, for
i =1,2. Then w € C([0,T]; H?**) N L?(0,T; H3®), u; € C([0,T); H*®), for i = 1,2,
and w satisfies in H?® the equation

t t
w(t) + V/ A%w(s)ds +/ B(ui(s)) — B(ua(s))ds = x1 — x2, Vte[0,T].
0 0
If we compute the scalar distributional derivative in time, we obtain
w' + vA%w + B(ui(s)) — B(ua(s)) = 0,

thus we also have w’ € L2(0,T; H*). We now take the duality product of this last
equation with A%w(s) € H™®, for a.e. s € [0,T], and integrate over the time
interval [0,¢] C [0, T:

/0 H_Q<A2aw(5),w'(s)>Ha ds + V/O . <A2O‘ ), A%w )>Ha ds

t (I1.4.8)
- /0 i-o{ A% w(s), Blua(s)) = Blui(s)) )y ds

We recall from [Tem01, Chapter 3, Lemma 1.2] that the first integral equals (||w(t) /|32 —
[w(0)]1254 ) /2, while the integrand of the second term is simply [|w(s)]|%s. for almost
any s € [0,t]. Moreover, almost everywhere in time,

H_Q<A2°‘w, B(ug) — B(u1)>Ha
= H7a<A2aw7 B(UQ, U2 — ul) + B(UQ — U1, u1)>Ha

- - H7a<A2aw7 B(’U,l, w + C)>Ho¢ - H*Q<A2awv B(w + <7 u2)>Ha

These last two terms can be controlled with the estimate (II.2.4) in Lemma I1.2.12
(with 0 = @+ 1 > 2), the Sobolev embeddings and the Young inequality:

(A%*w, B(u1,w +C)) ya w4 ¢ ot [ A* W] f-a

e
v c
< lewllﬂsa + —JlutlFpea llw + ¢l 2.
v
Analogously

<A2aw7 B(U) + C? U2)>Ha

v C
| 4o < ghwllipse + S llualaallw + e

Therefore, rewriting equation (I1.4.8) as discussed and implementing these estimates,
we obtain for all ¢ € [0, 7]

1
Ol +5 [ Tals) e
< llzy = 20 + T2 a0 a2y + 2o g1tz | 1B oryarzey — (114.9)
c 2 2 K 2
+VT[Huch([o,T];HM)‘f‘||U2HC([O,T];H2°‘)]/0 1w (s)l[7720 ds.
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Gronwall’s lemma yields for some finite constant C' = C(T, v, ui,uz) > 0

[o1() = v2(O) | Fr2a < C (21 = @ollFpea + 21 = 221G 07y pr20))s V€ [0,T].
(I1.4.10)
If we insert this estimate back into equation (I1.4.9), we also obtain

T
/0 ||'U1(t) — 'UQ(t)H%I;ga dt S C(Hxl — fCQH%{Qa + HZI — ZQH%([[LT];HQQ)). (II411)

The sought local uniqueness result can be directly inferred from the estimates
(I1.4.10) and (I1.4.11). Specifically, if 1 = x5 and 21 = 29, then v; = vy in Y7.

Step 4. We prove a priori estimates.

Assume that 7" > 0 and that v € Yr satisfies equation (I1.4.3) on [0,77], then we
can differentiate in the distributional sense and obtain the differential equation in
(I1.4.2). We observe that A% and B(v + z) belong to L?(0,T; H*), thus also v’ €
L?(0,T; H*). In particular, the differential equation in (I1.4.2) is to be interpreted
in H® almost everywhere in time.

For almost every time ¢ € [0, 7], we take the product in H between the differential
equation in (I1.4.2) and Av(t) € H3*~2. We suppress for simplicity the dependence
on t. Since b(x,z, Az) = 0 for all x € H?,

1d
5 gVl VlllEress < Jb(v + 2,0+ 2, Av)|
= |b(v, v, Av) + b(z,v, Av) + b(v + z, z, Av)|
= |b(z,v, Av) + b(v + z, z, Av)|

< cllll g 2llollen + 120 ) [Av] o

4c? 2
Izll7 ol 3 + =11zl

v 2
< §||U”Ha+l +7 ”

We used the estimate (I1.2.7) in Lemma I1.2.12 (with ¢ = a— 1 > 0) and the Young

inequality. We multiply by 2 the previous estimate and rename the constant ¢ > 0.
By integrating over the time interval [0,¢] C [0, 7], we have for all ¢ € [0,T]

t ¢ t
o+ v [ o) Bss ds < ol + Slgomam [ T ds
0 v 0 (I1.4.12)
ET 4
+ > HZHC([O,T];Hl)'
By Gronwall’s lemma we obtain for all ¢ € [0, 7]

C C
lo®)s < [l + STzl oy | exp [T oy =5 FT), (114.13)

where f : [0, +00) — [0, +00) is a continuous function depending only on z, z,v. By
inserting this estimate in the right-hand side of equation (I1.4.12) and dividing by v

t 1 c
[ W6 e ds < Dl + 3TN oy (D) + el pyamy - (1414

For almost every time t € [0,7], we take the duality product between the dif-
ferential equation in (I1.4.2) and A?*v(t) € H~®. We suppress for simplicity the
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dependence on t.

1d

5 lte + V00 < | o(A20, B +2) )y

_ ‘ ol A%, B(v) + B(2,v) + B(v, 2) + B(2) )y

< c(|lvllFratr + 20zl gati [0l gats + 1201 Fas1) A7) g—a

< 2¢(||vll3rass + 12 l13as1) 0] o

42
v

v 42
< §Hv||?43a + 7||Z||‘}12a + — [0l 20l Fasa-

We used the estimate (I1.2.4) in Lemma [1.2.12 (with ¢ = a + 1 > 2), the Sobolev
embeddings and the Young inequality. We multiply by 2 and rename the constant
¢ > 0. By integrating over the time interval [0,¢] C [0, 77, we have for all ¢ € [0, T]

t
C
1o (&) 7720 + V/O [o($)lF5a ds < ll2lF20 + ~Tl2l¢ g0 171120

t
C
+ 2 10 B o9 d.
(I1.4.15)
By Gronwall’s lemma we obtain

T
C C
OB < [lelBine + STl oy 50 | € [ N6 as] = (D),
0
(IL.4.16)

where g : [0,4+00) — [0,400) is a continuous well-defined function, thanks to es-
timate (I1.4.14), and it depends only on z,z,v. If we insert this estimate in the
right-hand side of equation (I1.4.15) and later divide by v, we have

t 1 c
W6 ds < S alBine + 5Tl o ey 121 ey + 52T = AT,
(I1.4.17)

where also h : [0, +00) — [0, +00) is a continuous function depending on z, z, v.
Step 5. We prove that the solution is global. Let us define

T.:=sup{T >0 |3veYr : v=Ap(v)}. (I1.4.18)

By Step 1, Ty is well-defined and T, > 0. Moreover, by the local uniqueness result
proved in Step 3, we can concatenate functions v = Ap(v) € Yp, for T € (0,T)
to get a unique function v, € C([0,7%); H**) N L ([0, T.); H3*) such that v,(t) =
AT(U*‘[&T])(Z&) foral0<¢t< T < T..

We will prove by contradiction that T, = +oc.

If T, < 400, then take a sequence of times T}, > 0, n € N, convergent to T, from

below. Applying the a priori estimates (11.4.16), (I1.4.17) from the previous step to
vy on [0,T5,], yield

2

T
| @ de+ sup o) = lim (o],
0 tn

te[0,T%) N0 Yr,

IN

lim [g(T},) + h(Ty)]

n—0o0

= 9(T:) + M(T%).
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This proves that v, € L*(0,T; H**) N L%(0,T,; H3**). Additionally, by Step 1,
% (B(vs 4 2)) € Y7, hence we can define v, (T%) := I'}, (B(vy + 2))(T) and obtain
ve = Ap, (vs) € Y7, In particular, T}, as defined in equation (I1.4.18), is a maximum.

Nevertheless, if T, is a maximum, we can study the Cauchy problem (I1.4.2) with
starting point v, (7). The first step then gives 7" > 0 and a solution v € Y. If we
let

I

o(t) = 4 () if tel0,Ty]
et -1 if te T, T+ 1T

then v is well-defined, and one easily verifies that v = A, | ;»v. This fact contradicts
the definition of T, in equation (II.4.18). We conclude by contradiction that Ty =
400, namely the unique local solution v, is global.

Step 6. In the previous step we proved the existence of a unique solution v €
C(Ry; H**) N L2 (Ry; H3*), thus ensuring the well-posedness of the function V as
in the statement of the theorem. It only remains to prove the additional estimate
(I1.4.6).

Assume that T > 0 and (x;,2;) € H** x C’([O,T];HQO‘), 1 = 1,2, are such that
lzill jy2e < R and SUD¢e[0,7] lzi ()|l 2o < R fori=1,2. Let us denote v; := V(x;, 2;),
then estimates (I1.4.16), (I1.4.14) and (II.4.13) imply the existence of a constant
K > 0 depending on R,T,v > 0 and a > 1 such that

Il + zill oo rysmzey < Wvill oo rysmzey + l2illogo,rymzey < K.

We use this estimate in inequality (I1.4.9): for all ¢ € [0, T

1
g lloa(8) — vt M Fza + /!m — vg(8)]| 450 ds (11.4.19)

2c
<l = @allfrea + — T K121 = 22160 rysar2ey + TKZ/ [o1(5) = v2(5) | F2a ds.

Gronwall’s Lemma gives an estimate for supyco 7y [|v1(t) — va(?) 13,20 We insert this
estimate back in (II.4.19) and find the sought inequality (I1.4.6) for a new constant
C > 0 depending on R,T,v > 0 and o > 1. O

Before adapting the deterministic results of the last theorem to the stochastic
hyperviscous Navier-Stokes Equation, as discussed in Remark I1.4.4, we present a
version of It6’s Lemma tailored to the equation (HNS, q).

Lemma I1.4.7. Assume that B > 0 and let (Q, F,{F:}t>0,P) be an augmented
filtered probability space with an adapted HP-valued Wiener process W. Let Qs €

L1(HP) denote the covariance operator of Wi. Assume that v € [0,8], v >0, a > 1
and that there exists an H” -valued process X satisfying P — a.s. in H”

t t
Xt—i—l// AO‘XSds—i—/ B(Xs)ds = Xo + VvW,, Vit > 0.
0 0

Let v : H? — HY be the Sobolev embedding and let Q~ = 1Qpt* € L1(HY). Assume
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that h € C*(R.), then P — a.s., for all t >0

OX0) = (150l =20 [ X el (X, ) 0
—2 [ (BOG) Xy M (X0 s
Fove [ WO (K Wy (11420
w2 [ QXA 1X, ) ds
oiQs] [ WX ds.

Proof. The thesis follows from the Ito6 formula, see [DZ14, Theorem 4.32] or [Par79,
Theorem 1.2|, applied to the It6 process X and to the function

F:HY €z F(z) = h(|z|3) € Ry

F is Fréchet differentiable and its differential at 2 € H7 is the vector F'(x) € HY
such that

F'(z) =21/ (|23 ) .

The function F’ : HY 3 z — F'(z) € H" is again Fréchet differentiable and its
derivative at x € H7 is the operator F”(x) € L(H") such that for all y € H?

F"(2)y = 4" (|2ll3) 2, 9z + 20 (Jo30)y
= (40" () N T + 20 (21132 ) Lo |,

where I~ is the identity operator in H” and II, denotes the projection onto the
subspace generated by x, i.e.

<$’y§m, if v € HY\ {0}
I, : H" — H7, My = |’x"H’Y .

0 ifx=0

Hence, the function F” : HY 5 © — F"(x) € L(H") is continuous, in particular,
F € C?(H"). This allows us to apply the It6 formula and obtain, P — a.s. for all
t>0in R

F(X;) = F(Xq) — /Ot (F'(Xs),vA° X + B(X,)),, ds
+Vv i (F'(Xs), dW),,,

+g /O Te [F(X,)Q,] ds,

where Q := 1Qgt* € L1(H") and ¢ : H? — H7 is the Sobolev embedding. The
thesis follows after expanding F, F’ and F” and observing that || X;||%, Tr[ILx, Q] =
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HQ#/ ’X sHip,- Indeed, if {e, }nen is a complete orthonormal system for the separa-
ble Hilbert space H7, then by the self-adjointness of II, and @, and by the usual
properties of Hilbert spaces, we have for all x € H”

)7 TrLeQs] = N2l D (MeQyen, en)n

neN

= HxH%ﬁ Z<Qﬂ/envﬂxen>Hw

neN

= Z (7, en)p (en, Q7x>H“/

neN
= (2, Qyx)p~

= [ @3/l

Theorem I1.4.8. Assume that o > 1.

(i) For any v > 0, the solutions to the equation (HNS, ) are both pathwise unique
and unique in law, see Definitions I11.4.2 and I1.4.5.

(i) Assume that v > 0 and that (2, F,{Fi}t>0,P) is an augmented filtered proba-
bility space with an adapted H**-valued Wiener process W. Then we have the
following properties.

(ii.a) If &€ : Q — H?* is an Fo-measurable random variable, and if X¢ is defined
P—a.s. by

XS =V(E2)(t)+ 2,  Vt>0,

where Z, V were introduced in Theorems I1.2.17 and II.4.6, respectively,
then (Q, F,{Fi }i>0,P; W; X&) is a solution to the equation (HNS, o), see
Definition 11.4.1, such that P(Xg =¢) =1

(i3.b) For any x € H?®, let (0, F,{Ft}t>0,P; W; X®) be the pathwise unique
solution to the equation (HNS, ) such that P(X§ = x) = 1. Then, for
any T > 0, the function

H?** 5z X% e C([0,T); H**) N L*(0, T; H3%),
1s P — a.s. continuous.
(1it) If v > 0 and if (Q, F,{Ft}t>0,P; W; X) is a solution to the equation (HNS, )

such that

Xp € ( () L7 (% H1)> N LA(Q; H*) N LA(Q; H?),
p=1

then for all T >0

Xe (ﬂ LP(Q;C([O,T];Hl))> NLY(C([0,T); HY))

ol (11.4.21)

NL*(;C([0,T); H**)) N L*(Q x [0, T]; H>*).
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() For any p > 2, there exists a finite constant Cp, > 0, such that, if v > 0,
and if (0, F,{Fit}t>0,P; W; X) is a solution to the equation (HNS, ), then the
following estimates hold true for any T > 0:

T
E| sup | X" +y/ X2 ain | X252 dE | <Cp (B[ X012
te[O%]H el ; [ X el o | Xell g » (Bl Xol[7+ (11.4.22)
+ (Tv)"?),
E|Xr|5: < e PV TE| Xo|2, + Cp. (11.4.23)

Moreover, there exists a finite constant C > 0 such that, for any T > 0

T
B| sup [ Xl +v [ Xl de
0

1
< C<E||X0||%{a + LRIl
t€[0,T] v

(11.4.24)
T

+—+ T1/>,
v

T
| sup 1l v |1l el
0

T
< C(EHXOH%p + SB[ Xol§
te[0,T 1%

+T?u(T3 + 1/))
(I1.4.25)

T
E| sup [|XelZe0 + v / AT
0

t€[0,T]

1
< C<E||Xolli,za + EEHXOH‘}JQ
+ TE||X 15, + T5 +T%2+T
— — v
o Ol v
(I1.4.26)

4 _ 1
E|| X7 3o < e TE| Xo|[}a + C<V3EHX0H§{1 + T+ 1), (11.4.27)

2 — 1
X3 < e EIXoln + O B ol
. (11.4.28)
T 8 T 2
+ =E|Xol$p + — + T2 +1).
v 14

Proof of (i). Let v > 0 and (9, F,{Fi}i>0,P; W;X?), i = 1,2 be two solutions
to the equation (HNS, ,) such that the event Q := {X} = XZ} has probability
P(Q2) = 1. Let us also choose € € F such that P(€;) = 1 and for every w € O the
corresponding trajectory Z(w) of the Ornstein-Uhlenbeck process Z from Theorem
I1.2.17 (with B8 := 2a) has the regularity L? (Ry; H3%) N C(R4; H?Y) and satisfies
the equality (I1.2.12) in H?*. If w € Q5 N Qq, we denote z = X}(w) = X3 (w)
and v; := X%(w) — Z(w), for i = 1,2, then, recalling Definition I1.4.1, we have the
following identity in H¢

vi(t)—l—l//o Aavi(s)ds—i—/o B(vi(s) + Zs(w)) ds = , vVt >0.

The uniqueness result stated in Theorem I1.4.6 implies that v; = vy = V(ac, Z (w))
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in C(Ry; H?>*). In particular,

1=P(OQ;NN) < }P’( (v (t) = w(t)}) = IP’( {x! = Xf}).

£>0 >0

The uniqueness in law property descends from [BM13, Corollary 7.7], see also
[Ond04, Theorem 2|. O

Proof of (ii.a). Let us fix v > 0 and an augmented filtered probability space, that
we denote by (Q, F, {F;}t>0, P), with an adapted H?*-valued Wiener process and an
Fo-measurable, H?*-valued random variable £&. Let §; € F be as above, i.e., such
that P(Q1) = 1 and Z(w) € C(Ry; H?**) N L (Ry; H3*) for all w € Q.

We define the process X¢ as follows

XS Ry x Q3 (Lw) = Xy(w) = 1g, (W) [V(E(W), Z(w)) (t) + Zi(w)] € H*,
where V and Z were defined in Theorems 11.4.6 and I1.2.17, respectively. By direct
inspection, IP’(XS =¢&) > P(94) = 1. We now show that (Q, F, {F; }i>0,P; W; X¢) is
a solution to the equation (HNS, ), according to Definition I1.4.1.

First of all, the Fp-measurability of £, the predictability of Z, see Theorem I11.2.17,
the continuity of the function V introduced in Theorem I1.4.6 and the continuity of
the evaluation map ¢, : C(Ry; H*®) > u — u(t) € H?®, for t > 0, imply the
predictability for X¢ with values in H?®.

If w € 4, then Zy(w) and V(§(w), Z(w)) belong to C(Ry; H**) N LY (Ry; H>®)
by definition of £2; and by Theorem I1.4.6, respectively. Hence

P(X¢ € O(Ry; H*) N L7, (Ry; H*)) > P(Q) = 1.

Finally, if w € €, we denote 2 := Z(w) and v := V({(w), Z(w)). Then X¢(w)
satisfies the following identity in H® for all ¢ > 0

)

XE(w) =v(t) + 2(t
:_V/ A%(s)ds—/ B(v(s) + 2(s)) ds + £(w)
0 0

—V/O A%z(s)ds + /v Wi(w)
:—V/ Aan(w)ds—/ B(X§(w)) ds + &(w) + Vv Wi(w).
0 0

In particular, equation (I1.4.1) for X¢ is satisfied P — a.s. in H®. O

Proof of (ii.b). Recall from (ii.a) that, given v > 0 and an augmented filtered prob-
ability space (Q, F, {F:}+>0,P) with an adapted H?*-valued Wiener process W and
given x € H?®, the solution (Q, F, {F; }+>0,P; W; X®) is given by

X" Ry x Q3 (tw) = X (w) i=1g, (W) [V(z, Z(w))(t) + Zi(w)] € H*,

where Q1 € F is such that P(Q) = 1 and Z(w) € C(Ry; H?*®) N L2 (Ry; H3Y)

for any w € ;. Then, the continuity of the map V in Theorem I1.4.6 gives the
additional continuity of the map

H* 52— X%(w) € C([0,T); H**) N L*(0, T; H*®),
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for any T' > 0 and any w € ;.

The solution (Q, F, {F:}+>0,P; W; X7) is pathwise unique by (i). Therefore, X*
is indistinguishable from any other process X such that (Q, F,{F;}i>0,P; W; X) is
a solution to the equation (HNS, ) with P(Xo =2) = 1. O

Proof of (iii). The regularities stated in equation (I1.4.21) trivially derive from the
estimates (11.4.22), (I1.4.25), (I1.4.26), and from the path regularities for solutions
to the equation (HNS, ), see Definition I11.4.1. O

Proof of (iv). Letusfix v > 0and T > 0. Assume that p > 2. We apply seven times
the Ito formula in Lemma I1.4.7 to the process X, twice to the function h : Ry >
r — rP/2 ¢ R, and with v = 1, once to the function h = Ig, :Ry >5r—=reRy
and with v = «, twice to the function h : Ry 3 r — r2 € Ry and with v = o, and
twice to h =1Ig, : Ry o7 —r € Ry and v = 2a.

Estimate (11.4.22). For v = 1, the non-linearity in equation (I1.4.20) vanishes
because of the well-known property (B(z),z),, = (B(z), Az) = 0, for all z € H?.
Moreover, by simple properties of bounded operators and traces

@12l < 1@V [zqamy 21 = 1@l e Il < i@l Ve HY.

(I1.4.29)
In addition, for h(r) = /2, r > 0, we have W' (r) = pr?=2/2/2 and r"(r) =
p(p — 2)r®P=H/2/4, We compute the supremum in time over the interval [0,7] on
both sides of equation (I1.4.20), then take the expectation and finally use the estimate
(I1.4.29). We obtain

Emwerﬂ/mmmwww
te€[0,T]

< E|Xoll + pVPE s / X P2 (K, AW (I1.4.30)
tel0,T

PO g e [ as

We control the second term on the right-hand side, thanks to the Burkholder-Davis-
Gundy inequality, see [DZ14, Section 6.4] or [Hyt+16, Theorem 4.2.25, Proposition
4.2.14], and by the Schwarz inequality. For a constant ¢ > 0 that depends on W

pﬁﬂmm/HXWQXdW>
te[0,7

1/2
gwﬁ@(/|mm32m)
0

1/2
<wﬁEswn&W%/u&W%@ ]
te[0,T
C l/
< 3E swp 1l + S0 E [ X
t€[0,T]
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By plugging this last estimate into equation (11.4.30), we obtain

1
55 s 10l + 0B [ 1l el

teloT] (11.4.31)

pv
<EIXolf + (@0t - DR [ Ixg2ar

If p > 2, the last term in the right-hand side of equation (I1.4.31) can be controlled
by the Young inequality with conjugate exponents p/2 and p/(p — 2). For a finite
constant C > 0, depending on p, W, that may vary from line to line

1%
2+ (p— D) TQU)E / IX: 552t < CTVE sup |1 X%,
te[0,7

1
< C(Tv)P? + E sup || X2
2 t€[0,T]
This inequality remains trivially true for p = 2. We then insert this last estimate
into equation (I1.4.31), and rearrange the terms. We find a new constant C, > 0
depending on p and W such that

T

E sup ||XtH7sz1 + VE/ HXtHHaHHXth 2qt<C (EHX()HZl + (T]/)P/Q)’
te[0,T] 0

which gives the sought estimate (I11.4.22).

Estimate (I1.4.24). The last but one term in equation (11.4.20), with v = «
and h = 1g_, is equal to 0, and the last term is deterministic. We compute the
supremum in time over the interval [0, 7] on both sides of equation (II.4.20), then
take the expectation. We obtain

t
E sup HXt|]Ha—|—2VIE/ | X532 ds < E||Xo|/}a — 2E sup / <B(XS),XS>Ha ds
t€[0,T) te[0,7] /0

t
+2yVE sup / (X, dWs)ga
t€[0,7] /0
+ v Tr[Qa]T

(I11.4.32)
The non-linear term no longer vanishes and has to be controlled by estimate (I1.2.5)
in Lemma I1.2.12 (with ¢ = a — 1 > 0), the Young inequality, and by the estimate
(I1.4.22) proved above (with p = 2):

t
'Q]E sup / (B(Xs), Xs)pa ds
te[0,7] /0

T
< 2IE/ [(B(X,),AX,)|ds
0

T
< 2K / 1 X 72 1l g | A% X | s (11.4.33)
0

1 T 2 2 T 2
< *E [ Xz [ Xs o ds + VE | X720 ds
0 0

C T
2 (EHXOHHl +Tv) + VE/ | X120 ds.
0
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We control the third term on the right-hand side of the inequality (11.4.32), thanks
to the Burkholder-Davis-Gundy inequality, see [DZ14, Section 6.4] or [Hyt+16, The-
orem 4.2.25, Proposition 4.2.14], and the Schwarz inequality. For a constant ¢ > 0
that depends on W

t T 1/2
2VVE sup / (X,, dws>HaszcﬁE[( / Hxsw%qads) ]
170 0

t€[0,T
< 2e¢VVTE sup || Xil ge (I1.4.34)
te[DT]
< 24T + IE sup || X¢||%a.
t€[0,T]

We plug the estimates (I1.4.33) and (I1.4.34) into equation (I1.4.32), and rearrange
the terms:

C T
LB sup Xt} + vE / 1 X132 dt < Bl Xo[I 30 + Bl X031 + = +2¢3T,
2 t€[0,T] v v

which is the sought estimate (I1.4.24), after renaming the constants.
Estimate (11.4.25). By simple properties of bounded operators and traces

1QY 222 < QY212 ey ol = 1Qall cgarey I2l3re < TX[Qalllz ]}, Ve € H.

In addition, if h(r) = r2, r > 0, we have h'(r) = 2r and h”(r) = 2. We employ these
considerations in equation (I1.4.20) with v = a. We compute the supremum in time
over the interval [0, 7] on both sides of equation (I1.4.20), then take the expectation
and finally use the estimate (I1.4.29). We obtain

E sup |XtHHa+41/IE/ 1 X 511220 || X 5| 3a ds
t€[0,T]

t
< E|Xollhe —4E sup / (B(Xa), Xa), o | X3 ds
te
(I1.4.35)

+AUPE sup / Xl e (X, W)

t€[0,T]

+ 61/Tr[Qa]IE/ | X% ds.
0

The non-linear term no longer vanishes and has to be controlled by estimate (I1.2.5) in
Lemma I1.2.12 for an appropriate € > 0 to be determined, and the Young inequality:

t
'4E sup / <B(Xs),Xs>HaHXsH%IadS
t€[0,77 /0

T
§4E/ (B(Xs), A" X )|[| X ||77e ds
0
T
<4E / 1Kl o 1 X e [ A X1 X | 2 ds (1.4.36)
0
T
:‘”E/o 1l g X e X v 1 X | e | X e dis
2B [ XA X X e ds 4 20E [ (X | X e
=00, | SHHl” 8HH1+5|| slzra ds +2v o | S”HMH sl ds.

64



CHAPTER II I1.4. The stochastic hyperviscous Navier-Stokes Equation

We now employ the interpolation inequality in Lemma I1.2.6 with the choices r =
1+4+¢,¢g=a, A=1/2, and the Sobolev embeddings

IXsllFpee < N1l za0-a | Xsll o < 1 X6l 1 Xs ] o (I1.4.37)

where the last inequality holds as soon as

-1
2 +e)—a<l < e< 0‘2 .
We insert the estimate (I1.4.37) into the first integral in the last side of the chain of

inequalities (I1.4.36), and conclude by the Young and the Hélder inequality. We get,
for a finite constant C' > 0, independent of v or T’

9 T
ZE [ Xl X e e s

2 T
g /O X2 X s | s e s

IN

IN

2 T
E[sup Xl | HXSH"’;{IHXsHHaHds}
te[0,7]

C r 2
< 38 sup 1l + B[ 11X s )
te[0,7) 0
9 4 6 2
S *]E SElp ||Xt||Ha + TE ||XS||H1HX8HH”+1 dS
tefo

1 C
fIE S[up 1 X¢|| 3 + TC’g(]EHXOHHl + T4,
tel0

/\

where in the last line we used the estimate (I1.4.22) proved above, with p = 8. If
we insert this last estimate into the last line of equation (I1.4.36), and rename the
constant C > 0, we obtain

¢
‘41}3 sup / (B(Xs), Xs)yyall X7 ds
t€[0,T]

T
< E sup \|XtHHa+C< 3E||Xo||§{1 +T5V> (I1.4.38)
te[0,T] 14

T
LR / X2 | X |3 dis
0

We control the third term on the right-hand side of the inequality (I1.4.35), thanks
to the Burkholder-Davis-Gundy inequality, see [DZ14, Section 6.4] or [Hyt+16, The-
orem 4.2.25, Proposition 4.2.14|, and the Schwarz inequality. For a constant ¢ > 0
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that depends on W

t
AVVE sup [ X e (X, AW
tef0,1] Jo

T 1/2
([ 1.l as) ]

T 1/2
sup uxtuim( / rxtu%{adt) ]
t€[0,T] 0

1 T
<1g sup x4 +16021/E/ 132y oI
4 e 0

<d4c/VE

(I1.4.39)
<4cy/vE

By plugging the estimates (11.4.38) and (I1.4.39) into equation (II.4.35), and
rearranging the terms, we obtain

3 T
°E sup thujgﬁzyxa/ X220 [ X e
t€[0,7] 0

T T
< E|| Xo|| e + C(V?)IEHXOH% +T5y> +2v(3Tr[Qq] + 802)IE/0 | X¢ (1% dt

T
< Bl Xl + C( 5B Xl + 7% ) +20(3T4(Qu] + 5T onp 1l
te|0,

T 1
< E||X0||Z};Ia + C(ygE”XOH%Il +T51/> +CT%*? + ZE S[lépﬂ ||Xt||lll{a,
telo,

where in the last line we applied the Holder inequality followed by the Young in-
equality.

After rearranging the terms and renaming the constants, we reach the sought
estimate (I1.4.25).

Estimate (11.4.26). We apply again the It6 formula in Lemma I1.4.7, with
h =Ir, and v = 2a. The last but one term in equation (I1.4.20) is equal to 0 and

the last term is deterministic. We take the supremum in time and the expectation
to both sides.

T
E sup thui,mHyE/ | Xs[|730 ds
te[0,7) 0

t
= E|| X022 — 2E sup / -alA% X, B(X;))pa ds
te[0,7] J0

t
+2\/;E sSup / <X37 dWs>H2a
t€[0,7] J0

+ I/TI‘[QQQ]T.

(11.4.40)

The non-linear term can be controlled by estimate (I1.2.4) (with 0 = a+1 > 2),
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by the Young inequality, the Sobolev embeddings, and by the estimate (11.4.25):

t
’21@ sup / ool A% X, B(X,))a ds
t€[0,7] J0O

T
<2E [ 1l | Xal o | A% Xl - di
0

02

T T
SvE/ 1 X1 350 ds+yIE/ | Xl 2 s | X6l % ds (11.4.41)
0 0

T ) 62 T ) )
<VE [ X0 ds+ SB [ 1 B X e ds
0 0

T 2 1 4 T ] T5 2
<VE | [ Xslljsa ds + O SB[ Xol[me + S El|Xollgn + —- +17 ).
0

We control the third term on the right-hand side of equation (I1.4.40), thanks to
Burkholder-Davis-Gundy inequality, see [DZ14, Section 6.4] or [Hyt+16, Theorem
4.2.25, Proposition 4.2.14], and the Young inequality: for a constant ¢ > 0 that
depends on W

t T 1/2
2v/VE sup / (X5, AWs) paa < 2cﬁE< / 1 X513 20 ds) (11.4.42)
170 0

tel0,T

<2cVVTE sup || X¢|lz2a
te[0,7]

1
< 22T + =E sup || X¢[|%0.
2 tefo,1]

We use estimates (11.4.41) and (11.4.42) to bound from above the right-hand side
of equation (I1.4.40). After rearranging the terms, we find a finite constant C' > 0,
that depends only on W, such that

T
1

B| sup Xl +v [ XilBadt| <C(EIXol + ;B %ol e

t€[0,T] 0 v

T 5
+ —5IE||X0||§{1 + 4T+ Tu).
1% 14

Hence, we proved the sought estimate (11.4.26).

Estimate (11.4.23). As far as the fourth estimate is concerned, we fix s € [0, T
and apply the It6 formula in Lemma I1.4.7 with v = 1, h(r) = 772, for r > 0, and
to the process { X¢45}+>0, which is an It process adapted to the filtration {Fiys}>0
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and with H?*valued Wiener process {Ws}i>0. We reach, P — a.s. for all ¢ > 0
! -2
Xersllf = 1l = a0 | (Ao Ko Ko 7
t
- CI/ <B(Xu+s); Xu+s>H1 HXu-l—qu 2 du
0
t
ravw / Xl 572 K AWl
1/2
/ HQ e u+sHH1”Xu+SHq ! du
Ql / HXu—I—s ’q ? du.
The non-linear term vanishes because of the known property (B(x), ), = (B(x), Az) =
0 for € H?. In addition, we evaluate the above expression at the time t = T — s

and perform the change of variable v — u + s in the integrals. Next, we take the
expectation to both sides, which cancels the It6 integral. We are left with

2
E|Xr|%, = E|X.|%, — @vE / X e | X2

—2)v
#1020 [ Qe Xl

T
2 Tv(Qu] / Bl X, |2 du.

We estimate the right-hand side from above thanks to ||z o1 > |z 4 and to
HQ1/23:HH1 < Tr[Q1]]|@| ;1 for © € HY, see equation (I1.4.29). We reach

T
qlg — 1)v
El| Xz} < ElIX.|: —gvE / Xl e LD 5 Y Q)] / E[| Xu3” du.
S

s

When ¢ > 2, the last integral can be controlled with the Holder inequality with
conjugate exponents ¢/2 and ¢/(q — 2) as follows

—1 T
“q2)”ﬁmﬂ/JMXHq%m<vc( $+V/ B[ Xu|7: du

S

where we introduced a constant Cy > 0 that depends only on ¢ and Tr[@Q;]. The
inequality remains true also for p = 2. Therefore,

T
B Xy <BIX.l (0~ Do [ B dutr (T - s)
S
By resorting to the version of Gronwall’s Lemma A.2, we obtain

,(qfl)uTEHXOH(IILIh

C
B e g <

which gives the sought estimate (I11.4.23), after appropriately renaming the constant
Cq > 0.
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Estimate (11.4.27). As for the fifth estimate, we start from the It6 formula in
Lemma I1.4.7 with o : R > 7 +— r?2 € Ry and v = a. We take the expectation
to both members of equation (I1.4.20), which cancels out the Itd integral, and use
Fubini’s Theorem. We reach for all ¢ € [0, T

Bl = EIXolle — 40 [ B[1X X0 d
_ 4/OtE[<B(Xs),Xs>HaHXSH%Ia} ds
+4v /Ot]E[HQa/ZXSH?{a} ds
+ 20 Tr[Qu) /OtEHXsH%Ia ds.

We can compute the distributional derivative with respect to time and later estimate
the right-hand side by

2 2
Q2|17 < QY22 g l2lire = 1Qall sy il < TrlQalllzlFpe, V€ HY
and by
[(B(2),2)gal < |B@) A% < 2]l gllel guse el oo, Vo€ H*

We reach, after rearranging the terms, and by means of the Young inequality:

d

BN Xl e+ 4VE [ Xl e | Kol e |
< AE 1l s 1 X e 1K e 1K 1K | + 60 T Q) X e

2 1 2
< B[ X Xl X e | + 2VE 11X 20 | X e | + 5 (60 TrIQu))

1%
+ 2B X e

We rearrange the terms once again, and use the estimate in equation (11.4.37), fol-
lowed by Young inequality

d
—EI X e + 20E 11X, 20 | X e
< B[l 1l o | Xl ] + 52 (69 Tr{Qa])” + SEI Xl e

2
< B Il X | + O + VE| Xl

This finally leads, by the Sobolev embedding ||z }a < [|@||3a]|@[|3as1, for z € HOTL,
to

d 2
ZEI Xl + VENX e < SB[ XS Xollpars | + C
The last side is locally integrable in time thanks to (11.4.22). We apply the differential
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form of Gronwall’s Lemma A.1 and obtain for all ¢ € [0, 7]

_ ¢ 2
Bl < e (1Kol + [ e (SB[ Kl] +0v) a5
_ 2 t
< BI X0l + 5B 1Kl X ds €
» 2
< e VE|| Xol4e + 5 Cs (Bl Xoll§ + ()') + C.

We used the linearity of the integral for the second inequality, computing the second
part and estimating e”* < e for the first part. We used estimate (11.4.22), with
p = 8, for the last inequality. The wanted estimate (I1.4.27) follows after renaming
the constants.

Estimate (11.4.28). As for the last estimate, we start from the It6 formula
in Lemma I1.4.7 with o = Ig, and v = 2a. The last but one term in equation
(I1.4.20) vanishes, while the last is deterministic. Next, we take the expectation to
both members, which cancels out the It6 integral. We reach for all ¢ € [0, T]

t t
E|| X¢]|%20 = E|| X030 — 21//0 E|| X250 ds + 2/0 E H,Q<A20‘XS,B(XS)> . ds
+ v Tr[Q2a] t.

We can compute the distributional derivative with respect to time and later estimate
the right-hand by (I1.2.4) (with 0 = a +1 > 2)

d
aﬂ«:uxtug?a = —2WE|| X[ }50 + 2E (A% Xs, B(Xs)) e + v Tr[Q24]

1
< —2E| Xy Fyse + VE [A*Xo|f o + B[ XillFra | Xill o]
+ v Tr[Qaa]

1
< V|| X320 + ~E[1Xel Fral| Xel Fposn] + v Tr[Qul.

We used the Sobolev embedding ||z | 30 > ||| jy2q, for z € H3®, in the last inequal-
ity. The right-hand side is locally integrable in time thanks to (I1.4.25). We apply
the differential form of Gronwall’s Lemma A.1 and obtain for all ¢ € [0, 7]

- t 1
EJX, 300 < e (E|Xouipa [ e (GBI X Byo] + v Ts[Q20)) ds)
0
—ut 2 1 ! 2 2
< e "El|Xollze + SB[ [ Xslga [ Xsl2a ds + Tr[Q20]
0
1 T
< e 'E|| Xo| F2e + V20<E\|X0H‘ga + Bl Xoll + T(T° + y))
+ Tr[QZa]-
We used the linearity of the integral for the second inequality, computing the second
part and estimating e”* < ! for the first part. We used estimate (11.4.25), for the

last inequality. The wanted estimate (I1.4.28) follows after renaming the constants.O
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II.5 Stationary solutions

In this section, we first prove that the solutions to the stochastic hyperviscous Navier-
Stokes Equation, see Definition I1.4.1 and Theorem I1.4.8, enjoy the Markov property.
Hence, we can define a Markov semigroup P associated to the equation and prove the
existence of an invariant measure for the semigroup P, together with some moment
estimates. Next, given a fixed invariant measure u,, we are able to construct a
stationary solution to the equation (HNS, ,) distributed as p, for all times. The
stationarity allows us to obtain further moment estimates for the invariant measure,
that are also uniform with respect to the kinematic viscosity v.

11.5.1 Markov property

We start by recalling the definition of the usual semigroup associated with a solution
to a stochastic equation.

Definition II.5.1. Assume that v > 0 and > 1. We define P : Ry 3¢ +— P, €
L(By(H?®)) as follows. If z € H** and if (Q, F, {F¢}i>0,P; W; X*) is a solution to
the equation (HNS, ) such that P(X§ = ) = 1, see Theorem 11.4.8 (7i.b), then for
all ¢ € By(H?*) and t > 0 we let

Pup: H** 32— E[p(X))] € R. (IL5.1)

Remark 11.5.2. Assume that ¢ > 0. For any ¢ € By(H?*), the definition of P :
H?* — R is well-posed by Theorem 11.4.8 (i.b). Moreover, Py € B(H?®) by
[Ond05, Corollary 23|, and it is bounded by simple calculations. Moreover, by direct
inspection, the function P; : By(H?*) > ¢ — Pip € By(H?®) is linear and bounded.
Finally, the definition depends only on the law of the solution, that is to say,
if (Q, F, {Fi}e>0,P; W; X*) is another solution to the equation (HNS, ) such that
]13’(5(6” = x) = 1, then by the uniqueness in law property, see Theorem 11.4.8 (i),

E[o(X7)] = / o(XF(w)) dP(w)

() d((X7).P) ()

We will now prove that the semigroup P is the Markov semigroup associated to
the solution of the stochastic hyperviscous Navier-Stokes equation.

Theorem 11.5.3. Assume that v > 0 and o > 1. The solutions to the equation
(HNS, o) enjoy the Markov property with semigroup P. Namely, if v € H** and if
(Q, F, {Fi}t>0,P; W; X7) is a solution to the equation (HNS, ) such that P(X§ =
x) =1, then for allt >0, h > 0 and ¢ € By(H*®)

Elo(XEn)|o (X2 s€(0,4])] = Pup(X]), P—a.s.
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Proof. Assume the hypotheses and let ¢ > 0, h > 0, x € H?* and ¢ € By(H?®)
be fixed. For any y € H?®, we consider a solution (Q, F, {F;}t>0, P; W; X¥) to the
equation (HNS, ,) such that P(X§ =y) = 1.

First of all, since P, € B(H?*) by Definition I1.5.1, the function Q > w
Pro(X{(w)) € R is o(X{)-measurable, hence also o(X? : s € [0,])-measurable.
We need to show that, if £ € o(XZ : s € [0,t]), then

E[Pyo(X{)1E] = E[p(X{h)1E].

According to [Wil91, Theorem 9.2], since the family

n
{ﬂ{X;en} :neEN, I'y,...,.T, € By2a, 51,...,sn€[0,t]}
=1

is a m-system that generates the o-algebra O'(X T selo, t]), it is sufficient to prove
that, for arbitrarily fixed n € N, I'y,..., '), € B2 and s1,..., s, € [0,t], we have

E[Phw(xgﬂ)i[lnri(x;)} = [ o an (X7) ] (I1.5.2)

We start from the left-hand side and use the definition of semigroup in equation

(IL.5.1):

E[Phga(xgﬁ)li[npi( ] /PW (XFw H]lr S
/ / G /))Eﬂn(Xi(w))dIP’(w’)dP(w).

(I1.5.3)
Let us define, for s > 0,

~ ~ XZ' l ) 6 07t’
Xs: O x Q3 (w,w) = Xg(w,w) = Sx(fzg) Z.fs 0.4
X (W), if s>t
. - Ws(w), f s € 0,1,
Ws: Q2 x Q3 (w,) = Ws(w,w') = () %fs 0.4
stt(w/) + Wt(w)a ZfS >,

and consider the filtered probability space (2 x Q, F, {.7:"5}520,]@) augmented from
(Qx QF R F {Fs ® Fs}ts>0,P @ P). We denote Q := Q x Q. In particular, by
the Lévy Martingale Characterization Theorem, see [DZ14, Theorem 4.6], W is an
{Fs}sso-adapted H?*-valued Wiener process. See [DHV16, Lemma 4.8].

We will show now that (Q,F,{Fi}i0,P;W; X) is a solution to the equation
(HNS, o) such that I@’(Xo = x) = 1. The path regularities required in Definition
I1.4.1 and the initial condition are trivially satisfied. We only need to show the
validity of the equality (I1.4.1) for W and X, P — a.s. in H*. If s € [0,], then
X,(w,w') = X%(w) and W(w,w) = W(w) for all (w,w’) € ©, hence there is nothing
to prove. If s > t, for P — a.e. (w,w’) € Q, by a change of variable in time and by
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the definition of X* in equation (I1.4.1)
Xy (w,w’)
= X5
s—t = s—t =
- — / A XK@y dr - / B(Xf(t @) (w')) dr + Vo Wiy (') + X (w)
0 - 0 -
— /t AXXEE () dr - /t B<XTjt(w) (d)) dr + Vo We_y(w)
t t
- 1// A“X  (w)dr — / B(XF(w))dr + Vv Wi(w) + z
0 0

= —y/ AaXr(w,w/)dT—/ B(X,(w,w))dr + v Ws(w,w') + z.
0 0

The uniqueness in law from Theorem 11.4.8 (i) yields (X),P = (X*),P on
2(C([0,T); H**)) for any T > 0. Therefore, we can conclude the chain of equalities

(I1.5.3) by means of Fubini’s Theorem and thanks to the fact that X and X? share
the same finite-dimensional laws on %20

E[Phso(Xt”)i]f[lﬂri(Xz)] = /Q XQ¢(X,§<? (w)(w/))i[lllri(X;(w))d(IP’®P)(w,w')

:/Qcp(XHh(w,w’)) H]l]“z. (XSZ. (w,w’)) d@(w,w’)
i=1

:/Qcp( Zon(@) ] ir, (X2 (w)) dP(w)

=1

ZE[sO(Xf+h) Zli[l I, (Xi)]'

We obtained the sought equality (I1.5.2) and the thesis follows. O

We now introduce the adjoint P* to the Markov semigroup P, which will be later
used to define the invariant measure for the stochastic hyperviscous Navier-Stokes
equations.

Definition I1.5.4. Assume that v > 0 and «@ > 1. We define the adjoint semigroup
P* := {P}}4>0 of P, see Definition I1.5.1, as follows

P} P(H*™) > puw Piuc P(H*), Vt>0,

where, for all ¢ > 0,
(Prp)(U) = / Plydu, YU € BH™).
H2a

Remark 11.5.5. The definition of P* is well-posed, for any choice of parameters v > 0
and o > 1. Namely, for any u € Z(H?*) and any t > 0, one can easily verify that
P} is again a probability measure on (H?%, Zp2.), thanks to the definition of P,
see equation (II.5.1), to Theorem I1.4.8 (ii.b), and to the continuity of P;.
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Indeed, if z € H?®, let (0, F, {F;}i>0,P; W; X®) be a solution to the equation
(HNS, o) such that P(X§ = x) = 1. Then we have for all £ > 0

(Prp)(U) :/

Py dj = / P(X? € U)du(z) >0, YU € By,
H2a H2a

(P ™) = [ P(XT € H*) duto) = p(H*) = 1.
H2a

and for any countable family of disjoint sets U; € Bp2a, i € N,

(00 = [ (S o= [ Zman= S e

i—1

where we used, in order, the fact that the sets are disjoint, the linearity and continuity
of P, and the Monotone Convergence Theorem.

Remark 11.5.6. One can prove, by a standard machine from measure theory, that for
any t > 0 and any probability measure pu € Z2(H?®)

/ god(Pt*u):/ Pipdp, Vo€ By(H?). (I11.5.4)
H2« H2a

Indeed, if ¢ = 1y for some U € Bp2a, then the property (11.5.4) is trivial.

If ¢ is simple, i.e. there exist N € N and {U;}Y, C %Bpa such that ¢ =
Zf\il 1y,, then the property (II1.5.4) follows by linearity of the integral and the
previous step.

If o € By(H?*), then there exists a sequence of simple functions {©, }neny C
By(H?*) that converges Py — a.s. to ¢. In this general case, the property (I1.5.4)
follows by the Dominated Convergence Theorem and the previous step.

Definition IL.5.7. Assume that v > 0 and « > 1. A probability measure p €
P(H?*) is an invariant measure for the semigroup P if

Piu=p, Vit >0.

A standard tool to study the existence of invariant measure for stochastic partial
differential equations is the Krylov-Bogoliubov Theorem, see, for instance, [DZ96,
Section 3.1]. This theorem requires the Feller property for the semigroup P and the
tightness for the sequence of probability measures % fon Pré,dt, n € N, where zx is
any point in H2*.

In our scenario, the Feller property is satisfied thanks to Theorem I11.4.8 (7i.b).
Were the equation set in a bounded domain D C R2?, the tightness property could
be easily proved by showing some uniform estimates in time for the p—moment of
the solution, where p > 1, with respect to the norm of some space H°(D;R?), where
o < 2a. Indeed, H°(D;R?) <« H?*(D;R?) if D is bounded and o < 2a. Hence
closed balls in H°(D;R?) are compact in H?*(D;R?), and can be thus utilized to
verify the tightness of the sequence. However, in our study case, the equation is
set in the unbounded domain R?. In particular, the Sobolev embeddings are still
continuous, yet not compact.

In order to address the problem, we resort to a different version of the Krylov-
Bogoliubov Theorem, see [MS99, Section 3|, which weakens the requirement of tight-
ness and strengthens the Feller property. Specifically, the compact set required by the
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tightness property can be replaced by a bounded set, provided the ambient space
is endowed with the weak topology. Consequently, the Feller property has to be
replaced by a sequentially weak version.

Theorem II.5.8 (|MS99, Proposition 3.1]). Assume that v > 0 and o > 1. Fur-
ther, suppose that the semigroup P, see Definition I1.5.1, satisfies the following two
hypotheses.

(i) (Sequentially weak Feller property) If ¢ € Cy(H2Y), x € H** and {xy}nen C
H?* is a sequence weakly convergent to x in H>*®, then

lim Pip(x,) = Pip(zx), vVt >0.

n—oo

(i3) For any € > 0 there exists R > 0 such that
. 1 T 2 = H2
lim sup / (Pf ) (H *\ Bp ) dt <e,
T—o00 T 0
where Bgm ={y e H* : ||ly| 2. <R}.
Then there exists an invariant measure for the semigroup P.

An ancillary result is required to prove the sequentially weak Feller property for
the semigroup.

Lemma I1.5.9. Assume that v >0, a > 1 and z € C(Ry; H?>®). Then the function
H2 5 2+ V(z,2) € C([0,T]; HY),

see Theorem I1.4.6, is sequentially continuous. Namely, the following property is
satisfied. For any x € H**, any sequence {Ty}nen in H** weakly convergent to
x € H** and any T >0

=0, Vye H 2,

iy s [y Vi 2)0) = Ve )0

Proof. Step 1. Let us fix T > 0, z € H?** and a sequence {,, },en weakly convergent
to x in H?*. To ease the notation we denote for all n € N

Uy 1= V(:Un,z)‘[oﬂ [0, T) — H?*,

U = V(n, 2)1p 7 : R — H?,

fn 1= VAT — B(tn + 2)1g ) : R = H>.
We first prove that there exists v > 0 such that the sequence {v, }nen is bounded in
HY(R; H?®).

The sequence

{zy} nen  is bounded in  H??, (IL.5.5)

because it is weakly convergent in H2*. Hence the estimate (I1.4.6) in Theorem I1.4.6
implies that {vy, }nen is bounded in C([O, TY; HQO‘) NL2(0,T; H3*). In particular, the
sequence

{#,}nen s bounded in  L™®(R; H**) N L*(R; H3®). (I1.5.6)
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Moreover, for all n € N, f, has compact support [0,T], and

~ 2 T
</||fn(t)\|mdt> <T[ |fa®)]F-dt
R 0
T
<27 [ A0 1) o + 1B (00 ) 2(0) [
0
T
<270+ o 8)+20) g [ ()20 e

T

<2PT [ [Jon(t)|Fs0 At +4¢T? sup (||l (t) 7720 + [12(6) [ 7720 ] -
0 t€[0,T]

We used the Jensen inequality thanks to the compact support [0, 7] of fn, the Young
inequality, the estimate (I1.2.4) from Lemma I1.2.12 (with 0 = a + 1 > 2), and the
Sobolev embeddings. The last side of the chain of inequalities is uniformly bounded
in n thanks to the estimate (I11.4.6) with z := z, 1 := z, and 23 = 29 := 0 and
to the boundedness of the sequence {, }nen in H2*. This means that {f, }nen is
bounded in L'(R; H%), in particular

{y[f"]}neN € (C(R; HO‘))N is bounded in  L*°(R; H?). (I1.5.7)

Let us now fix n € N. By direct inspection, the function v,, satisfies in H¢

o () = /0 fn(s)ds + xp, vt e [0,T],
0, Ve R\ [0,T], (IL.5.8)

= ]l[o,T](t)(/Ot fa(s)ds + xn)

Let {ex}ren be an orthonormal complete system for H3%, in particular {A?“e;}ren
becomes an orthonormal complete system for H~%. Since ©, € L*(R; H3%), there
exists {¥x }ren C L?(R) such that

Un(t) =) tr(ter,  ae tER,
k=1

Flon)(t) =Y Fll(t)er,  VtER,
k=1

where the series converge in H3@. We take the duality product in H~%/H® of A%>%¢y,
with equation (II.5.8), for any k£ € N, and later derive in the distributional sense
with respect to time:

/ ~
<H—a<A2a€ka ’Dn>Ha> = H—a<A2aekv fn>Ha + H—a<A2a6ka l‘n>Ha 50
— oo A%, U (T) )yya o1
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We apply the distributional Fourier transform in time and resort to the property
(0.5)

it (A% ey, F10a)(1) A%, Z[fal (1)

1
>Ha ~ H- >Ha + \/72? H—a<A2aek’ Tn)ga
1 _ »
— \/72? H—a<A2a€k, vn(T)e ZtT>Ha‘

We multiply both sides of the last equality by .#[¢](t) and sum over k. We obtain
for all t € R

it]| Z (5] 20 = 1y A 3]0, ZLFal (1)), + J% A F () ),
\ﬁ e <A2°‘J [On] )vn(T)e_itT>Ha.

We take the complex absolute value of both members and estimate the right-hand
side

[t]]|- 7 [3a) (1)

gz < 1 Ea) )| 20 | su0 | F LS

Ol
(I1.5.9)

n \/%(HanHa + [[80(T) | 7o)
< 1| Z 0] (1) || sas

where we introduced a finite constant ¢; > 0 independent of n, thanks to (I1.5.7),
(I1.5.5) and to (I1.5.6). A simple real-analysis exercise shows that

1+ ¢

127 <o~ yieR, Ve (0,1/2). 11.5.10
™ = 1+ [¢[i-27 €R, Vye(0,1/2) ( )
Therefore we have
Fon)O)|2rze ]| Z0a] )] %00
/|t|27||9[@n](t)\\22adt<2 H 1)_H2H2 il nl 2HH2 "
: Ll Ll (IL5.11)

e |7 ) ()] 50
§2/R||ﬂ[un}(t)HH3a+c1 RW&

where we employed equation (I1.5.10) for the first inequality, and estimate (I1.5.9)
for the second, together with the embedding H3® — H?* and with 1 + [¢|!=27 > 1.
We control the first integral by the Plancherel Theorem and the uniform bound in
(I1.5.6):

~ 2 ~
/R | Z )] A = 101225750 < (115.12)

where C' > 0 is a finite constant independent of n. Similarly, thanks to the Holder
inequality

|2 ] s 1 2 etz a4 < o
s ([amges) - ([1oeiol.e) <o
(IL5.13)

7



CHAPTER II I1.5. Stationary solutions

where C’ > 0 is a finite constant independent of n as soon as v < 1/4. Indeed, the
second factor is uniformly bounded by equation (I1.5.12), while the first is finite for
v < 1/4. By plugging estimates (I1.5.12) and (II.5.13) into (II.5.11) we conclude
that
{OpYnen  is bounded in  HY(R; H?®).
Step 2. We proved in Step 1 that the sequence {@, }nen is bounded in H7 (R; H?*)N

L>®(R; H?*) N L*(R; H3%) for any v € (0,1/4). Moreover H?* and H3® are continu-
ously embedded in H2%, H3%, respectively. In addition, [Tem01, Theorem 2.2, Chap-

loc? “~loc’
ter 3] states that H7(R; H2%) N L*(R; H}®) is compactly embedded into L?*(R; H?%).
Therefore,

{Dp nen  is bounded in  HY(R; H**)NL>®(R; H**)NL*(R; H3*) < L*(R; HEY).

loc

Consequently, we find & € HY(R; H2*)NL>®(R; H**)N L*(R; H3*) and a subsequence
{0n,, }ken such that

weakly* in L>®(R; H?®),
V), —> 0, weakly in L*(R; H3®), as k — oo.
strongly in L?(R; H2),

loc

If we restrict to the time interval [0, 7] we find

weakly* in L>®(0,T; H?®),
L = 77%{[0 " T)|[0 )" weakly in L*(0,T; H3%), as k — oo. (I1.5.14)
strongly in L?(0,T; H2),

loc

Un

Step 3. We now prove that 17‘ 01 = V(x, z)|[07T] and that this is the limit of the
whole sequence {v, }nen, in the sense specified in (I1.5.14).

With a slight abuse of notation we henceforth denote by v the restriction on the
interval [0, T] of the function ¥ constructed in the previous step. We also denote by
v the restriction to [0,7] of V(x,z). We know from Theorem I1.4.6 that, for every

k € N, the function vy, satisfies the following identity in H®

Up, () + V/o A%y, (s)ds —i—/o B(vn,(s) + 2(s)) ds = an,, Vte[0,T].

For fixed ¢ € [0,T], we pass to the limit, for k& — oo, each term in the previous
equality thanks to the convergences in (I1.5.14).

For all y € H™2*, thanks to vn, = V(zn,,z) € C([0,T]; H**) and to its weak*-
convergence in L>(0,T; H?>*) we have

20U Uny, (£)) 20— pr—20{Y; 0(t) ) o in C([0,T]).

Since vy, (0) = @, — = weakly in H?®, we also deduce that 9(0) = z.
Analogously, A%, — A% weakly in L2(0,T; H®), thanks to the weak conver-
gence in L%(0,T; H3*) of v, . Hence, for all y € H~

t

V/O H_a<y, A%y, (5)>Ha ds — 1//0 H_a<y,Aa17(s)>Ha ds, in C([0,T7).
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For the integral of the non-linearity we apply Lemma B.3 (with f = «) to the
sequence {vy,, + z}nen, which satisfies the hypotheses of the lemma because the
strong convergence in L2(0,7T; H 120"‘6) implies strong convergence in L2(0, T Hl%jl)
and the weak*-convergence in L>°(0,T; H?*) implies boundedness in L>(0, T'; H>*),
which yields boundedness in L2(0, T; H*1).

We thus find, for all ¢ € [0, 7]

o(t) + V/O A%D(s)ds + /0 B(9(s) + z(s)) ds =z,

the equality holding in H<.
We invoke the uniqueness result in Theorem I1.4.6 to infer

o =v e C([0,T]; H**) N L*(0,T; H**).

We conclude this step by observing that the whole sequence {vy, }nen converges
to v in the sense specified in (I1.5.14). Indeed, let us choose arbitrarily a strictly
increasing sequence of indices {n;};ey C N. Then, by Step 3, we can extract a subse-
quence {n;, }ren such that { Un,, } ey converges to some limit in the sense specified in
(I1.5.14). We proved in the present step that the limit is the function v from Theorem
I1.4.6, in particular, it is independent of the sequence of indices {n;};cny C N. Since
the weak*-convergence in L>°(0, T; H?*), the weak-convergence in L%(0,T; H3*) and
the strong convergence in L?(0, T; H, fo"‘c) are all metrizable on bounded sets, we obtain
by the usual contradiction argument that the whole sequence {vy, },en converges to
v in the specified topologies.

Step 4. Let us fix y € H~2%, then from the previous steps 20y, Un = V) proa —
0in L>°(0,T) as n — oo and also g —2a(y, vn —v)2a € C([0,T]) for all n € N. Hence,
we reach

H,2a<y, Up — v>H2a —0 n C([O,T]), as n — oo,

which is the sought thesis. O
Theorem I1.5.10. Assume thatv > 0 and o > 1. There exists an invariant measure

for the semigroup P, see Definition I1.5.1. Moreover, if i, € 2 (H?®) is an invariant
measure for the semigroup P, then

[ el dufo) < 400, ¥pe (2 4o0), (11.5.15)
[ el dn ) < o (11516
[ el dio) < 4. (11517

Proof. Step 1. The existence result follows from Theorem I1.5.8, whose hypotheses
we now show to be satisfied.

As for the sequentially weak Feller property, let us take € H?® and a sequence
{xn}nen C H?** weakly convergent to z in H?*. Let (0, F, {F; >0, P; W; X%),
n € N, and (Q,F,{F}i>0,P; W; X¥) be solutions to the equation (HNS, ) such
that P(Xg" = x,) = P(X§ = x) = 1. It follows from Theorem I1.4.8 (ii.a) and
Lemma I1.5.9 that P — a.s.

lim @(X;™) = lim o(V(wn, 2)(t)+2;) = lim p(V(z, Z)(t)+2:) = p(X[), ¥t > 0.
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Thanks to the boundedness of ¢, the Dominated Convergence Theorem gives
lim (Pp)(zq) = lim Elp(X{")] = E[p(X)] = (Pp)(z), V=0

As far as the condition (ii) in Theorem I1.5.8 is concerned, we fix € > 0, then for
all T, R > 0, by the Chebyshev inequality and estimate (11.4.24)

1 T * 2c »H2 1 4 T

T/O (Pt5x)(H \ BH )dt:T/o P(|| X7 2o > R) dt
< 1 /TIEHX“’UHQ dt
= TR? J, b Lze

1 T x (|2
= 7t || IX7 e

C 9 1 9 T
< s (IolBre + 5ol + 5 +70),
where the constant C' > 0 is independent of T" and v. The hypothesis is verified if

we choose R > 0 such that c /1
T.Rz (V -+ I/> S E.

Step 2. Let us now prove the moment estimates for an invariant measure u, €
P (H?*) for the semigroup P.

Assume that p > 2 and let, for any n € N, ¢, : H** 5 z — ||z|%, A n. Further
assume that (Q, F,{F}i>0,P; W; X?) is a solution to the equation (HNS, ) such
that P(X® = x) = 1. For all n € N, since ¢,, € By(H?®), we have by the invariance
property of p,, and the property (I1.5.4) for Py

/ H$||’1}1Anduu($)=/ en (@) d(Pf ) (2)
H2a H2a
= / (Prepn) () dp ()
H2o
= / E[HXfH]]){l /\n] dp ().
H2a

In the last equality we expanded the definition of P;. Both the first and last members
of this chain of equalities converge by the Monotone Convergence Theorem as n — oo.
By uniqueness of the limit we have

/“nmgmmmz/ E[X7]7,.] duy (2)
H2a H2a
—(p—1)v
< [ Gt e alf diafa)
=%+e@”{/ el dpu (o),

H2a

where we used the estimate (I1.4.23) in Theorem I1.4.8 (iv). After rearranging the
terms, we reach

C,
/HQa ||l‘”%1 dpy(z) < 1—67% =:Cp, < +o0. (I1.5.18)
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We argue mutatis mutandis to get the other estimates. With a similar argument
as before we achieve

[ el dmte) = [ BIIXFIe] dinle)
HQO‘ H2a
B c
g/ (e |3 + =51l ]l3 +20) Ay, ()
H2(1 v
[y 4 C
<e [ allbe dunle) + SCs, + 20,
H2a v

where we used the estimate (11.4.27) from Theorem I1.4.8 (7v), and the finite con-
stant Cp,, from equation (II.5.18). The thesis follows by rearranging the terms.
Analogously, making use of the estimate (I1.4.28) from Theorem I1.4.8, we obtain

/ M%Nmmz/HWﬁ@MMM)
H2a H2a

_ C
< [ el i) + 55 [ el dpuo)
HQO’ 1% H2a

C g C
05 [ o Nl i (@) + 22 426,

which leads to the thesis by the estimates (I1.5.15), and (I1.5.16) just proved and by
rearranging the terms. d

I1.5.2 Construction of stationary solutions

Once proved the existence of invariant measures for the stochastic hyperviscous
Navier-Stokes Equation, we need to construct a solution whose law is a given in-
variant measure. This result is indeed essential to later study the inviscid limit to
the Eulerian case, which will be performed by passing to the limit the stationary
solutions in appropriate trajectory spaces.

Proposition I1.5.11. Assume that o > 1. There exists an augmented filtered prob-
ability space (Q, F,{Fi}+>0,P), with an adapted H?*_valued Wiener process W, that
satisfies the following property. If v > 0 and if p, € P(H?®) is an invariant
measure for the equation (HNS, ), see Definition 11.5.7, then there exists a process
XV Ry xQ — H?* such that (Q, F, {Fi}>0,P; W; XV) is a solution to the equation
(HNS,.o), see Definition 11.4.1, such that for all T >0

X e( () L7 (2 ¢ ([0, TY; Hl))) nLY(Q;C([0,T]; H*)) (11.5.19)
p>1

N L*(;C([0,T]; H**)) N L?(Q x [0, T]; H>*),
and such that (X§)P = p, € P(H*®). In particular, XV is stationary, i.e.
(XP)uP = p, € P(H?),  Vt>0.

Proof. Step 1. For fixed a > 1, we will construct a filtered probability space
(Q, F,{Fi}+>0,P) that satisfies the usual conditions and enjoys the following prop-
erties.
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e An H?*-valued Wiener process W defined and adapted on (Q, F, {F;}i>0,P)
exists.

e For any v > 0, if u, € Z(H?*) is an invariant measure for the equation
(HNS, ) (which exists thanks to Theorem I1.5.10), then there exists a random
variable &, : Q — H?® distributed as Ly

First, we define Q! := (H 20‘)(0’+°°), we fix, for any v > 0, an invariant measure
ty € P(H?®) for the equation (HNS, ), and we let &, : Q! 3 w — w(v) € H?®, for
all v > 0. Then, [Coh13, Exercise 2, Section 10.6| states the existence of a o-algebra
F'on Q! and a probability measure P! on (Q', F1) such that &, is a random variable
on (Q!, F1,P!) distributed as ju,, for any v > 0. Next, we endow (2!, F1 P!) with
an arbitrary filtration {F} }>0. In addition, we consider a filtered probability space
(Qz, F2, {ff}tzo,]P’Q) with an adapted H?“-valued Wiener process W.

Finally, we define (€2, F,P) as the completion of (2! x Q2 F! @ F2 P! x P?)
and, for all ¢ > 0, we let F; be the completion with respect to IP of (1, Flo F2
The so constructed filtered probability space (€2, F,{F:}i>0,P) satisfies the usual
conditions.

Eventually, recalling that  := Q! x Q2 we let

W:;:Q53 (wl,(,UQ)i—)Wt(u.)Q) €H2a7 Vit >0,
£ Q3 (wi,wo) = & (wy) € H?, Vv >0,
which satisfy the required properties by direct inspection.

Step 2. Let us now fix v > 0. Theorem I1.4.8 (ii.a) states the existence
of a process X& : Ry x Q — H?®, that we hereby denote simply by X, such
that (Q, F,{Fi}+>0,P; W; X") is a solution to the equation (HNS, o) with IP’(X(')’ =
&) = 1. In addition, since (&)P = (X§).P = p,, the moment estimates (IL.5.15),
(IL5.16), (IL5.17) imply X € L2(; H?**) N LA(Q; H*) N LP(Q; HY) for all p > 1.
Hence, by Theorem I1.4.8 (7ii), the process X" has the sought regularities.

It only remains to show that X" is stationary. Let us fix t > 0, then (X{).P =
ty € P(H??) if and only if

/ gpdlul,:/ ed((X7)«P), Yo € By(H*). (I1.5.20)
H2a H2a

Let us fix ¢ € By(H?*). The following equalities come from the invariance property
of u,, see Definition I1.5.7, the property (I1.5.4) for P;, the Change of Variable
Theorem and the definition of P; in equation (II1.5.1):

/ @ dp, :/ pd(Pf )
H2a H2a

= / Pypdu,
H2a

- | Pwa(e))
- /Q (Peo) ((6) () dP(w)

_ /Q /Q o (X8 (W) dB() dB(w).
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Let us define

X, Qx Q3 (w,0) — Xo(w,o) := X&W(W) e H?, Vs >0,
Ws:Qx Q3 (ww) = We(w, W) = W,(w') € H*, Vs >0,
and consider the augmented filtered probability space (£2 x Q, F, {]}S}Szo,fﬁ’) con-
structed, as already outlined in Step 1, from (Q x Q, F ® F,{Fs ® Fs}s>0, P P).

We denote €2 := €2 x Q. In particular, W is an adapted H 2a_yalued Wiener process.
Moreover, by direct inspection, (€2, F, {]—'5}520,1?’; W;X) is a solution to (HNS, )

such that P(Xy = &,) = 1. In particular, (Xo).P = (& )P, thus the uniqueness in
law for the solution, see Theorem I1.4.8 (), yields

(X,).P = (XV),P e P(H?), VYs>0.

Therefore, we can conclude the chain of equalities above with

/HQaSDd#u = /Q@()N(t(w’w/)) dP(w, ')

- [ ed(®.B
- [ ed(xp).p).
Q

We obtained the sought equality (I1.5.20) and the claim follows. O

Eventually, the stationary solutions provided in the previous theorem, also allow
us to obtain further estimates for the invariant measure, as shown in the following
result.

Theorem 11.5.12. Assume that o > 1. There exists a finite constant Co, > 0 such

that, assuming v > 0, if p, € P(H>*®) is an invariant measure for the equation
(HNS, o), see Definition 11.5.7, then

/HQ& 2] a1 dp () = Ca, (I1.5.21)
/Hza |2 dpy (z) < (2n — DICT, ¥YneN. (11.5.22)

Moreover, if B > 0 is such that 28C, < 1, then

28Cq

/ Hleliasn qpy, (z) < 2072060 (11.5.23)
H2a

Proof. Fix v > 0 and « > 1. If p, € Z(H?*) is an invariant measure for the
equation (HNS,,), let (Q, F,{Fi}>0,P; W;X") be the solution to the equation
(HNS, ) from Proposition I1.5.11 that satisfies

(X7)uP = (X§)uP = p, € P(H*),  Vt>0.

Equation (I1.5.21). We apply the It6 formula in Lemma I1.4.7 to the stationary
process X" and with the choice v = 1 and h = Ig,. The last but one term in
equation (I1.4.20) vanishes, while the last is deterministic. Also, the non-linearity

83



CHAPTER II I1.5. Stationary solutions

vanishes because of the well-known property (B(z),z),: = (B(x), Az) = 0, for all
x € H?. Next, we take the expectation on both members of the equality and obtain

t
BIX s + 20 |1 By ds = BIXE3 + 0 TQult, Ve 0,
0

where, we recall, Q1 := tQu* € L1(H'), while Q € L£1(H?®) is the covariance operator
of Wi, and ¢ : H?* — H' is the Sobolev embedding. Since X" is stationary, the first
terms on both sides are equal and cancel out. We apply Fubini’s Theorem, divide
by 2v and rewrite

¢ T
[ (Bt - T2 as—0, vezo

This last equality implies

Tr[Q1]
2 )

[ Wl din (@) = BIX s = it >0,

The claim is proved with Cy, := Tr[Q1]/2.
Equation (I1.5.22). We prove the estimate (I1.5.22) by induction on n € N.

The base case follows from the previous part and the Sobolev embedding ||z|| ;1 <
z|| yass for x € H atl Let us prove the inductive step. We apply the Ité formula
in Lemma I1.4.7 to to the stationary process X and with the choices v =1 and h :
R, > r+ "1 € R, . The non-linearity vanishes because of the well-known property
(B(z),x),, = (B(z),Az) = 0, for all 2 € H?. Next, we take the expectation on
both members of the equation (II.4.20) and obtain for all ¢ > 0

t
E| XY 2% 4 2(n + 1)V E / X7 20 | X722 ds
t
vi(I2n vll2 v n—
= E|| X8|127+2 + 2n(n + 1)V E / QY2 X |3 X225 ds
t
+n+ 1)uTr[Q1]IE/ X712 ds

0

t
< EJ|XE 25 1 (04 1)(2n + 1) TH[QU]E / X728 ds,
0

where we used HQiﬂmH < Tr[Qu]||z| ;1 for all 2 € H, see equation (I1.4.29). Since
XV is stationary, the first terms on both sides of the inequality are equal and cancel
out. We apply Fubini’s Theorem, divide by 2(n + 1)v and rewrite

Tr[Q1]
2

t
/ (E[nxznzaﬂnxzuim—<2n+1> E||Xs||?1)dsso, Vi 0.

This last inequality implies, recalling that (X¥),P = p, € £(H?®) for all s > 0 and
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the Sobolev embedding [|z[|3;, < [|2|3/ar1 for © € HOH!

[ el @ < [ el die)
H2+6 H2«
= E[IX2 s | X235

Tr[Q]
2

Tr

—Cn D2 [ el din o)

< (2n + DNCTL,

<(2n+1) E[ X3

where we used the inductive hypothesis in the last step and recalled, from the first
part of the proof, that C, := Tr[Q1]/2.

Equation (11.5.23). Fix now 3 > 0, and apply the It6 formula in Lemma I1.4.7
with the choices v = 1, h : Ry 3 7+ h(r) = €’ and to the stationary process X".
After taking the expectation to both sides of equation (I1.4.20), we obtain for all
t>0

t
EAIXE 20— BIXEI2 _ 25VE/ I X |2 040 ds
0

t
=288 [ P (B, X2 ds
0

t
+28VVE / X (XY, AW,
0
t
r25m [ QX et a
0

t
+ Bv Tr[Ql]E/ PIXEN g,
0

Due to the stationarity of the process, the left-hand side and the first term on the
right-hand side are equal. The integral of the non-linearity vanishes, because of the
property (B(x),z);1 = (B(z),Az) = 0 for all 2 € H?. The expectation of the Ito
integral is 0 by the properties of [t6 integration. We employ Fubini’s Theorem and
the stationarity of the process to compute the time integral in all the other terms.
We have for all t > 0

0= ~280tE [ i | X5 1310 ] + 2682 1B || Q12X | a1 X8V |
+ B Tr[Qq] tE [em‘xglliﬂ} _
Let us divide by Svt, for t > 0, and rewrite as follows
0 = B[Pl (Te(Q1] + 28] Q1 X8 ||° — 201 X8 |30
< B[ (T[] + 26 TrQuIXE I3 — 201X ) |
< E[MX8iros (Tr[Qu] + 2(BTx(Qu] = 1) 1XE e ) |

= 2[5 o1 (T[Q1] = (1 = BTQ1) I XE s )| — Tr[QuJEC 6 o,
(I1.5.24)
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where for the first inequality we used ||Q1/2:c|]§{1 < ||@||3; Tr[I,Q4] for all z € H,

see equation (I1.4.29), while for the second we used the Sobolev embedding H' —
H*1 Let us baptise the real random variable in the big round brackets as

7= THQI] — (1~ ATHQU)IXE e
and assume that 1 — 8 Tr[Q1] > 0 (i.e. 26C, < 1), so that P(J < Tr[@;]) = 1. We
reach from (I1.5.24)
’I‘I'[Ql]E@IB“XgHZOH—l < 2E[65HXSII§IQ+1 J}
<92E [65\\)(6’”2&“ Jﬂ{Jzo}}
< 2Tr[H]E [G’BHXS‘@”“]I{JZO}} ;
where we used J = J1 ;>0 + 10y < S0y < TY[Ql]]l{JZO}, P —a.s. Observe

that
Tr[Q]
1= BTr[Q:]

J=20 < ||X(l)/”§{a+1 <

hence

v v Tr[Qq]
Tr[Ql]EeB”XOHiI““ < 2T‘Y[Q1]E[65HX0”§,Q+1 H{J20}1| < 2%[@1]651—BT¥[1Q1]P(J >0).

We divide by Tr[@1] and use a change of variable, recalling that X{ is distributed
as [y

/ 1eats 4y () = BePIXE ot < 9P =5
H2a

The sought estimate (I1.5.23) follows. ]

I1.6 Invariant measure for the deterministic Euler Equa-
tion

In this section, we study the inviscid limit of the stochastic hyperviscous Navier-
Stokes equations. The passage to the limit, as v — 07, for the stationary solutions
to equation (HNS, ), see Proposition I1.5.11, will be conducted in the spirit of the
Skorokhod theorem. Hence, it is necessary to demonstrate some tightness property.
However, the usual trajectory spaces for the solution have topologies that are too
large to prove tightness. A suitable trajectory space, which allows for the proof of a
tightness result and the application of Jakubowski’s generalization of the Skorokhod
theorem, is introduced in the next definition.

Definition I1.6.1. Assume that & > 1 and let W be an H?*-valued Wiener process.
Assuming T > 0, we define

Zp = L2(0,T; H*T') N L*(0,T; Hy:.) N C([0,T]; HY) N C ([0, T]; U'),
where

e U is the reproducing kernel of W. In particular, U is compactly embedded into
H?* and simultaneously H 2% is compactly embedded into U’

Uews H** < H=H'« H2* <y /',
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e HJ is the vector space H® endowed with the Fréchet topology generated by
the family of seminorms, for x € H¢,

[2] 5o == inf {|lpz] o : ¢ € C°(R?), supp@ D By, ¢lp =1, Ve =0},
) (IL6.1)
where B, := {¢ € R? : |¢| < n}, forn € N.

e L?(0,T; Hf.) is the linear space of all measurable functions v : [0,7] — H®
such that the functions [v]ge : [0,T] 5 t = [v(t)]xe € [0,4+00), n € N, belong
to L2(0,T). It is endowed with the Fréchet topology generated by the family

of seminorms

T 1/2
L0, T; H:.) > v [Vl 20,700y = </0 [[v(t)]]%{g dt> , Vn eN.
(I1.6.2)

e L2(0,T; H*')is the linear space L%(0, T; H*!) endowed with the weak topol-
ogy, namely the smallest topology that makes all the linear maps L2 (0, T; H**!) —
R continuous. In particular, a sequence of functions {v, }nen C L2(0,T; HOH1)
converges in L2 (0, T; H**1) if there exists v € L?(0,T; H*™!) such that

T
lim [ 0 i(B(t), vn(t) — v(t))sass dt =0, Vo e L2(0,T; Ho).

n—oo 0

e C([0,T]; Hy) is the linear space of continuous functions v : [0,7] — HS, where
H? is the space H* endowed with weak topology, see Notation 0.9. Since the
domain [0, 7] is a sequential space, the notion of continuity is equivalent to
that of sequential continuity, see Notation 0.1. Namely, a function v : [0,7] —
H* belongs to C([0,T]; HY) if for any sequence of times {tn}nen C [0,7]
convergent to some t € [0, 7]

lim H_a<y,v(tn) - v(t)>Ha =0, Vye H “

n—o0

This space is endowed with the compact-open topology, that is the smallest
topology that contains all the sets {f € C([0,T]; H3) : f(K) C V}, where
K varies among compact subsets of [0,7], and V among open subsets of HZ.

We endow Zp with the smallest topology that makes the natural embeddings from
Zp into each of its four components, continuous (i.e. the smallest topology which
contains the topologies of all the four components).

Lemma I1.6.2. Assume that o > 1 and let W be an H**-valued Wiener process. If
B> —2a and T > 0, then C([O,T];Hﬁ) NZr € Bz,.

Proof. From the embeddings H? < H~2* < U’, we infer that that C’([O,T];Hﬁ)
is continuously embedded into C ([O,T]; U’ ) Therefore, by Kuratowski’s theorem
[Kur66, Theorem 1, Section V, Chapter 39|, see also [Kec95, Theorem 15.1], the
space C ([O,T];H B ) is a Borel subset of C' ([O,T]; U’ ) Eventually, the intersection
C([O,T];Hﬁ) N Zr is a Borel subset of C([O,T]; U’) NZpr=Zr. O

The following tightness criterion and the subsequent lemma are taken from [BM13,
Section 3.2|, where the results are stated in a general abstract setting. The abstract
Hilbert spaces U, V and H in the reference are replaced in our setting by U, H®*!
and H®, respectively.
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Theorem I1.6.3 (Tightness criterion). Assume that a > 1 and let (2, F,{F:}t>0,P)
be an augmented filtered probability space with an adapted H>**-valued Wiener process
W. Let U denote the reproducing kernel of W. Let also T > 0 and X™ : [0,T] x Q —
U', n €N, be adapted and pathwise continuous stochastic processes. Assume that

sup E < +00. (I1.6.3)

neN

T
sup | X7 3e + / X7y dt
te[0,7] 0

Assume also that the sequence { X" },en satisfies the Aldous condition in U’, i.e., for
every € > 0 and n > 0, there exists 0 € (0,T] such that, for every sequence {7, }nen
of [0, T]-valued stopping times, we have

sup sup P(| X7, — X2 |lgr =n) <e.
neN¢€[0,0]

Then the laws on (Zr, %z, ) of the stochastic processes form a tight sequence, i.e.
for any € > 0 there exists a compact set K. C Zr such that

supP(X" € K;) > 1—e.
neN
The space Z7 is constructed ad hoc to guarantee the thesis of Theorem I1.6.3.
This space must be equipped with a topology that is sufficiently strong to facilitate
the convergence of sequences utilized in the subsequent analysis. Simultaneously, the
topology must be weak enough to ensure the tightness result, meaning that there
exists a compact set within this topology that satisfies the criteria for tightness.
The Aldous property mentioned in Theorem I1.6.3 is quite intricate to be verified.
Hence we present, in the following lemma, a sufficient condition to guarantee the
Aldous property. We refer to [BM13, Section 3.2] for the proof of this result.

Lemma I1.6.4. Assume that (Q, F,{Fi}+>0,P) is an augmented filtered probability
space. Let U’ be an Hilbert space and T > 0. Let X™ : [0,T] x Q — U’, n € N,
be pathwise continuous stochastic processes. Assume that there exist C > 0 and
v € (0,1] such that for every t € (0,T] and any sequence {Ty}nen of [0, T]-valued
stopping times
supE||X] = X7 ||l < C, (I1.6.4)
neN

then the sequence {X"}nen satisfies the Aldous condition in U’, see Theorem II.6.3.

We recall the Jakubowski’s version [Jak97, Theorem 2| of the Skorokhod theorem,
see also [BO13|, and deduce a simple corollary, that will later come in handy.

Theorem II.6.5 (Jakubowski Theorem). Let X be a topological space such that
there exists a continuous and injective function F' : X — RN, Let {X,}nen be
a sequence of X-valued Borel random wvariables defined on some probability space
(Q, F,P). Suppose that the sequence of laws {(Xy),P}nen is tight in (X, Bx). Then
there exists a subsequence { Xy, }ren, a probability space (Q,]:', I~F’), a Borel random
variable Y : (Q, F) — X and a sequence {Y} yren of X-valued Borel random variables
defined on (Q, F) such that

(Xn, )P = (V)P € 2(X), VkeN, (I1.6.5)

Y. — Y, P—a.s. in X, as k — oc. (11.6.6)
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Corollary 11.6.6. Let X be a topological space such that there exists a continuous
and injective function F : X — RN, Let {tin}nen be a tight sequence of probability
measures on (X, %Bx). Then there exists a subsequence {jin, }ken and a probability
measure (1 on (X, Bx) such that

Py, — [y in (X)), as k — .

Proof. Assume the hypotheses. Proposition 10.6.1 in [Coh13| states the existence
of a probability space (2, F,P) (which is the countable product of the probability
spaces (X, Bx, n), n € N) and of X-valued random variables X,,, n € N, defined
on (2, F,P), such that (X,,)P = py, on (X, ZBx) for every n € N.

The sequence {X,, }nen satisfies the assumptions of Jakubowski’s Theorem I1.6.5.
Consequently there exists a subsequence { X, }ren, a probability space (€, F,P), a
Borel random variable Y : (Q, F) — X and a sequence {Yj}ren of X-valued Borel
random variables defined on (Q, F) such that the properties in (I1.6.5) and (I1.6.6)
hold true. In particular, P—a.s. convergence implies convergence in law, i.e.

Hny = (X'flk)*]P) = (}/'k)>i<]:‘|?D — Y*]fb = W, as k — 00,
where the convergence is meant in the weak sense in &(X), see Notation 0.3. O

Lemma I1.6.7. Assume that o > 1 and let W be an H?*-valued Wiener process.
If B € R, both the spaces Hﬂw, and Zp x C([O,T];Hﬁ) with the product topology,
satisfy the assumption of Theorem 11.6.5 and Corollary 11.6.6.

Proof. Let us momentarily say that a topological space X has the S property if there
exists an injective and continuous function F : X — RN,

As for the topological space H A > we consider a complete orthonormal system
{en}nen for the separable Hilbert space H? and define the function

F:HP sz F(z):= {<a:,en)Hﬁ}neN e RN

Then F is linear, thus F' € C(Hg; RN ) by definition of weak topology, see Notation
0.9, hence F € C(ng;RN) by Remark 0.11. Also, it is injective. Let indeed
x, 2" € HP be such that F(z) = F(z'), then F(x — ') = 0 by linearity, hence z = 2/
thanks to

[e.9]

Iz — 2'|[35 = Z@? — /' en)is = 0.

n=1

The spaces C ([0, T); HP ) and C([O, T, U’ ) have the S property because they are
Polish, see [Bad70, Exposé 8, page 124, Remark (b)].

As for the space Zp, we reason as follows. Let ¢ : Zp — C([O, T);U’ ) be the nat-
ural embedding, in particular, ¢ is injective and continuous. Let F': C([O, T, U’ ) —
RN be an injective and continuous map, which exists because C ([O,T]; U’ ) has the
S property. Then F o : Zp — RN is continuous and injective. Hence Zp has the S
property.

It only remains to prove that, if two topological spaces X, Y have the S property,
so does the space X x Y with the product topology. Let F : X — RN and G : Y — RN
be two injective and continuous functions, then, for every n € N, we denote by f,
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and g, the n-th component of F' and G, respectively. We define H : X XY > (z,y) —
H(z,y) := {hn(2,y) }nen € RY, where, for all n € N and (z,y) € X x Y

han—1(z,y) := fa(x), hon(z,y) = gn(y).

By direct inspection, h,, n € N, are continuous with respect to the product topology
on X x Y, thus so is H. Finally, H is injective. Let indeed (z,y), (¢/,y) € X x ) be
such that H(z,y) = H(«2',y'). Then f,(x) = hop—1(x,y) = hon—1(2',y’) = fn(a’) for
all n € N, in particular, F(x) = F ('), thus = 2’ by injectivity of F. Analogously,
y = v/ since G is injective and g, (y) = hop(z,y) = hon(2',y') = gn(y’) for all n € N.
Therefore (z,y) = («/,y). O

I1.6.1 The inviscid limit

Lemma 11.6.8. Assume that o > 1. The following objects exist:
e an infinitesimal sequence {v;}jen C (0,400),

e solutions (Q,F,{Fi}t>0,P;W;X7) to the equation (HNS,,) with kinematic
viscosity v;, for all j € N,

e an augmented filtered probability space (Q, F, {Fi}i>0,P) with an adapted H>*-
valued Wiener process W,

. {]}t}tzo—adapted stochastic processes X : Ry x Q — HoM and X7 - Ry x Q—
H?* j €N,

e probability measures p € P(H*M), and pj € 2(H>**), j € N,
and they enjoy the following properties:

(1

) (X).P = (X]).P = pj € 2(H?), for allt >0 and j € N,
(i1) (Xy)P=pe P(H) forallt >0,

)
)

(#ii) for all T >0, XeZp, P—as.,
(iv) for allT >0 and j e N, X7 e C([0,T); H**) < Zp, P—a.s.,
(v) Xi— X, P—a.s. in Zp, as j — o0,

(vi) X € (VLP(%C([0,7);H")) N L*(Q x [0, T); H*H),
p>1

Proof. Let us fix @ > 1 and an augmented filtered probability space (2, F, { F: }+>0, P)
with the adapted H?*-valued Wiener process W from Proposition I1.5.11. Let us
consider a sequence {Vp}tneny C (0,400) convergent to 0. For every n € N, let
fn € P(H?) be an invariant measure for the equation (HNS, ,) with kinematic
viscosity vy, instead of v (which exists thanks to Theorem I1.5.10). Let us also denote
by X" the process from Proposition I1.5.11, which satisfies the following properties:
X" has the regularities listed in equation (I1.5.19), (Q,F,{Fi}t>0,P;W;X") is a
solution to the equation (HNS, ,) with kinematic viscosity v,, X" is stationary with
law p, = (X7)P € P(H?®) at every time t > 0.
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Step 1. Let us fix an arbitrary T > 0. We intend to apply Theorem I1.6.3
to X" : [0,T] x Q — H?* n € N, in order to prove that their laws, on the space
(Z7,PBz,), form a tight sequence.

First, observe that { X, } ey is a sequence of H2*-valued processes with continu-
ous trajectories, see Definition I1.4.1. In particular, they are also U’-valued pathwise
continuous processes, which allows us to apply Theorem I1.6.3.

In order to verify the hypothesis (I1.6.3) of Theorem I1.6.3, we fix n € N, and
resort to the estimate (11.4.22) in Theorem 11.4.8 (iv), with p = 2, and to the sta-
tionarity of X™. For a constant C' > 0 dependent only on W,

B sup X713 < CEIXGI3 +T0) < C [ folfun din(e) + CTr,
te[0,7) H2e

and

T
B[ 17 et < TR o =T [l den(o)

H2o

Equation (I1.5.21) in Theorem I1.5.12, and the boundedness of the sequence {vy, }nen,
give the uniform bound in n.

As for the second hypothesis of Theorem I1.6.3, that is the Aldous condition, we
use Lemma 11.6.4 applied to {X"},en. By Definition I1.4.1 we have for all n € N,
P—a.s., forallt>0,in H*

¢ ¢
X = X0 — un/ AXT ds — / B(X")ds + v/vn W,
0 0
= J7 4 S (L) + J3(t) + JL(2).
Assume that {7, }nen is a sequence of stopping times in [0,7] and fix n € N and

t € [0,T]. The term J7 := X{ satisfies hypothesis (11.6.4) for any C,~v > 0 because
it is constant in time. As far as J3' is concerned:

t+7n
myu+w—£%mm§w£/ JAXT| 1o ds
Tn

1/2

t+7n
<o i(E [ 1A e a)
Tn

27 1/2
< Vnt(l/n]E/ | X2 |3 as ds>
0

<Vt C(E| X% + vaT) "

1/2
vt [ lelp dun(o)+nT)
H2a

We first used the embedding H'~ < H~2* < U’, then the Hélder inequality, and
at the end the estimate (I1.4.22) for p = 2, with the fact that X is distributed as
pin, on (H?*, Broa). Theorem 11.5.12 and the boundedness of the sequence {v, }nen
give the uniform bound in n.
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For the non-linear part, we follow a similar reasoning and employ estimate (11.2.6)
in Lemma I1.2.12 (withe = a — 1 > 0):

t+71n
Mﬁw+%%ﬂ@thSE/ 1B(X2) - ds

Tn

<2¢tE sup || X3
t€[0,2T]

< Ct(E| X3 + v T)

—ct( [ 1ol dm(@)+ 7).
H2a

The last term is uniformly bounded in n, as already discussed.
As for J§, we use the embedding H2* < U’, Holder’s inequality and the covari-
ance operator Q € L1(H?®) of W;

n n 1/2 1/2
E|lT3 (¢ + ) = T3 ()l < v |[ElWair, = W 2| = Vot (@)

The last term is uniformly bounded in n because v, — 0 as n — oo.

By Lemma I1.6.4 and Theorem I1.6.3 the laws of X™, n € N, form a tight sequence
on (ZT, ‘@ZT)'

Step 2. Assume again that T > 0. We apply Theorem I1.6.5 to the sequence
{(X™, W)}nen of Zr x C([0,T]); H**)-valued random variables, thanks to Lemma
11.6.7.

Observe that W,P € W(C'([O,T];H%‘)) is tight because the space is separa-
ble and complete, see [Bil99, Theorem 1.3|. Furthermore, Step 1 assures that the
sequence of laws {(X").P} ey C Z(Z2r) is tight. These two facts imply that
{(X™, W).P}en is tight in (27 x C([0,T]; H*®), %ZTX(;([O’T];HQQ)). Therefore, The-
orem I1.6.5 returns a probability space (Q, F, ]f”), a subsequence indexed by {ny }ren,
and Zr x C([0,T); H**)-valued random variables (X, W), (X*, W"), k € N, such
that

(XF WP = (X" W),Pe 2(2rxC([0,T; H*)), VkeN,
(XFWF — (X, W),  in Zpr x C([0,T]; H*), P — a.s., as k — occ.
Recall that Bz, . c(o,1);H20) = Bz X Bo((o,1);120), see [Bog07, Lemma 6.4.2,
Volume II]. Therefore, the functions X, Xk : Q = Zp, k € N, are ]:"/%’ZT—

measurable random variables, while W, W* : Q — C’([O,T];H2°‘), k € N, are F/
B (0,1 120 -measurable. Moreover,

(XF),P=(X"™),Pe P(Zr), VkeN, (I1.6.7)
Wh.P=W.P=W.Pe 2(C([0,T); H**)), VkeN.
In particular, it follows easily from the Lévy Martingale Characterization Theorem,

that W, W* k e N are {f}}te[o,ﬂ—adapted H?*-valued Wiener processes, see, for
instance, [DHV16, Lemma 4.8|. Eventually,

XX, inZp, P—as., ask — oo, (1I1.6.8)
Wk —W, in C([O,T];H%‘), P—a.s., ask — oo.
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Step 3. We prove further regularities for the stochastic processes X, X* : R4 x
Q= U, keN.

Fix k € Nand T > 0. First, recall that C’([O,T]; HQO‘) NZr € Bz, from Lemma
11.6.2. This fact, together with X" € C([O,T]; HQO‘), P — a.s., see Definition 11.4.1,
and by the property in (I1.6.7), yields

xkec(o,1;H*), P-as.

Additionally, by (I1.6.7), recalling the estimate (II.4.22) from Theorem I1.4.8 (iv)
and the stationarity of the process {X;"* };>0, we have for any p > 2 and k € N

EIX 0 go,misersy + ENIX 220,71y

= [ ol gy + el ey 4 (X)) )

T

:/z 12118 o 21y + N2l 2(0,;pre1y A((X™%).P) ()

T
T
—E sup | X™|2, +E / X2y d
te[0,7] 0
< Gy (B XD |2,y + TvBl?) + TE| X0 2o

=Cp</ %0 i, +Tugf> +T/ 2|21 dptny
H2« H2a

where the last term is uniformly bounded in k, thanks to Theorem I1.5.12 and to
the boundedness of {vy,},en. Consequently, there exists a subsequence of {X 1 pen
weakly convergent in LP(Q;C’([O,T];Hl)) and in L2 (Q;L2(O,T; HO‘H)). We can
extract a further subsequence convergent P — a.s. in L2(0,T; H*™Y), thus also in
L2(0,T; H*t'). However, we know from (I1.6.8) that the whole sequence {X*}ren
converges P — a.s. to X in Zp, thus also in L2(0,T; H**1), see Definition 11.6.1. By
uniqueness of the limit, we get

X e (L7 (@ 0(0,T); HY)) nL* (4 x [0, T]; HH).

Step 4. We show that the process X : Ry x QU is stationary and that it is
H ! valued.

By recalling that % a+1 NH?® = B2 from Remark 0.6, we can trivially extend
the measures p,, , k € N, to the measurable space (HO“H, %’HQH), by defining

fin, : Brrotr 3 E > fin, (E) = pn, (ENH**),  YkeN.

Moreover, since the measurable spaces (H a“,%’HQH) and (Hg“,%%H) co-
incide, see 0.15, we infer 2(H**1) = 2 (HZ). If R > 0, let us denote Bgaﬂ =
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{z € H**! : ||z ;a1 < R}, then we have for any k € N

_ o 1
~ Hoz+l BH +1 - 2d~
Mnk( \ R ) R2 H0<+1\Bg°‘+1 R Hony,
1 2
< — a1 dit
<77 o e 121 Qs 2
1 2
<7 |, ValBinss din (0)
— Ca
~

where we used Theorem I1.5.12 in the last line. These calculations imply that, for
any ¢ > 0, there exists R > 0 such that fi,, (H**! \BEQH) < ¢ for all k € N.
Closed balls in H"! are compact in H*! by the Banach-Alaoglu Theorem, thus
they are compact also in H, 5‘1:’ ! as discussed in Remark 0.12. Therefore, we showed
tightness on H{le for the sequence of laws {fin, }ken C @(H?Jl) By Lemma
11.6.7 and Corollary I1.6.6 of Jakubowski’s Theorem, there exists a family of indices
{k;j : j € N} C N, and a probability measure y € Z(H>"!) such that

finy, — 4, in P(HX), as j — oo. (I1.6.9)

Since the natural embedding ¢ : H**' — U’ is measurable, we can trivially
extend each fi,, , j € N, and p to the measurable space (U’, By ):
J

i By 3 E e p(E) = /]mcj (EnHH) = Hony (ENH>), vVjeN,
i 2 By > E s i(E) = p(En H.

Since Ht! < H~2% and since H 2 is compactly embedded into U’, the space
Ho*! is continuously embedded in U’. In particular, for any f € Cy(U’), denoting
t: H3TY — U’ the natural embedding, we have f ot € Cp(HYT!). Hence, we infer
pj — pin 2(U").

We now show that the convergence in (I1.6.9) implies

finy, — [l in 2(U"), as j — . (I1.6.10)

Indeed, since H**! is compactly embedded into U’, we infer that « € C(H>; U")

bw

from Remark 0.16. Hence, if f € Cy(U’), then f ot € Cp(H). Therefore, by the
change of variable theorem and the convergence in (I1.6.9), we have

tim [ Fdj, =t [ fordin, = [ fordu= [ fap,
Jj—oo Jy 7 J—o0 Ja+1 J Ha+1 U’
which proves the convergence in (11.6.10) . o
By the convergence in (I1.6.8) we know that X* — X, P —a.s. in C’([O, T]; U’),
in particular, for all ¢ € [0,T], (X}).P — (X;).P in Z(U’). We obtain

Hy =
fi

where the convergences are all intended in & (U"), as j — oo. We conclude that X,
and X have the same distribution i on (U’, By), where p(H*™) = p(H**!) = 1.
In particular, the process X is H*!-valued and stationary. O

(X — (X)7).P = i = (X7).P — (X0).P,
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Theorem I1.6.9. Assume that o > 2. There exists an augmented [filtered probability
space (Q .7-" {ft}t>o, ), and an adapted H? -valued stochastic process X (the same
from Lemma I1.6.8 with o := o — 1), such that

Xe (P (0(0,THY) NL*(Qx [0,T; H?), VT >0,
p=>1

and such that, for P —a.e. w € Q, the function X (w) : Ry — HC is a solution to the
Euler Equation (EE). Moreover, this process is stationary, i.e. (Xt) P = (Xo).P e
P(H), for t > 0. In particular, the probability measure (Xo),P € P(H) is an
invariant measure for the Euler Equation (EE), see Definition 11.2.16.

Proof. Step 1. For a fixed o > 2, let us define o := o — 1 and for that o we take
the objects constructed in Lemma I1.6.8. For any j € N, let us define P — a.s. for all
t€0,T]

- ~ t ~ . t ~ . ~

M = Xf—}—vj/ AO‘ngs+/ B(XI)ds— X}, inH"?,
0 0

M ::X§+uj/ A"‘ngs+/ B(XI)ds— X}, in H®,
0 0

t
M = Xt+/ B(X,)ds — Xo, in H®.
0

Assume that y € H* ! and fix t € [0,7] and j € N. We show that the real-
valued random variables Hl_a<]\~4tj ,y>Ha_1 and <Mtj ,y) have the same distribution
on (R,%R)

First of all, let t3 be the natural embedding Zr < C([0,7T]; Hy). Let also
L C([O,T];H{j) Suw u(t) € HY, and py : HY 5 = +— (y,z) € R. Then both the
evaluation map ¢; and the functional p, are continuous with respect to the specified
topologies. Therefore

(X7, 9).P = (pyuees X7) P = (pyuws X') P = <Xf,y>*P e Z(R).

Let ¢1 be the natural embedding Z; < L2 (0,t; H*"1). Define the linear oper-
ator l, : L2(0,t; H'™%) > u fg Hl_a<u(8),y>Ha,1 ds € R, which is sequentially
continuous with the specified topology, thus measurable by Remark 0.15. Observe
also that A® : L2 (0,¢; H*t') — L2 (0,t; H'=%) is continuous. Therefore

t

= (ly A% X7) P
— (/Ot (A X7 y) ds>*IP’ c Z(R).

We know from Lemma B.3 (with 8 = a—1 > 0) that the function L*(0,¢; HZ.) 2
u + Bou € L'(0,t; H.=%) is sequentially continuous on bounded sets of L2(0 t; HY).
Observe also that if u, — wu in Z;, then it converges in L%(0,t; H.) and in
L2(0,t; H¥) | in particular it is bounded in L2(0,¢; H*™1), and so in L%(0,t; H®).
Therefore the function B : Z; 3 u +— B(u) := Bou € L'(0,t; H.=®) is sequen-
tially continuous. Moreover, define the linear operator r, : LY 0,6, H7?) 5 u
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fg Hl,a<u(s),y>Ha_l ds € R, which is sequentially continuous with the specified
topology. Therefore the map ryB : Zy — R is also sequentially continuous, thus
measurable by Remark 0.15. Then

( /0 t (B(X1),y) ds)ﬁ = (ryB(X)) P
P

= (ryB(X7)),
- (/Ot (B(X9),y) ds)*]P’ € Z(R).

Step 2. Assume that y € H* ! and t € [0, T, then we show that H1*Q<Mtj’ y>HQ_1 —
(My,y) in L*(Q), as j — oo, by the Vitali Convergence Theorem.

We proceed to study the P — a.s. convergence of each term separately, which in
turn implies convergence in P-measure. As for the non-linear term, we infer from
Lemma I1.6.8 (v) that the sequence { X7} e is P—a.s. convergent in L2(0, T; H**1),
hence bounded in L?(0,T; H*™1), hence bounded in L?(0,T; H%). It also converges
I?fa.s. in L2(0,T; H® ) to X. Therefore, by Lemma B.3 (with 8 = a > 1), we have

loc
P —a.s.
t ~ . ~

lim [ (B(X7) - B(X,),y)ds =0.

k—oo 0
We proceed similarly for the linear term. The convergence in Lemma I1.6.8 (v)
implies that {X7},cy converges P — a.s. to X in L?(0,T; HS*'). Thus, P — a.s.

t t
lim Hl,a<A°‘)~(§ AYX,, y>Ha ,ds = lim Hoo1 <Aay, Xg — XS>HQH ds = 0.

Jj— Jo Jj—o0 Jo

Finally, X/ — X P — a.s. in C([0,T]; HS) by Lemma I1.6.8 (v), hence P — a.s.

lim <X] Xt,y> =0.

]—)OO

Moreover, we know from Step 1 that Hl,a<]\2fg,y>Ha_1 has the same law in
(R, Bg) as (Mj,y), for all j € N. In addition, M/ = \/7;W, P — a.s., in the
trajectory space C([0,T]; H), hence

<H17Q<Mga y>Ha—l>*]fD = <\/EW) y>*]P) e ‘@(R)
This fact gives a uniform bound in j in the space LQ(Q), thanks to

- . 2
E| yool M y)yras | =BT Won)|* < v IyIPEIW:?, (I16.11)

where the last term is bounded in j because the sequence {v;};en is infinitesimal.
The uniform bound in L?(£2) implies uniform integrability.

~ To sum up, we obtained the sought uniform integrability and convergence in
P-measure for the sequence { H17Q<Mtj ,y>Ha_1}j N of real random variables. This
allows us to apply Vitali’s Convergence Theorem to infer that

H1—0<<Mg’y>Ha—1 — <Xt)y> +/0 <B(X8)ay> ds — <X07y> = <Mt’y>7
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the convergence being in L'(€2), as j — co.
Step 3. We conclude the reasoning by proving that, for P—ae we, f((w) is
a solution to the Euler Equation (EE). .
Assume that y € H* 1 and t € [0,7]. We proved in Step 2 that H1_Q<Mt], y>Ha,1 —
(Mt, y) in Ll(fl), as j — 0o. We see from estimate (I1.6.11) that H17Q<MZ, y>HQ,1 —
0 in L?(Q), as j — oco. We infer by the uniqueness of the limit that (M;,y) = 0,
P — a.s. This fact implies, by arbitrariness of y € H*~ !, that P — a.s. in H!~®

t
Xt+/ B(X.)ds = Xo. (116.12)
0

Lemma I1.6.8 states that X is H*-valued, thus the identity holds P—a.s. in H**!.
Additionally, we infer from Lemma I1.6.8 (vi) that fP’(X € L*(0,T; HO‘H)) =1, thus
also Xo — N B(X,)ds e c([o,T); H), P — a.s. In particular I~P>()~( € C(Ry; HY)) =
1, by arbitrariness of T > 0. It only remains to show that for P — a.e. w € €,
X(w) € C(Ry; HOHY).

By recalling from Theorem I1.2.15 the definition of the Euler flow map @, and
since Xo is H*"-valued, we define the H*"!-valued stochastic process

YRy x Q3 (tw) = Yi(w) := @(t,Xo(w)).

Then, by Theorem 11.2.15, ]P’(Y € C(Ry; HO‘+1)) =1, and P — a.s.
t
Y: — / B(Y;)ds = X, Vit >0. (I1.6.13)
0

We compare equations (I1.6.12) and (I1.6.13) by means of estimate 11.2.4 in Lemma
I1.2.12 (with 0 = o+ 1 > 2), and infer that P — a.s.

t
%~ Yillge < [ 1% = Vel = Yilleds, ¥ >0
0
This implies by the Gronwall Lemma and the fact that both X, and Y belong P—a.s.
to LY(0,T; H**Y) for any T > 0, that P — a.s.
X, =Y, = ®(t, Xo), in H*, YVt > 0.

Since, for P — a.e. w € Q, both functions Y (w), and X (w) are H**'-valued, and
since Y (w) € C(Ry; H*™), we infer that P(X € C(Ry; H*+')) = 1. In particular,
for P — a.e. w € Q, X(w) is a solution to the Euler Equation (EE).

Step 4. Let us denote pu := (Xo),P € Z(H?). Then we can prove that p is an
invariant measure for the Euler Equation (EE). If indeed F € Byo, and t > 0, we
have

u(F)=P(Xo € F)=P(X, € F) =P(d(t,Xo) € F)

_ /H r(®0) dpp = p(@71(F)) = (0)op(F).

The second equality is due to the stationarity of X, see Lemma I1.6.8 (1), while
the third equality comes from the previous step. The chain of equalities implies
p=(P)p € P(H?). U
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I1.6.2 Moment estimates

This last part is devoted to providing some moment estimates to the invariant mea-
sure for the Euler Equation constructed above.

Theorem I1.6.10. Assume that o > 2. There exists a finite constant Cy, > 0
such that, if 0 < f < 2Cy,, and p € P (H?) is the invariant measure for the Euler
Equations (EE) constructed in Theorem 11.6.9, then

/ lel%e du(z) = Co,
Hcr

/ le2n du(e) < (2n— DUCT,  YneN,
HO’

28Co

/ BllzllFo dp(z) < 2eT-25¢5 .

Proof. Let us fix ¢ > 2 and consider the objects introduced in Lemma I1.6.8 for

o := 0 — 1. In particular, we know from Theorem II.6.9 that p = (Xo).P € Z(H?)

is an invariant measure for the deterministic Euler Equations , see Definition 11.2.16.
We denote the following Hilbert spaces

Ey=FEs;:=H°, E,:=H'

with the respective norms || - ||, ¢ = 1,2,3, and observe that each Ej; is compactly
embedded into U’, where U is the reproducing kernel of the Wiener process W. Let
us fix n € N and 8 > 0, then we define ¢; : Ry — R, i =1,2,3 as follows, for all
r>0

2
pi(r) =17, a(r) ==71"", p3(r) ="

We observe that each ¢; is strictly increasing. For any ¢ = 1,2,3 we define

bovrsan {elels)  veeE

+0o0 VeeU \ E;
Fix ¢ € {1,2,3}. Example 2.12 in [BS13| proves that n; : U’ — [0, +o0] is lower
semicontinuous, see [Brel0, Section 1.3] and the references therein for the definition
and the main properties. In particular, if 2 € U’ and if {z,, },en C U’ is a sequence
convergent to x in U’, then n;(z) < lim inf,, 0 1i (%)

Since, by Lemma I1.6.8 (v), X — X, P — a.s. in Zp, and since Zp
C([0,T;U"), if v : H**' — U’, and 7 : H** — U’ denote the natural embedding,
then B ) .

X)) — 1 Xo, inU', P—a.s., as j — oo.
Therefore, thanks to the above discussion,
1;(1X0) < lim inf m([f(g), P — a.s.
Jj—o0
Let us take the expectation with respect to @’7 that we denote by I~E, to both members
of this inequality and use Fatou’s Lemma. We obtain

E[ni(LXo)] < E[liminfm([)zg)] < liminfﬂ[ni(ZXg)].

J—00 J—00
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We denote by [, and fi;, j € N, the trivial extensions to (U’, Zy) of the prob-
ability measures p € Z(H*"), and p; € 2(H?*) from Lemma 11.6.8, respectively.
Namely,

fi: By > F s a(F) = p(FnH*
i : By > F s ij(F) = p;(FNH*),  VjeN.
We infer from Lemma I1.6.8 (7), (i), that
(1X0)P=1c 2
(iX).P=pje 2(U"), VjeN.

We conclude the reasoning as follows

/ ei(llzls,) du(z) = / () di()
Ho+ Jur
< h}g gfl@[m(ng)]

=liminf [ n;(z)dp;(z)

]—)OO U/
_ liminf / ei(lll 5, ) duj ().
J—00 H2cx

The theses follow from the last inequality, thanks to the uniform estimates in Theo-
rem 11.5.12. O
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Gronwall Lemmas

We recall a weak version of the differential form of the classical Gréonwall Lemma,
which does not require the differentiability of functions.

Lemma A.1. Assume that f : Ry — R is a continuous function and that there exist
a,b € Lj, (Ry) such that, in the distributional sense in R% := (0, 400)

' <af+b. (A1)

Then, ,
ft) < et® <f(0)+ / b(s)e A ds), Vit >0, (A.2)
0

where

t
A(t) == exp/ a(s)ds, Vit >0.
0

Proof. Let us define g : Ry — R by

t
g(t) = f(t)e AW — / bs)e A ds, V> 0.
0

Then the distributional derivative of g on the interval R* := (0, +00), satisfies
g =flet—afe ™ —be 4 <0, (A.3)
where we used the hypothesis in equation (A.1) for the inequality. Let p € C2°(R?)

be such that p > 0 and f0+oo p(s)ds = 1. For every n € N define p,(s) := np(ns),
s > 0, then

+o0o
pn € CE(RY), / pn(s)ds =1, Vn e N.
0

Let ¢ be a generic non-negative function in C°(R% ) and fix n € N. Let us define

“+o00
wn =—p+ pnA (,0(5) ds.

By direct inspection we have 1, € CZ°(R* ) and f0+oo ¥n(s)ds = 0, in particular, its
primitive U, (t) := f(f Yn(s)ds, t > 0, satisfies again ¥,, € C2°(R* ). Therefore, if we
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test the inequality (A.3) againts ¥,, we reach
/

= — D/(Rjr)<g7 wn>cé>o (Ri)
+o0 +oo oo
- /0 g(t)p(t) dt — /0 9(s)pn(s) dS/O p(t) dt

= [Tew(s0- [ sl as)

This implies, by arbitrariness of ¢ € CZ°(R%;R,) and continuity of g, that for all
t>0

+oo +oo
o(t) < /0 9(5)pn(s) ds = /0 g(r/myp(r)dr — g(0),  asn > oo,

where we resorted to the Dominated Convergence Theorem to pass to the limit. The
sought estimate (A.2) is derived from g¢(¢) < g(0), t > 0, by recalling the definition
of g, and by multiplying by e4. O

We also recall a simple version of the integral Gronwall’s Lemma that suits our
necessities. A different proof can be found in [FRO1, proof of Theorem 5, step 2|.

Lemma A.2. Assume that f : R — R is a non-negative continuous function and
that there exist Cv,Cy > 0 such that

f(t)§f(s)—Cl/tf(r)dr—l—Cg(t—s), Vt>s>0. (A.4)
Then o
ft) < 52 +e Cr),  VE>0.
1

Proof. Equation (A.4) directly implies that f is Lipschitz continuous, in particular,

it is absolutely continuous. Therefore, there exists f’ € L, (R4) such that

F(t) — f(s) = / Frydr,  Yizs>o.

This consideration allows to rewrite the inequality (A.4) in the following way

/t[f/(T)Jrle(?“)—CQ]dTSO, Vi>s>0.

This implies that, for almost any r > 0
fi(r) < =C1f(r) + Ca.
We reach the thesis by applying the differential form of Gréonwall’s Lemma A.1:

(1) < Ot ( £(0) + /0 et ds)

— O f(0) + %e_clt(eclt —1)
1

< 1 .
o +e f(0)
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Eventually, we provide a modified version of the classical integral Gronwall Lemma.
We refer to [Hen81, Section 1.2.1] for the proof.

Lemma A.3. Assume that a,b > 0, T > 0 and o, 8 € [0,1). There exists a finite
constant M > 0 so that for any integrable function u : (0,T) — R satisfying

t
0<u(t) <at™™+ b/ (t — s)"Pu(s)ds, forae. te (0,T),
0

we have
0 <u(t) <aMt™?, fora.e. te (0,T).

102



Appendix B

Ancillary results

Proposition B.1. Assume that G € L(H) is injective and satisfies V C Ran(G).
There exists C' > 0 such that, if n € N, then

|(IL,GG*1L,) 22| < Oz, Va € H,.

Proof. The proof is inspired by [FM95, Section 6] and we present it for the sake of
completeness. Let us fix n € N.

Step 1. We show that the thesis makes sense.

First, II,,GG*IL,, : H — H is bounded because it is the composition of bounded
operators in H. In addition, it is non-negative because

I1,GG* 1z, ) = ||G*IL,z|* > 0, Vre H.
(

Therefore, it is self-adjoint and its square root (II,GG*II,)/? : H — H is well-
defined and bounded.

Moreover, Ker(Il,GG*II,)) = H;-. On one hand, we have H,- = KerIl, C
Ker(I,,GG*I1,,). On the other hand, we first notice that G* : H — H is injective
because Ker(G*) = [Ran(G)]* ¢ V+ = {0}. Then, if we let z € Ker(II,GG*II,),
we have 0 = (I, GG*Il,z, x) = ||G*II,z||?, hence I,z = 0 by the injectivity of G*,
namely x € H;’.

Eventually, from [Ran(HnGG*Hn)]L = Ker(II,GG*1I,,)* = Ker(II, GG*11,,) =

H;-, we infer that Ran(I,GG*I,) = H, = H,, hence Ran(Il,GG*II,) = H,
because H,, is finite-dimensional.

Therefore, we conclude that the restriction II,GG*II,, : H, — H, is bijective,
bounded and positive, hence self-adjoint. Its square root (HnGG*Hn)l/2 :H, — H,
is well-defined and inherits the same properties. Moreover, the inverse operator of
(I1, GG*T1,)*/? is the same as the square root of (IL,GG*II,)~", which is simply
denoted by (HnGG*Hn)*l/ 2 and it is a bounded, positive, bijective and self-adjoint
operator in H,,.

Step 2. The thesis follows from the following claim: there exists C' > 0, indepen-
dent of n, such that

((ATTL,GG T, A2) yy) < ClylP. Yy € Ha,
Let indeed z € H,, then we define y := A'/2z and observe that y € H, because
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H, =1I,H =11,,V. Hence, we get

(I, GG L) 22| |* = ((IL,GG L)~ La, z)
— (A3 (IL,GG* L) ' A2y, y)
— ((A2I1,GG*TI, A2) "y, y)
< Clyl®

= Cllz||%-

The thesis follows after renaming t}lle constant C . In the previous chain of inequalities
we implicitely used the fact that A211,GG*11,,A2 : H, — H, is bijective and satisfies
(A%HnGG*HnA%)_l = Afé(HnGG*Hn)_lAfé. This property easily descends from
Step 1 and from the bijectivity of the self-adjoint bounded operator A? on the finite-
dimensional space H,,.

Step 3. Denoting by G~ : Ran(G) € H — H the unbounded inverse of G €
L(H), we will show that the operator G~'A"3 is well-defined and bounded in H.

First, notice that G'A"3 : H — H is well-defined because A~3x € V for
any x € H and V C Ran(G). Then we proceed to show that G A2 : H — H is
bounded by the Closed Graph Theorem. Let us denote by G‘_,1 V—oH:z2— Gz
the restriction of G~1 to V and assume that {x,, } ey C V is convergent in V to x and
that {G;lxn}neN is convergent in H to y. Thanks to the inclusion V' C Ran(G), for
any n € N there exists z,, € H such that x,, = Gz,. Therefore, Gz, = x, converges
asn — oo to z in V and to Gy in H by continuity of G. Since V < H we infer that
x =Gy €V, hence G‘jlx =G Gy =y, ie. G(/l is closed. By the Closed Graph
Theorem, G(/l .V — H is bounded. Since A2 : H — V is bounded, we infer, by
the composition of bounded operators, that G~! ~3 = G‘;IA_% € L(H).

Step 4. Assume that x € V', then for all y € H

By choosing y = (G_lAfé)*G*A%x —x € H, we get
(G'A™2) G Az =,
which implies, by the boundedness of GA"3  H - H, see Step 2,

ol < (G A7) |G |G A3 ]” = || G472 |y (A2 GG" Al ).

Step 5. Let us now prove the claim in Step 2. Assume that y € H, and let z :=
(A%HnGG*HnA%)_l/Qy € H,, then x € V because H,, = I,V C V, and y =
(A%HnGG*HnA%)l/ %2, Therefore, using the estimate from the previous step and
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denoting C' := HGAA*%HZ(H)’

(AT, GG L, A2) "y y) = ||(A2TL,GGH L, A2) %y
— Jla?
< C(A2GG*Asz,x)
— C(A T, GG T, A2z, )
— C||(A*TL,GG I, A7) P
= Clly|*.
g

Proposition B.2. For any R > 0 and t > 0 there ezists a constant Cr(t) > 0 such
that for all G as in hypothesis (H1) it holds

t
/ DX @) )2 ds < CR@IBI?  Yn €N, Yha € Hy, P a.s.
0

Proof. The proof is inspired by the appendix in [FM95] and we present it for the
sake of completeness. We fix P — a.s. w € 2 and parameters n € N, R > 0. For all
starting points « € H,, and times ¢t > 0 we denote for simplicity u(t) = XtR’n(x)(w)
and we recall its definition:

u(t)—i—/o Au(s)ds—i—/o @R(HA%u(S)HQ)Bn(u(s))ds:x—i—HnGWt”.

Given the fact that this equation is set in the finite dimensional space H,,, spanned
by the first n eigenvectors of A, we take its components with respect to {ej}}_; and
consider it in R”. Therefore we perform the Jacobian matrix D, of u = (u1,...,u,)"
with respect to the starting point z = (z1,... ,xn)T € H,, and apply it to a vector
h=(hi,...,hy)T € Hy:

D fu(t)]h + /0 AD, [u(s)]hds + /0 O (A% u(s)[2)h - Vil ATu(s) | B (uls)) ds
+/ Or(|ATu(s)|]?) Dy [Bn (u(s)) ] h ds = h.
0

(B.1)

We denote for brevity U(t) = Dy[u(t)]h = 377, hj0z;u(t), suppress the dependence
on t, derive in time equation (B.1), then take its product in H,, with U:

(S0 +{AU,0) + (O (I ATulP) b Vol Abul? Baw) U (B2)

+ (DalBa(w)]h, OR (|1 ATul2)U) = 0.

The first term in the left-hand side of equation (B.2) equals the time derivative
of ||U|?/2, while the second is equal to ||U||?,. As for the third one, we start by
evaluating the components of the gradient vector. For j = 1,...,n it holds

By, || AT ul|? = / By, | AV u? 4.2 = 2/ Aju- AT9,,udL? = 2(Avu, AT, u),
D D
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that implies
1 1 1
h-Vi||Atul|? = 2(A3u, A1U),

thus, by the Cauchy-Schwarz inequality and Lemma [.2.2
(OR(IATul?) - Vo AT ul]? Ba(w), U )| < 21Olluc] (Afu, AU [(Ba(w), U)]
1 1
< 2¢0]|Ogloo | ATul P | ATU | U]y -
Analogously

(Du[Ba(w)]h, OR(|ATul?)U )
= > 1j(0r,Ba(u), Or (|l 47ul*)U)

= Z hjbn (O, u, u, @R(HAiuHZ)U) + b (u, Oz u, @R(||Aiu||2)U)
j=1
— b, (U, u, O (| ATu|?)U) + by (u, U, Or(||ATu|?)U),

which entails, by Lemma [.2.2 and ||Ogl/,, =1
1 1 1
(D[ Butw)] . O (14502 U)| < 200 AU ATl U]y-

By plugging all terms inside equation (B.1), we reach the following estimate

1d

5 U7 + TN < 200 (1 v [1OF o) [ATT T [y (| A ul® + | ATul])

1/2
< KUV U210y
1 3
< SKRIUI2 + IU1E

where we employed the interpolation inequality HAi Ul < |U|M? ||U||%//2 (see Lemma
[.2.1), introduced the function

1 1
Kn(t) = 20 (1 V [Ofglloe) (sup [ A3 u()]* + sup [ A u()]),
neN neN

and iterated the Young inequality. We integrate over the interval [0, ] recalling that
U(0) = Dy[u(0)]h = h

R+ [ W< b+ [ Khouers ®
apply Gronwall’s lemma and obtain
IT®)]? < [|h]|2e"0.

Inserting back this estimate in equation (B.3), we reach the thesis for a constant
Cr(t) >0

t t
[k as < 2||h||2[1+ JRSTEE ds] — hIPCR).
0 0
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Lemma B.3. Assume that f > 0. Let u € L?(0,T; H*') and let {u,}nen be a
bounded sequence in L*(0,T; HPtY) convergent to u in L*(0,T; H6+1).

loc
o If 3> 1, then for ally € H#

t
nh—{gots[lé%] /0 H_6<y,B(un(s)) - B(u(s))>Hﬁ ds| = 0. (B.4)
€10,
o If B €(0,1], then for ally € HP
t
nli_}IEOts[l(l)pT] /0 H_§<B(un(s)) - B(u(s)),y>Hﬁ ds| = 0.
€10,

Proof. We give the proof only in the case 8 > 1, the complementary being analogous.

Step 1. Assume first that y € C.(R*R?) N H~”, in particular, there exists
R € N such that the support of y is contained in Bg := {£ € R? : [¢| < R}. Assume
also that x,z € HPH1. Let us fix ¢, € C°(R?) such that B C supp ¢ Nsuppy,
0(&) = (&) =1for £ € Bg, and Vo -x = Vi) - z = 0. Observe in particular that
B(z,z), B(px,z) € H C L?(R%;R?), then, thanks to the Plancherel Theorem, and
to the bounded support of y

ey B, )y = /R F[Bl,2)] - Fly) A2

- H*B<y7 B((P*ra ¢Z)>HB :
By estimate (I1.2.4) in Lemma I1.2.12 (with ¢ = § + 1 > 2), there exists a finite
constant ¢ > 0, depending on [, such that
) H—ﬁ<y’ B(SE, Z)>H,8‘ = ‘ H—ﬁ<y7 B(QDI‘, ¢Z)>H/3‘

< cll@x |l s [zl o 1yl -
< cllozll oIzl go 1Yl -

By taking the infimum to the first and last side of the last chain of inequalities, over
all functions ¢, ¥ satisfying the previously stated conditions, we get

| o9, B, )| < elal o[ s I8l o

where we resorted to the seminorm on H. l’ijl analogous to the one defined in equation
(11.6.1).
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Step 2. For every n € N and a.e. s € [0,T], we use the bilinearity of B with
the estimate from the previous step:

| sy Blun(s)) = B(u(s) )y
| o Bun(s) = u(s),un(s)) = B(u(s), un(s) = u(s)) 0]
< cfun(s) = ()] avs (Bn (9 govs + [ v ) 19—

< clun(s) = u()] a1 (lun($) g + Nels) o) 191 -

We integrate in time for s € [0,¢] C [0, 7] and resort to the Hoélder inequality and to
H5+1

: 2
the seminorm on L*(0,T; H, ]

) analogous to the one defined in equation (I1.6.2):

sup
te[0,7)

/0 H*5<y7 B(un(s)) — B(U(S))>Hﬁ ds

< cfun — UHLQ(QT;H}%H) (Hunnm(o,T;Hﬁﬂ) + HUHL2(0,T;H5+1)) Il g5

By taking the limit inferior as n — oo to both members of this last estimate, and
by recalling the hypotheses of the lemma, we get the validity of equation (B.4) for
y € C.(RLR2) N HP.

Step 3. Assume now y € H™” and fix ¢ > 0. By density, there exists y. €
C.(R%;R?) N H=P such that ||y — ye||y-s < . We use once again the estimate from
Step 1 for all n € N and a.e. s € [0,T]:

s-60Ys Blun(s)) — B(u(s)) )y
= -6y = Yo, Bun(s)) — B(u(s))) s + p-a(¥e: Blun(s)) — B(u(s)))ys
< clun(s) = ul)] v (lun(s)lgsin + ()| o) ly = vell s

+ Ve, B(un(s)) = B(u(s)) )

We integrate over s € [0,t] C [0,7], estimate by the Holder inequality and take the
supremum for ¢ € [0,7:

sup
t€[0,T]

/O -5y, B(un(s)) — B(u(s)) )5 ds

< cfun, — UHL2(07T;H§+1)(HUHHL2(07T;H6+1) + ||u||L2(0’T;H6+1)) ”yHH*B

/0 H*5<y€’ B(un(s)) — B(U(S))>H5 ds

+ sup
te[0,7

Both terms in the right-hand side are infinitesimal: the first thanks to the hypotheses,
while the second by Step 2. Hence, the result follows by taking the limit inferior as
n — oo. O

Lemma B.4. For all a > 0 the o-algebras $paey and By N D(A®) coincide on
D(A%).

Proof. Let v : D(A%) — H denote the natural embedding and 7p (4, 7y denote the
topologies on D(A®), H induced by the norms || - HD(AQ) and || - ||, respectively. By
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continuity of ¢, we have (= (7g) C Tp(A«), which means that the topology 7p(4«) on
D(A®) is finer then the topology induced from H via ¢. As a consequence

<%D(Aoz) = U(TD(Aa)) > U(L_l(TH)) = L_l (U(TH)) = L_l(%H) = @H N D(Aa),

to wit the o-algebra induced from H and denoted by Zy N D(A®) is a sub-o-algebra
of %D(Aa) .

In order to invert the above inclusion we can not proceed in the same way. Should
indeed the two topologies Tp(4a),7h coincide, then the respective norms would be
equivalent, which is false. Nevertheless, if we were able to prove that the open sets
in D(A%) are Borel sets in H, then we would easily reach the thesis by

%D(Aa) = O'(TD(Aa)) C O'(%H N D(Aa)) = Py N D(AY).

In order to show that Tp(qey C ByND(A®), it is sufficient to prove that the ||| p(a«)-
norm on D(A®) is a Ay-measurable function. Let I' C D(A®) be countable and
dense in H (such collection exists because H is separable and D(A?) is dense in H).
We have for all z € D(A?%)

el = A%l = sp W20 L] L)

yermvoy Yl yervior Y| yervioy Iyl
where the second equality follows by the characterization of the norm in Hilbert
spaces, the third by the density of I' in H and the continuity in H \ {0} of y —

[{A%x, y)|/||y||, while the last equality follows by self-adjointness of A% (see Section
1.2.2). For every y € I\ {0} we define the function

(z, A%y)
Iyl

)

py: H—=R:x—py(x) =

and we observe that it is a linear and bounded functional, thus continuous, thus

Ap-measurable. We therefore conclude that || - ||, Ay = SUDyer\ (0} |py(-)| is Bu-
measurable as it is the supremum of a countable %amily of ZABp-measurable func-
tions. O
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