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Introduction

Navier-Stokes equations, modeling incompressible, viscous flows in two or three space dimen-
sions, are one of the most well-known classical systems of fluid dynamics. The amount of
scientific literature on fluid dynamics is enormous and goes back a long way. A complete his-
torical review would take us too far. We recall only the relevant informations for our purpose.
In order to find out more we refer to |21, 86, [87].

Motivated by physical considerations, aiming at including perturbative effects, which cannot
be modeled in a deterministic way, the equations have been modified adding a noise term. In
the last years a huge amount of work has been done regarding this class of stochastic partial
differential equations of fundamental importance in physics, see e.g. [1, 22} [89].

The thesis concerns the study of the stochastic Navier-Stokes equations in their so-called
vorticity form (referred to hereafter as the vorticity equation), in the planar setting. The
recognition of the vorticity as a central object in understanding of fluid flows dates back to
the early days of this field. We refer to the classic books |51, 52]. In the past years, a growing
number of researchers have turned their attention to the vorticity in their work. This increased
interest is well reflected for instance in the books [55] [56], which are our main references for
what concerns the deterministic results concerning the equation. Regarding the stochastic
case it will suffice to mention the works [43, [59].

We briefly recall the Navier-Stokes equations and derive the vorticity form focusing in
particular to the physical two dimensional setting.

We use the same notation for scalar and vector-valued functions. From the context will be
clear the case we are considering. Let d denote the dimension of the space; given vectors and
vector functions in R?, their components are labelled as v = (vy, ..., vg). We denote the scalar
product by u-v = 3,_, usv;, the Euclidean norm by [v]?> = % (v;)®. Partial derivatives
with respect to the time or spatial coordinates are denoted by #, 0, = 8%1 respectively. By
means of the gradient operator V = (0y,, ..., 0z,) we represent the divergence of a vector field

v by V -v. The Laplace operator is A =V -V = Zle (8z,)?. The curl of a vector field v is
curl(v) = (% — g—;i) i+ (g—g; — g—ﬁ) j+ (g—gf — g—;’é) k, where i, j, k are the unit vectors for

the z1-, z2- and z3-axes respectively. The orthogonal gradient is V+ = (—6%2, %).

The Navier-Stokes equations

Let us denote the velocity of the fluid by v(¢,x), the pressure by p(¢,x) and the constant
coefficient of the kinematic viscosity by v (v > 0). The Navier-Stokes equations in a domain
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2 The deterministic vorticity-stream formulation for two-dimensional flows

D CR? d=2,3 are
%ﬁ—I—(%V)U:uAU—Vp—I—f,
Vou=0, (.0.0.1)

/U|t=0 = 9.

If D Cc R? the equations are supplemented by boundary conditions for any ¢ > 0. The
notation (v - V)v stands for the vector field with components [(v - V)v]; = Zi:l Vg 8%}9113-; the
operation Av has to be understood componentwise. The equation V - v = 0 states that the
fluid is not compressible. From now on we assume v = 1 for simplicity.

The vector field f is a force acting on the body of the fluid; we consider a stochastic
force. Its addition can be motivated by a number of considerations. Since the Navier-Stokes
equations are dissipative, if there is no external forcing, the system relaxes to the zero state
where the fluid is at rest. Hence, if one is interested in probing the nonlinear dynamics, some
forcing is necessary. Stochastic forcing is often proposed, particularly in the study of turbu-
lent fluid flows, as a way to add a "generic" forcing that, from a physical point of view, seems
reasonable. A more technical reason for introducing a random force is that it may improve
the properties of well-posedness of the deterministic equation.

We consider a Gaussian-type perturbation white in time, colored in space by a suitable covari-
ance operator. Since the present Section is intended as a brief introduction to the equations, we
postpone the detailed description and hypothesis on the noise term to the following Chapters.

Realistic examples of fluids usually have complicated boundary conditions, for example
with inflow and outflow of fluid. From a mathematical point of view is more reasonable to
consider less realistic cases that are simpler to deal with. We treat two cases. The simplest
one is the case of a two dimensional square with periodic boundary conditions: we can think
that the fluid occupies the full space R? but all the fields appearing in are periodic.
Equations in spaces subjected to periodic boundary conditions can be reformulated as prob-
lems on a flat torus T?. Working on a torus has at least two technical advantages: it has no
boundary and it is compact. Moreover, if we work in this context we have the Fourier series
techniques for the computation of explicit solutions. The second case we consider is the whole
space R2. It shares with T? the advantage of no boundary but lacks compactness. Apparently
this case looks much more realistic than the torus case but a lot depends on the conditions at
infinity: if we assume that fields decay to zero at infinity, then we have the advantages of no
boundary, but we loose most interesting physical examples. If on the contrary we accept non-
zero values at infinity, even increasing and fluctuating, then the problem becomes physically
more interesting, but from the mathematical prospective it is more difficult to treat. When
we deal with R? we always mean the simpler case of fields decay to zero at infinity.

The vorticity formulation of Navier-Stokes equations

The typical way of describing the motion of a fluid is through its velocity field. However,
more than 150 years ago Helmholtz realized that in addition to the velocity, the vorticity of
the fluid carries important information about the nature of the flow. The present Section is
intended to briefly recall the vorticity formulation of Navier-Stokes equations. The reader is
referred to the books |21}, 55] for extensive discussions concerning the role of this equation in
fluid dynamics.

The equation describes the evolution of the vorticity of a particle of a fluid as it moves with



its flow, that is, the local rotation of the fluid. Suppose that a small ball is located within the
fluid (the centre of the ball being fixed at a certain point). If the ball has a rough surface,
the fluid flowing past it will make it rotate; the rotation axis (oriented according to the right
hand rule) points in the direction of the curl of the field at the centre of the ball. In other
words, the vorticity tells how the velocity vector changes when one moves by an infinitesimal
distance in a direction perpendicular to it.

Let d = 3, if we take the curl of the first equation in the Navier-Stokes system and
denote by

¢ = curl(v) (.0.0.2)
the vorticity, exploiting the identity curl((v - V)v) = (v- V)¢ — (£ - V)v, we obtain

% + (v- V)= AL+ (£ V)v + curl(f). (.0.0.3)
Let us notice that the pressure term has disappeared. The term (£ - V)v is called vortex
stretching term and it describes the action on the vorticity field (for instance the elongation)
due to the deformation tensor. The vortex stretching term is the main source of difficulties in
the theoretical analysis of the three dimensional Navier-Stokes equations. One could develop
the following picture: vorticity is not just transported and diffused, but may increase by
stretching: higher vorticity may imply higher velocities locally around the axis of rotation;
this may produce more intense deformation and increase the vorticity further.
The force driving the equation for the vorticity is formally obtained by taking the curl of
the force driving the original equations. In dealing with a stochastic perturbation this will
correspond, in a sense that we shall make precise in Part II, to consider the curl of the
covariance operator of the noise driving the Navier-Stokes equations.

Let us now focus on the vorticity formulation in the two dimensional (planar) case. Since
we live in a three-dimensional world, it may be less obvious why the understanding of two-
dimensional fluid flows is of interest. Strictly speaking, two dimensional fluids do not exist,
but some relevant physical examples can be considered two dimensional at a proper scale. In
many applications, such as the atmosphere or the ocean, the fluid domain is much smaller in
one direction than in the other two. In such circumstances a two-dimensional approximation
to the fluid motion can provide very accurate insights into the behavior of the physical system.
Formally, a fluid is two-dimensional if v = (v1,v2,0), with v1 and ve independent of x3, namely
the flow is invariant with respect to translations in the direction given by the x3 axis. In a
two-dimensional flow, where the velocity is independent of the third coordinate and its third
component is equal to zero, the vorticity vector is always perpendicular to the plane of the
flow, and it is given by

ov ov
= =Vt.p = A
§ = curlv= v <0,0, 021 3:62) . (.0.0.4)

We see already an important difference between two and three dimensions. In two dimension,
only one component of the vorticity is nonzero, and thus we can treat the vorticity essentially
as a scalar field. Moreover, in the two-dimensional case the vorticity equation does not contain
the vortex stretching term: the difficult term (£ - V)v disappears since £ has only the third
component different from zero and 88—;3 is zero. The absence of vortex stretching means that

vorticity is just transported and diffused. This is a first insight of the fact that two and three



4 The deterministic vorticity-stream formulation for two-dimensional flows

dimensional fluids behave in qualitatively different fashions.
Equation (1.0.0.3) reduces to a non linear diffusion equation for &:
23

ot +v-VE= AL + curl(f), (.0.0.5)

where V-v =0 and £ = V* - v.

The velocity still appears in equation for the evolution of the vorticity. However, if we
remember that the vorticity is the curl of a divergence-free vector field, then we can recover
the velocity v from the vorticity £ by means of a non local operator. This allows, on one side,
to eliminate the velocity from the vorticity equation to yield a self-contained equation
for &; on the other side to provide, for enough regular solutions, the equivalence between the
Navier-Stokes equations and their vorticity stream formulation (see [55, Propositions 2.1, 2.4]
for a statement of the result in the deterministic two-dimensional case). From the second
equation in , the vector function v is divergence-free, then there exists (assuming D
simply connected) a unique (up to an additive constant) stream function ¥ such that

v=—curl(¥) = —V+w. (.0.0.6)
Combining equations (|.0.0.2|) and we obtain the Poisson equation for W¥:
§E=—AU. (.0.0.7)

In the cases D = R? and D = T?, a solution to this equation is given by
U=_Gx*E, (.0.0.8)

where G is the fundamental solution (the Green kernel) of the Poisson equation on R? or T?
respectively.

We can replace expressions 1) with the more explicit formula
olta) = (k5 )(t.0) = [ ke~ p)e(t,n) dy, (0.0.9)

RQ
where k is the so called Biot-Savart kernel. It is obtained by taking the orthogonal gradient
of the fundamental solution GG of the Poisson equation.
The fact that V -k = 0 (which can be verified directly), yields by the incompressibility
condition V - v = 0. Given the vorticity, relation allows to build the velocity field. If
D = R?, holds when v — 0 as |z| — oo (for more details see e.g. [56, Chapter 1.2]).
From it is evident that the velocity v is recovered from the vorticity & by a non local
operator given by the convolution with the kernel k.
If D = R?, then the Biot-Savart kernel is given by (see [55, Chapter 2.1])

1 1 at

with the natural notation z+ = (—xq, 7).
Similarly, if D = T2, in an analogous way it is possible to find an explicit expression for k(-),
given in terms of a series. A detailed discussion is postponed to Part I.

From it is evident (and the same consideration holds in the flat torus case) that the



Biot-Savart kernel k is singular at the origin. The vorticity £ need to be a very nice function
in order for the formula v = k * £ to makes sense mathematically. In particular if £(¢,-) has
compact support (e.g. in T2), for every fixed ¢, then v(t, -) is a well defined integrable function.
Problems arise on non compact domains (e.g. R?). In this case, a sufficient condition for the
validity of is that £ is at least bounded and integrable. This observation will be crucial
in facing the problems we address in the thesis.

Plan of the thesis

The thesis concerns the two dimensional Navier-Stokes equations in vorticity form, driven by
a stochastic Gaussian perturbation. The equations are studied in the two cases D = R? and
D = T2. The very different topological proprieties of the domain (in particular compactness)
lead to the use of completely different techniques in the analysis of the equations. For this
reason we have decided to divide the thesis in two parts, one concerning the analysis on the
flat torus and one concerning the analysis on the whole plane R?.

The starting point of the research is to study the regularity, in the Malliavin sense, of solu-
tions to stochastic fluid dynamical equations in dimension bigger than one. We are interested
in the problem of the existence of a density for the law of the random variable given by the
solution process at fixed points in time and space. This property is important in the analysis
of hitting probabilities (see [29, [31]) and concentration inequalities (see [71]). Most of the
literature on this subject concerns the heat and wave equations (see e.g. [72, 4 68| [79, 58| 57]
and the references therein). The paper [20] deals with the Cahn-Hilliard equation and [66], 92]
deal with the one dimensional Burgers equation. This latter equation has similar features to
the Navier-Stokes equations. The results we obtain can be considered an extension of the
results contained in the above cited papers concerning the Burgers equation.

We work on the two dimensional stochastic Navier-Stokes equations in vorticity form, instead
of the usual formulation with respect to the vector velocity. The reasons are twofold. Firstly,
in the two dimensional case the vortex stretching term disappears. Secondly, since the so-
lution is a scalar random field the technique of analysis of the existence of the density by
means of Malliavin calculus is much less involved than the case for a vector unknown. The
kind of nonlinearity we deal with, although presents similar features to the quadratic term
of the Burgers equation, is different from all the non linear terms considered in the existing
literature. In fact the relation between the velocity and the vorticity is given by a non local
(in space) operator and this fact considerably complicates the involved estimates. Moreover,
we work in the two spatial dimension setting since, as it it is well known, the two-dimensional
Navier-Stokes equations are a well posed problem. On the other hand, one of the millennium
prize problems (see the presentation of Fefferman [36]) concerns the well posedness of the three
dimensional Navier-Stokes system. For this reason it does not make sense to investigate the
regularity of the solution in the Malliavin sense in the three dimensional case.

The Gaussian perturbation driving the equation provides the probability context where to
study the equation. In particular it generates the context where to work when we perform the
Malliavin analysis of the solution. Since we are in dimension greater than one, we consider a
noise colored in space. This, from a technical point of view, is more difficult to treat than the
space-time white noise.

Dealing with the two dimensional stochastic vorticity equation subjected to periodic bound-
ary conditions, we address the problem of the existence of a density by means of the techniques



6 Plan of the thesis

used in [42], |66} [92] for the Burgers equation, working in the martingale measure approach
introduced by Walsh. The compactness of the domain plays a crucial role in our analysis. The
vorticity form of the Navier-Stokes equations on the flat torus can be rewritten as a closed
equation for the vorticity by means of the Biot-Savart law. On a compact domain we can
handle the singularity at the origin of the Biot-Savart kernel. Suitable estimates made on it
highlight the similarity between our non linear term and that appearing in the Burgers equa-
tion. Exploiting the Biot-Savart law, we never take explicitly into account the Navier-Stokes
equations for the velocity.

Regarding the study of the vorticity equation on the whole plane R?, the original idea was
to extend the obtained results in the flat torus case to this setting. We were interested in
the Malliavin analysis of the solution process when the driving perturbation was given by a
spatially homogeneous Gaussian random field. Due to the lack of literature in this context,
we firstly deal with the problem concerning the existence and uniqueness of a solution to the
vorticity equation (with enough regularity to perform Malliavin analysis). The technique used
for the flat torus case can not be readapted in the case of an unbounded domain. The lack
of compactness of the domain throws up a substantial difficulty that led to use different tools
and a completely different way of proceeding. On the whole plane R?, v can formally be given
by means of the Biot-Savart law in terms of £. Nevertheless, due to the singularity at the
origin of the Biot-Savart kernel, on a non compact domain ¢ has to be a very nice function
in order for this expression to make sense. In other words, we can not directly handle the
closed form for the vorticity equation, where v is given by convolving ¢ with the Biot-Savart
kernel. Its singularity prevents us to obtain the needed estimates that allows to the treat the
vorticity equation as a closed equation for £, as in the flat torus case. The problem has to
be approached in a different way: we have to explicitly take into account the equation for
the velocity. In this case we work in the Da Prato-Zabczyk functional setting and we study
the regularity of v, as a solution to the Navier-Stokes equations. The stated regularity on v
allows to handle and study the equation for the vorticity. The link between the assumptions
on the noise driving the equation for the velocity and the equation for the vorticity becomes,
in this setting, quite crucial. The existence results are obtained in a rather abstract setting
and cover the particular case in which the random perturbation is a spatially homogeneous
Wiener random field. This kind of noise, which plays an important role in statistical theories
of turbulence, allows to consider random field solutions. At the moment we are carrying out
the research in this context, studying the regularity in the Malliavin sense for the image law
of the solution process at fixed points in time and space.

Outline

The thesis is dived in two parts. Listed in order of appearance, we deal with
I the analysis of the vorticity equation on the flat torus;
IT the analysis of the vorticity equation on R?.

The structure of the two parts is such that each one can be read as a stand alone: they start
with an introductory Chapter to the topic and the questions addressed. A preliminaries Chap-
ter provides the needed notations, the mathematical setting and some analytic preliminaries.
The following Chapters show the mathematical achievements. At the end of some Chapters
will be present a "Note and Comments" Section: there we shall provide some bibliographical



references. Topics recalled in that Section are not essential in the understanding of the proved
results but provide a background on the existing literature concerning that particular topic.

Some general probabilistic preliminaries needed in the thesis are gathered in the Appen-
dices. In Appendix [A] we briefly recall the two different stochastic integration theories devel-
oped on one side by Walsh, on the other side by Da Prato and Zabczyk. The latter theory
has been lately extended to cover more general classes of Banach space valued processes: we
shall provide some basic facts needed in the thesis. We present both the stochastic integra-
tion theories since in the thesis both are needed. In particular, in Part I Walsh stochastic
theory provides the underlying context where study both the existence of a solution and its
regularity in the Malliavin sense. As regards the case on the whole plane R? (Part II), we use
the Hilbert and Banach space integration theory in order to prove the existence and unique-
ness of solutions with the desired regularity. In the same Appendix we shall also provide the
tools needed in Section where we show that, with the particular noise we consider, the
Hilbert space-valued integral and the martingale measure stochastic integral turns out to be
equivalent. In Appendix B we recall some definitions and results on Malliavin calculus. All
the recalled fact are available in literature. We choose to collect them, in a rather concise way,
for the sake of clarity and completeness.

Regarding the analytic preliminaries we shall need, we choose to introduce them separately
in the preliminary Chapters of Parts I and II. Some general notations used throughout the
thesis are given at the end of the present Introduction.

Abstracts
We briefly summarize the addressed problems with a short abstract stating the main proved

results.

Analysis on the flat torus

We consider the two dimensional stochastic Navier-Stokes equations in vorticity form

%(t,x) —vAL(t,z) +v(t,x) - VE(t,x) = o(&(t, z))w(dx, dt) (t,z) € (0,T] x [0,2n)?
V-u(t,z) =0 (t,z) € [0,T] x [0,2n)?
E(t,z) = V+ ot x) (t,z) € [0,T] x [0, 2]
£(0,z) = &o(x) z € [0,2m)%.

(.0.0.11)

with periodic boundary conditions and a multiplicative noise. &g is the initial datum of the
problem. w(dt,dx) is the formal notation for a spatially homogeneous (periodic and with
zero mean in the space variable) Gaussian noise white in time and colored in space, by a
suitable covariance operator, defined on some probability space. ¢ is some real-valued function
satisfying proper (rather classical) assumptions.

System can be rewritten as a closed equation for the vorticity, since v can be expressed
in terms of ¢ by means of the Biot-Savart law.

The main result we obtain concerns the absolutely continuity of the image law of the solution
process evaluated at fixed points in time and space.

A good notion of solution process, which allows us to evaluate it at fixed points in time
and space, is given by the (weak) random field solution in the sense of Walsh. We interpret
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equation (.0.0.11)) in this latter sense as an integral evolution equation written by means of
the convolution with the fundamental solution of the heat equation. The heat kernel becomes
less smooth as the dimension increases. For this reason, we have to consider a noise colored
in space by a covariance operator with some regularizing effects to ensure the well posedness
of the stochastic term that appears in the evolution formulation of .

Although periodic boundary conditions are less realistic, the technical advantages they provide
are a key point in our analysis. The compactness of the domain plays a crucial role. We have
rather good estimates on the Biot-Savart kernel k£ and this allows us to work directly on
(.0.0.11)) (interpreted in the Walsh integral sense) without explicitly taking into account the
Navier-Stokes equations for the velocity.

We address the issue of the existence and uniqueness of a solution to in the martingale
measure approach introduced by Walsh. The techniques applied in our work are based on a
rather classical stopping time argument. Assuming &, is a continuous function we prove the
existence of a unique solution process with space-time continuous trajectory. Thanks to the
regularizing effect of the heat kernel the covariance of the noise need not to be a trace class
operator, we require less.

In literature there are no results on stochastic vorticity equation, based on the martingale
measure approach, considering the Walsh notion of solution. The existing results use the
Prato-Zabczyk functional approach. With this latter approach, under suitable assumptions
on the initial datum and the covariance of the noise, it is possible to prove the existence of a
mild solution taking values in a suitable Hilbert space embedded in the space of continuous
functions. In the particular case of a spatially homogeneous noise it turns out that this notion
of solution is equivalent to the solution in the Walsh sense. However, our result allows us to
obtain in a straightforward way a solution with space-time continuous paths. Moreover, the
employed techniques allow us to require the minimal hypothesis on the covariance operator.
By means of the Da Prato-Zabczyk approach we would obtain the same regularity results
under stronger assumptions.

The problem concerning the existence of a density is addressed, once again, by means of
a localization argument, using classical tools of Malliavin calculus. If & is a continuous
function and the covariance of the noise is a trace class operator we prove that the image
law of the random variable, obtained evaluating the solution process at fixed points in time
and space admits a density with respect to the Lebesgue measure on R. Proofs are based
on standard techniques of Malliavin calculus, but the nonlinear term appearing in
represents a non-negligible technical source of difficulty. Malliavin analysis would be even
more complicated if we consider the Navier-Stokes system for the velocity. Since the velocity
and vorticity formulations are equivalent in the flat torus case, we work on the vorticity form
to highlight the novelties of the results, when compared with the existing literature.

In the proofs of all the above mentioned results, the estimates performed on the Biot-Savart
kernel play a crucial role. Moreover, a precise knowledge of the fundamental solution of the
heat kernel and on its space derivatives is required to be able to have results based on this
variational formulation.



Analysis on R?

We consider the two-dimensional stochastic Navier-Stokes equations on the whole plane R?

do(t) + [—Av(t) + (v(t) - V)o(t) + Vp(t)]dt = G(v(t))dW (t)  t€[0,T]
V-out)=0 telo,T]  (.0.0.12)
v(0,x) = vo(x) r € R2.

We are concerned with a multiplicative noise. wvg is the initial datum. W is a cylindrical
H-Wiener process, whit H a real separable Hilbert space, and G is the covariance operator
of the noise. Taking the curl on both sides of the first equation to , we recover the
equation for the vorticity.

AE(t) + [~ AE(L) + v(t) - VE®)] dt = curl(G(v(t)) AW (t)) ¢ € [0,T]

V-u(t) =0, t €0, 7] (.0.0.13)
E(t) —vi. U(t), te [O,T}
£(0,z) =& (x) x € R2,

We address the problem of existence and uniqueness of a solution to under different
assumptions on the covariance operator G. The literature presents results on v, solution to
. Our contribution is to provide results involving .

The first result we obtain is inspired by [I8]: we work in a rather abstract setting exploiting
the functional approach a la Da Prato-Zabczyk. We prove the existence of a martingale
solution to by means of the Faedo-Galerkin method. The techniques used in the proofs
are based on the construction of the Faedo-Galerkin type approximations of the solutions and
some a priori estimates that allow one to prove compactness properties of the corresponding
probability measures and finally to obtain a solution of the equations. Since on the whole
R? the embedding of the Sobolev space of square integrable gradient into the L? space is
not compact, this method requires the use of spaces with weights. Then we prove pathwise
uniqueness and from that and [45] we infer the existence of a unique strong (in the probability
sense) solution. We work in Banach spaces (using ~-radonifying operators instead of Hilbert-
Schmidt operators) and this allows to gain a better space regularity for the solution process.
The existence of a strong solution to follows from the result proved for the velocity
as a corollary. The assumptions made on the initial datum and the covariance operator G are
quite strong, but they allows to obtain a solution £ which is continuous in time, g-integrable
in space, for every ¢ > 2, with bounded moments of every order. Moreover results obtained
in this rather abstract setting covers the case in which the equation is driven by a spatially
homogeneous Gaussian random field and the covariance operator is of Nemitsky form. Starting
from these results, we will face in the future the analysis of regularity of the solution £(¢,x)
in the Malliavin sense.

The second result we obtain is inspired by [16]. In this case we considerably weaken the
assumptions on G. In particular the covariance operator appearing in is not regular
enough to allow us to use Itd6 formula in the space of finite energy velocity vectors, and an
approximation procedure is required. In this case we work directly on the equation for the
vorticity. We construct a sequence of approximating processes which solves equations with
a regularized covariance operator. For their well posedness we exploit the above mentioned
results obtained under the stronger assumptions on the covariance operator. We use a tightness
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argument to pass to the limit and obtain a solution of the equation (.0.0.13). The a priori
estimates that allow to prove compactness require a certain regularity on the velocity. This is
proved by studying equation (.0.0.12)). Differently from before, in this case the existence and

uniqueness result holds only P-almost surely.



Notation

We present here some general notation. As regards the definition of functional spaces we
remand to the "Mathematical Setting" Section at the beginning of each Part.

General mathematics

d = dimension of the space (d = 2, 3)
N={0,1,2,3,...}

No = N\ {0}

z=A.,-3,-2,—-1,0,1,2,3,...}

72 = {k‘ = (k‘l,]@),k‘i €Z,i= 1,2}

23 = 72\ {0}

2% = {k = (ki,ko) € Z* : k1 > 0} U {k = (0, ko) € Z? : ko > 0}
R, real numbers

R = {x = (x1,29,...,2q),2; ER,i = 1,...,d}

C, complex numbers

Ty = Zizl ThYk, T,y € R, scalar product in RY
lz| = vz -z, 2,y € R, norm in R?

R, real part

J, imaginary part

z = Rz +1Jz element in C

|z| = /(R2)? + (J2)2, absolute value of a complex number
Z = Rz — iJz complex coniugate of z
kt = (—ka, k1)

p*, conjugate exponent, % + 1% =1
1, indicator function

%, convolution

a A'b=min{a, b}

Spaces

H, H, V, Hilbert spaces

(-, ), scalar product in H

FE, F, Banach spaces

FE*, dual Banach space of E

g+ (-, ) g, standard duality pairing
L(X,Y), bounded linear operators, p.

11
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Notation

L(H):=L(H,H)

L(X,Y), bounded bilinear operators, p. [L59

Ly(H,V), nuclear operators from H to V, p.
Lus(H,V), Hilbert-Schmidt operators from H to V, p[15]]
R(H, E), y-radonyfing operators from H to E, p.

L{(D), p.

L (D), p.

Ly (D), p.

Wb (D), Wb(D), W~*(D), pj22)

Hv LP(D)7 p-

H"?(D), H*(D), H™"(D), p.
2

LG, p.

:}CTa p-

LY(R?), p.

Measure and probability

r.v., random variable

a.e., almost everywhere

a.s., almost surely

i.i.d., independent identically distributed
B(X), Borel o-algebra on X

By (X), Borel o algebra of bounded sets on X
(Q, F,P), probability space

{Ft}iepo,m), filtration

(92, F,{F ¢ }1ej0,17, P), stochastic basis

L(X), law of the random variable X

N(p, 0?), Gaussian distribution with mean p and variance o
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B(t), Brownian motion

C, smooth cylindrical random variables, p. [162

DF, Malliavin derivative of order k, p. m

D*P, space of k-times Malliavin differentiable function in LP(Q), p. [163
Dfo’f , localization of D*P, p.

Fluid dynamics

v, velocity

P, pressure

&, vorticity

f, external force

k, Biot-Savart kernel

Operators

O, partial derivative

A, Laplacian

V, gradient operator on R¢

V., divergence

Vi = (—8%2, 8%1), orthogonal gradient

P, orthogonal projection into solenoidal spaces, p.
P® b

T*, adjoint operator, p.

D(T), domain of T

TrT, trace of T, p. [I5]]

KerT, kernel of T

Idx, identity operator on the space X

{S(t) }tejo,m, semigroup generated by A, pp.
*, F, Fourier transform, p.

F~1, inverse Fourier transform, p. [117

0, delta Dirac function centered in k

Miscellaneous

w.r.t., with respect to

SDE, stochastic differential equations

PDE, partial differential equations

SPDE, stochastic partial differential equations
RKHS, reproducing kernel Hilbert space

General comments about the notation

If there is not confusion in the standard duality pairing g« (-, -) g, we shall omit the subscripts
E and E* and write (-,-). In the case of the scalar product (-,-)g too, if no confusion seems



14 Notation

likely we omit the subscript H.

We shall indicate with C' a constant that may varies from line to line. In certain cases, we
write Cy g,... to emphasize the dependence of the constant on the parameters o, 3, .. ..
Spaces over the domain D will be denoted without explicitly mentioning the domain, e.g. L?
stands for LP(D).

If not specified by {J;}eo,r] we mean the natural filtration.
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Part 1

Stochastic Navier-Stokes equations:
analysis on the flat torus
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Introduction

We are concerned with the two-dimensional Navier-Stokes equations in their vorticity form:

gﬁ(t,a}) — A&(t,x) +v(t,z) - VE(t, z) = o(£(t, x))w(dz, dt) (t,z) € (0,T] x D
V-u(t,z) =0 (t,x) €[0,T] x D
E(t,x) = Vi v(t,z) (t,z) € [0,T] x D
£(0,z) = &o(z) reD,

(1.0.0.1)

with D = [0,2n])?>. We recall that the unknown of the problem is the vorticity of the flow,
denoted by £. The data of the problem are the initial vorticity &y and the stochastic forcing
term w. System can be rewritten as a closed equation for the vorticity, since v can be
explicitly expressed in terms of £ by means of the Biot-Savart law v = kx&. The coefficient o is
some real-valued function and w(dx, dt) is the formal notation for some Gaussian perturbation
defined on some probability space; we will assume that it is white in time and weighted in
space by the action of a suitable operator. We denote by {?t}te[O,T} the filtration generated
by w.

Suitable boundary conditions are associated to system ; in the present part periodic
boundary conditions are assumed. Equations in two dimensional spaces subjected to periodic
conditions can be reformulated as problems on a flat torus, that we shall denote by T2.
Intuitively, in periodic boundary conditions, the square [0, 277]2 is replicated throughout space
to form an infinite lattice. When a particle of fluid moves in the central square, its periodic
image moves with exactly the same orientation in exactly the same way in every one of the
other squares. Thus, as a particle of fluid leaves the central square, one of its images will
enter through the opposite side. As a particle of fluid moves through a boundary, all its
corresponding images move across their corresponding boundaries. The number of particles
in the central square (and hence in the entire system) is conserved. When a particle leaves
the square by crossing a boundary, attention may be switched to the identical particle just
entering from the opposite side. In the two dimensional case it is useful to picture the single
central simulation box as being rolled up to form the surface of a three dimensional torus. Each
original dashed line now closes on itself. A particle following either one of these lines comes
back to the same point on the torus, just as a particle in the central box of the infinite lattice
comes back to the same location if it follows a straight line. With the torus configuration there
is no need to consider an infinite number of replicas of the system, nor any image particles.
The torus correctly represents the topology of the two-dimensional system. T2 can be thought
as a rectangle without boundaries in which we identify the points (x1,0) with (z1,27) and
(0, z2) with (2, 22). This means that the space variables are assumed to be elements of T?
and the periodic fields can be identified with a function on the flat torus (for more details see

19
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e.g. [83, Chapter 7]).

We interpret the first equation appearing in in the sense of Walsh. Let g(t, z,y)
be the fundamental solution to the heat equation on the flat torus (see Section . e
shall see that a random field & = {{(¢,z),t € [0,T] x D} is a solution to equation if
it satisfies the evolution equation

f(t,w)=/Dg(t,m,y)§o(y)dy+/0 /DVyg(t—s,rcyy)-v(svy)ﬁ(&y)dyds
—i—/o /Dg(t—s,x,y)a(f(s,y))w(dy,ds) (1.0.0.2)

with v = k% £. We consider this notion of solution since our main aim is to prove the absolute
continuity of the image law of the solution to equation ([.0.0.1)) w.r.t. the Lebsgue measure on
R at fixed points in time and space. Since we work on a spatial domain in dimension d = 2,
we can not consider a time-space white noise, if we want to deal with real-valued solutions
{&(t,z),t € [0,T],x € D}; this is because the fundamental solution of the heat equation
becomes less smooth as the dimension increases. We consider a Gaussian noise white in time,
colored in space by a suitable covariance operator @) (similarly as in [57]). In order to define
the worthy martingale measure, w.r.t. which the stochastic integral is defined, we follow a
similar approach to [28] requiring the weakest possible conditions on the weight we have to
impose on the noise. In any case, we shall point out that the stochastic integral appearing in
, formally defined in the Walsh sense, can be understood in the setting introduced by
Da Prato and Zabczyk.

The main source of difficulty in the study of is given by the non linear term which
is non Lipschitz. We adopt a method of localization, inspired by the papers [42], [66] and [92],
concerning the one dimensional stochastic Burgers equation. In [42] authors, by means of a
stopping time argument prove the existence of a unique solution (in the Walsh sense) to the
Burgers equation (on the real line). [66] and [92] focus on the problem concerning the Malli-
avin analysis of the solution process. A localization argument is needed in order to deal with
the non linear term that appears in the Burgers equation. This latter equation has similar
features as the Navier-Stokes equations. The work presented in this Part can be considered
an extension of the results obtained in the above mentioned papers, representing a first step
in the study of the regularity in Malliavin sense for solutions to stochastic fluid dynamical
equations in dimension bigger than one.
Proceeding along the lines of the above mentioned papers, we shall introduce a suitable trun-
cation factor that allows to obtain an approximated equation with a globally Lipschitz co-
efficient. To handle the velocity v we shall exploit the Biot-Savart law. The integrability
properties of the Biot-Savart kernel and some estimates performed on it will be fundamental
in our approach. We shall work on the approximated equation and then pass to the limit. By
means of this localization procedure we prove the existence of a unique solution to .
The method we use allows to obtain in a straightforward way a solution with a space-time
continuous modification.
The same localization argument will be used in the study of the existence of a density for the
image law of the solution process at fixed points in time and space. In dealing with this last
problem we use classical Malliavin calculus tools proving that the r.v. given by the solution
process at fixed points in time and space is locally differentiable in Malliavin sense and the
norm of its derivative (in the space where it lives) is a.s. positive. As in [66] and [92] the
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smoothness of the density can not be obtained via the localization argument and remains an
open problem.

The present Part is organized as follows. Chapter [[.I]focus on the problem of the existence
of a unique space-time continuous solution to equation . In Chapter |[.2| we shall prove
the existence of a density for the image law of the solution process at fixed points in time and
space.

[.0.1 Mathematical Setting

In the present Section we introduce the notation used in this part of the thesis. We define the
functional spaces and we recall some Sobolev embedding theorems.

1.0.1.1 Spaces and operators.

Let D = [0,27]?, we consider the space L? = LE(D) of all complex-valued 27-periodic func-
tions in x; and z9 which are measurable and square integrable on D, endowed with the scalar
product

(o g)e = /D f(2)9(@) da

2 2
and the norm || - ||z = \/(-,-) 2. We also consider the space {Lﬂ = [ g(D)} consisting of

all pairs u = (uy,u2) of complex-valued periodic functions endowed with the inner product

<ujv>[L2]z = /Du(x) ~v(x)dx

= /D [ul(:c)m(a?) +u2($)02(x)} de, U,V € [Lﬂz'

By an innocuous abuse of notation, if the context is clear, the scalar product (-,-);, 22 will be
denoted by (-,-)r2 (similarly we shall denote the norm [| - [|;,2 by || - [|z»)-
An orthonormal basis for the space Lg is given by {eg }rez2, where

L jika reD, keZ (1.0.1.1)

ex(z) = o ,

As usual in the periodic case, we deal with mean value zero vectors. This gives a simplification
in the mathematical treatment but does not prevent to consider non zero mean value vectors:
this can be dealt in a similar way (see [86]). We use the notation L? to keep tracks of the

zero-mean condition. An orthonormal system for the space Lg, formed by eigenfunctions of
the operator —A with associated eigenvalues A\, = |k|?, is given by {ek}rezz with e, as in

(I.0.1.1). The real-valued functions in L§ can be characterized by their Fourier series expansion
as follows

L= {f(x) =) fren(w): fu = fop for any k, D |ful® < oo}, (10.12)

keZ? kez?

where the terms .
fe = 2/ f(z)e e dg, ke 73, (1.0.1.3)
™ JD
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represents the Fourier coefficient of f. For every p > 2, with Lg we denote the subspaces of
LP := LP(D) consisting of zero mean and periodic scalar functions. These are Banach spaces
with norms inherited from LP.

Let A denote the Laplacian operator —A with periodic boundary conditions. For every b € R,
we define the powers of the operator A as follows:

if f=) frew  then AF =" [k[*frex

keZd kez?
and
DAY ={f =) frer: Y |k*|fil® < o0}
keZ? keZ?
For any b € Ry and p > 1 we set
W = {fell:Aife b}, (1.0.1.4)

These are Banach spaces with the usual norm; when p = 2 they become Hilbert spaces and
we denote them by W?. For b < 0 we define W? as the dual space of W~? with respect to the
L?-scalar product.

Similarly, we proceed to define the space regularity of vector fields which are periodic, zero
mean value and divergence free. We have the corresponding action of the Laplace operator
on each component of the vector. Therefore we define the space

H={vell{]’:V-v=0} (1.0.1.5)
where the divergence free condition has to be understood in the distributional sense. This is
an Hilbert space with the scalar product inherited from [L2]2. We denote the norm in this
space by | - |m, |ul?% := (u,u) . A basis for the space H is {%ek}kezg, where k't = (—ko, k1)
and ey, is given in ([.0.1.1f). For p > 2 let us set L, := H N [LP]Q. These are Banach spaces
with norms inherited from [LP]Q. Similarly, for vector spaces we set

H'={veL,: Asve L,}. (1.0.1.6)

These are Banach spaces with the usual norm; when p = 2 they become Hilbert spaces and
we denote them by H?. For b < 0 we define H? as the dual space of H~? with respect to the
H-scalar product.

The Poincaré inequality holds; moreover, the zero mean value assumption provides that ||v|| o
1

is equivalent to (||U||I£p + HUH?{b)E'
p

1.0.1.2 Some embedding theorems

In the sequel we shall use the following Sobolev inequalities (valid for the case d = 2).

Theorem 1.0.1.1. i. or every 2 < p < oo the space H; 1s compactly embedded in Lo,
namely there exists a constant C' (depending on p such that):

[l Le < Cllvlla, (L0.1.7)

1. the space W is compactly embedded in L>° for a > 1.
Proof. For statement (i) see [9, Theorem 9.16| and for statement (ii) see [9, Corollary 9.15]. O



Chapter 1.1

Existence, uniqueness and regularity
of the solution

I.1.1 Introduction

In the present Chapter we shall prove the existence and uniqueness of the solution to problem
([.0.0.2). We follow an approach similar to [42] for the one dimensional stochastic Burger
equation and to [20] for the Cahn-Hilliard stochastic equation. The regularization property
of the heat kernel as stated in Lemma plays a key role in our method. Since the non
linear term that appears in is non Lipschitz, we adopt a method of localization: by
means of a contraction principle, we prove at first the result for the smoothed equation with
truncated coefficient. This kind of result provides the uniqueness for the solution to (I.0.0.1)
and its local existence, namely the existence on the time interval [0, 7] where 7 is a stopping
time. To prove the global existence we show that 7 = T P-a.s. We then study the regularity
of £ proving that if & is a continuous function on D, then the solution admits a modification
which is a space-time continuous process.

We make the following set of assumptions on the covariance function. o : R — R is a Borel
function such that:

(H1): o satisfies a linear growth condition and it is globally Lipschitz: there exists a constant
L > 0 such that
lo(p) —o(@| < Llp—ql, Vp,q€R;

(H2): o is bounded.
The main results we shall prove is the following.

Theorem I1.1.1.1. Letb > 0 in and p > 2. Let us assume that Hypothesis (H1)-(H2)
hold. If &g € LP, then there exists a unique solution to equation which is continuous
with values in LP. Moreover, if & € C(D) the solution admits a modification which is a
space-time continuous process.

The present Chapter is organized as follows. in Section we present some analytic
preliminaries. In Section we deal with the random forcing term: we characterize the
worthy martingale measure with respect to which the stochastic integral appearing in
is defined and we characterize the class of predictable processes. Moreover we briefly show how

23
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the stochastic integral (defined in Walsh sense) can be understood in the setting introduced
by Da Prato and Zabczyk. Section concerns the well posedness and regularity of the
stochastic convolution term appearing in ([.0.0.2]). In Section we present some technical

lemmas. In Section we establish the existence and uniqueness of the solution to (I.0.0.1))
as well as its P-a.s. space-time continuity.

I.1.2 Analytic preliminaries

In this Section we briefly present two different (equivalent) methods for writing a periodic
function, we state the results concerning the needed estimates of the heat kernel and its
gradient on the flat torus and we present the Biot-Savart law that exploit the relation between
the velocity and the vorticity.

I1.1.2.1 Fourier series, method of images and Poisson summation formula

Working in a periodic setting has some technical advantages. One is that we have (at least)
two ways of representing an (appropriate) function f. We can write f by means of its Fourier
series expansion (see and ) or by means of the so called method of images.
With this latter method, one starts with the expression of the function f in the whole space
R2. Then, said T' > 0 the period (in every direction) of the given function f, the construction
is elementary: we simply write

> f@+Tk). (1.1.2.1)

keZ?

Since this (formal) sum is taken over the lattice points of Z? it is clearly periodic (for the
passage from x to x + k' merely permutes the terms in ) We shall refer to the passage
from f to the sum as the periodization of f.

The two methods of writing a periodic function, the Fourier series expansion and the method
of images, are equivalent. The Poisson summation formula states that the two approaches to
a periodic analog of f are essentially identical. This conclusion can be formulated precisely in
many ways. The most suitable for us is the following.

Theorem 1.1.2.1. Suppose f € L'(R?). Let 2w be the period (in every direction) of the
function f. Then the series Y, ;2 f(x + 2mk) converges in the norm of L*(D). The resulting
function has the Fourier expansion ) ;2 frer(T).

For more details on the results briefly recalled in this Section see for instance |35, Chapters
2.785 and 2.1183|, [83, Chapter 7§2| and [85]).

1.1.2.2 The heat kernel

We deal with the heat kernel g appearing in equation ([.0.0.2)): we need suitable estimates on
g since its regularizing effect (see Lemma [[.1.5.1]) will play a key role.
The operator —A generates a semigroup S(t) = e~*4: for ¢ € L? and t € [0,T] we have

1

S (@) = Y- e WHE erhpzen(e) = o= Y (€ en)pae HIHE, (11.2.2)
kez? kez?
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Moreover, the action of the semigroup on the function £ can be expressed as the convolution

506 2) = [ att.2.060) (112.3)
where g is the fundamental solution (or heat kernel) to the problem

%u(t,az) — Au(t,z) =0, (t,x)€ (0,T]xD
u(t,-) is periodic, te[0,7T) (I.1.2.4)
u(ovx)zéo(x_y)7 ﬁfayGD-

As explained in Section|[.1.2.1|we have two (equivalent) expressions for g. By means of Fourier
series expansion we recover

1 _ 2 ik (x—
g(t,z,y) = )2 Z etk Hik-(2=y) (I.1.2.5)
kez?

The expression of the kernel obtained by means of the method of images is more suitable for
the kind of analysis we have to perform. The periodization of the expression for the heat
kernel on R? yields

1 Loyt oknl?
g(t,z,y) = yyn Z e @, (I.1.2.6)
kez?

By the Poisson summation formula, ([.1.2.5) and ([.1.2.6)) are equivalent. It is easy, using
(L.1.2.5) or (I.1.2.6)), to check the following properties

Proposition 1.1.2.2. For any x,y € D and t > 0 we have
o Symmetry: g(t,z,y) = g(t,y,z),

b g(t,x,y) = g(t707I - y)
Remark 1.1.2.3. Since problem ([.1.2.4) can be reformulated as a problem on the flat torus

as

{gtu(t,x) — Au(t,z) =0, (t,z)€ (0,T] x T? (1.1.2.7)

u(0,2) = do(z — y), zeT?

the reqularity results concerning the fundamental solutions follows from more general results
valid for manifolds. For a detailed discussion see for instance [40, Theorem 7.13, Theorem
7.20, Corollary 8.12].

Following an idea of [66], we obtain estimates on the heat kernel and its gradient in the
two dimensional case.

Theorem 1.1.2.4. For firted 0 < s <t and x € D the following estimates hold:

1. for every 0 < B < % there exists a constant Cg > 0 such that

/ Vy(s,2,9)/dy < Cps™ 7+ (1.1.2.8)
D

and

t
//|Vyg(s,x,y)\5dyds<Cﬁtﬁf“, (1.1.2.9)
0 JD
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it. for every 0 < 8 < 2 there ewists a constant Cg > 0 such that

/ lg(s, z,y)|Pdy < Cgs' ™"
D

and

t
/0 /D\g(s,w,y)lﬂdyds < Cyt* P,

(1.1.2.10)

(1.1.2.11)

Proof. For the estimate of the heat kernel and its gradient we use the explicit expression given
by ([.1.2.6). We factorize the two-dimensional kernel into the one dimensional components.

We then proceed following the idea of [66, Lemma 2.1].

|lz— +2‘1rk|2
g(t T y Z e y4t gl(taxlayl)QQ(t7x27y2)a
keZ2

where we set, for i = 1,2

gi(t,zi,y;) =

1 —lwy—y;+2mk; |2
Vart Z ‘ B .

ki€Z

For the one-dimensional heat kernel the following decomposition holds:

gi(t, i, yi) = Hi (t,zi,wi) + HE (8,2, y) + HP (t,25,9) + Gi(t, 4, vi)

where
1 —lz;—y; | 1 — | —y;+2m)|
H! t,x;, = e 4 H? t,x;, ;) = —e 4,
z( 7 yZ) \/m 1 ( 7 yl) \/m
3 1 —\mi—yi—Qﬂ'\z
Hi (t7xi7 yl) == \/me 4t
and

(t,xi,yi) — Gi(t, xi,y;) € C([0,T] x R?).

Then we can rewrite the two dimensional heat kernel as follows

g(t,ﬂ?,y) = (Hll(taxlayl) + H12(t,$1,y1) + H%(t7x17yl) +§1(taxlayl)) ’

(1.1.2.12)

(Hy(t, 22, y2) + H3 (t, 22, y2) + H3(t, 22, y2) + Go(t, T2, 92)) -

We are interested in estimating the heat kernel and its gradient, more precisely in estimates

of the following type:

t t
/ / lg(s, z,y) | dyds, / / 1Vy9(s, 2, y)Pdyds,
0 D 0 D

for ¢t > 0 and a suitable 8 > 0.

(1.1.2.13)

Let us at first notice that the terms of the form Hfg, and Hg; with k = 1,2,3 do not give
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any problems. In fact let us consider for example the case Higs (the others are similar). We
have

1V, (Hgo) P = (19, (HLgo)?)?

2z —y1])? Bl w2 1 Blay—u1> | O g
<Cp %6_ e 1Ga(t, 22, y2)|” + 5¢ s ——92(t, 22, y2)

T2 (4t) 2 (4rt)2 Y2

_ 1B 2 B

1 1 _Bl=z y1| Cz _Bla y\
< Cﬂ7| tSBy | T |ga(t 22, p2))° fﬂ T ‘92 t,x2,92)
2 2
Then, using the following identity
z2
/ |z|"e” 5% dz = Cro" ! (1.1.2.14)
R

we get

t
/0 /D IV, (H1g2)(s, 2, y) [Py ds

t 2w 2 . B8 o2
1 1 _ Blzi =y _
< Cﬁ/ / </ | wy | € s dy1> 1G2(5, 2, y2)|° dyads
0o Jo 0 s
t 1 2 2T ey —yy |2 o B
+C / / </ e & dyl) ‘§2(Sa$2ay2)
? Jo s2 Jo 0 )

t 27
1
< Cﬁ/ / 5278 |ga(s, xa, y2)|” dyads

o [

and we have the convergence of the integrals thanks to , when (3 < %

Thus it follows that the behavior of integrals in is determined by the corresponding
integrals with H fHé with k,1 =1, 2,3, instead of g. Since computations are similar we do all
the required estimates only for the case H(t,z,y) := Hi(t,z1,y1)Ha(t, z2,y2). We have

dyo ds

B

g2(s, 2, y2)| dyads

6_ﬁ|14;ty‘2 ’:1: y’ﬁ
. N

’VyH(tava/)‘ - (87T)ﬁt26 )

SO we recover

R | — )

[Ivttsamlay = [ o r

Bzl 27 B~ g1
< Cp |Z| dz—C/ / 4p dpdo

o0
B+1 **s
SCBS%’/O p’ e 1 dp.
Using now identity ([.1.2.14)) we get

/ \VyH(s,m,y)]/dedg < C/gs_%ﬂ,
D



28 Existence, uniqueness and regularity of the solution

Calculating the time integral we obtain,
t t s, 56 .o
/ / \VyH(S,x,yNﬁdyds < CB/ s tlds < Cgt—2 2 (I.1.2.15)
0 JD 0

which converges provided 8 < %.

Remark 1.1.2.5. Notice that estimate ([.1.2.15)) is uniform in x.

For estimates ([.1.2.10)) and (I.1.2.11]) we proceed in a similar way. Also in this case we do

all the required estimates for H(t,x,y) := Hi(t,x1,y1)H3(t,22,y2). By means of ([.1.2.14)
we get

1 Blz—y|? 1 _plz?
H s Ly ﬁd - T 4s dy < C —e 45 d
[ el = [ e T a o [ et
_ B2

o0 e 4s 1_6
= 271Cjg Tpdp < Cgs ".
0 S

Computing the time integral we obtain

t t
H(s,x,y dedsgC st ds < Cpt? P,
B B
o JD 0

which converges provided 8 < 2.

1.1.2.3 The Biot-Savart law

Now we deal with the Biot-Savart law expressing the velocity vector field v in terms of the
vorticity scalar field £ (we mainly refer to [55] and [56]). We can give an explicit representation
of v in terms of £ solving the system

{vi-v =¢ (1.1.2.16)
V-v=0.

Since V - v = 0, there exists a (unique up to an additive constant) stream function ¥ such
that
v=V+y. (1.1.2.17)

From the relation ¢ = V- - v we get the Poisson equation for ¥
AV =¢ (1.1.2.18)

on the flat torus T2. Given a periodic function &, equation ([.1.2.18)) has a periodic solution
W namely, if

1 ix-k
§(t.x) =5 ) e, (1.1.2.19)
k72
then . c
¢ k izk
U(t,r) = —o— = 1.1.2.2
(t,z) o Z We ( 0)
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provided that compatibility condition f p&(x)dr = 0 is satisfied (see for instance [55, Propo-
sition 1.17]). In our case it is easy to check that this condition holds, since £ = V+-v and ¢ is
periodic. From ([.1.2.17)) and ([.1.2.20) we obtain a periodic version of the Biot-Savart law:

ot @) = — o= Zész . (1.1.2.21)

kez?

Expressions ([.1.2.19)) and ([.1.2.21]) show that the velocity v has one order more of regularity
with respect to the vorticity &: if & € WP™1? then v € HE. In particular, the norms HUHH’?

and [|£]|yyp-1.» are equivalent.
In general (see, e.g., [50, Chapter 1]), the Biot-Savart law expresses the velocity in term
of the vorticity as

) = (b= €)(e) = | ko= 9)élo) du, (11.2.22)
where the Biot-Savart kernel is given by
oG 0G
k=ViG=(—5— 71— 1.1.2.23
V ( 8%27 61:1) ( )

and G is the fundamental solution (or Poisson kernel) of the Laplacian on the torus with mean
zero. In fact the solution to ([.1.2.18)) can be written as ¥(x fD (y) dy and thus,

from ([.1.2.17) and ([.1.2.23) we get (L.1.2.22) (see [55, Lemma 1.12] for more detalls). Notice
that from ([.1.2.22)) it is evident that the relation between v and £ is non local in space.

By the method of images we obtain an explicit expression for GG. It is sufficient to take the
periodization of the expression of the Poisson kernel on R? to get

1
kez3

For the function G the following regularity result holds (for more details see [56, Chapter 1]
and [I1, Proposition B.1]).

Proposition 1.1.2.6. The function G is in C>°(T?\ {0}). Its behaviour in zero is given by
|G(z)| < C(=log|z| +1)

and that of its gradient by
IVG(z)| < Ci(|z] ™" +1). (1.1.2.25)

Proposition is a special case (at least in dimension two) of a general fact, valid for
compact C*° Riemannian manifolds of finite dimension (see |2, Theorem 4.13]).
We summarize the basic properties of the Biot-Savart kernel in the following lemma (see [11],
Lemma 2.17]), which is a consequence of Proposition [[.1.2.6| and ([.1.2.23]).

Lemma 1.1.2.7. For every 1 <p < 2 the map k, defined above, is an [L/I’(D)]2 divergence-free
(in the distributional sense) vector field.

Remark 1.1.2.8. In principle, for everyp < 2, fD k(z—vy)dy is a constant that depends on x,
but it can be easily majored by a constant which does not depend on x. This is straightforward
using the estimate |VG(z)| < C(|z|™! + 1) and recalling that ([.1.2.23)) holds.
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In the last part of this Section we provide some useful estimates. From (|[.1.2.21]), using
the Sobolev embedding H, C Lo for p > 2 (see Theorem [[.0.1.1(i)) and the equivalence of
the norms ||’UHH; and ||£||z» we infer that for any p > 2 there exists a constant C}, such that

1k * €l = vl Lo < Cpll€]lLr- (1.1.2.26)

From ([.1.2.22) and Lemma [[.1.2.7] using Young’s inequality when p > 1, 1 < a <2, > 1
with % +1= al + % we infer that

1k &llz, = lvllz, <[Elz.l€llLs- (I.1.2.27)

I[.1.3 The random forcing term

In this Section we deal with the stochastic term that appears in ([.0.0.2]). We introduce the
noise as an isonormal Gaussian process on a proper Hilbert space. We show how to construct
a worthy martingale measure and we characterize the class of predictable processes for which
the stochastic integral in the Walsh sense is well defined. Then we show how the constructed

integral can be understood in the Da Prato-Zabczyk framework (see Section [A.3.2)).

1.1.3.1 The isonormal Gaussian process on Hr

Given T' > 0, let (2,F,P) be a given probability space. Let @ : L§ — Lt% be a positive
symmetric bounded linear operator. We define L% as the completion of the space of all square
integrable, zero mean-value, periodic functions ¢ : D — R with respect to the scalar product

<907 ¢>L% = <Q‘P, w>L2°

Set Hr = L?(0,T; L%) This space is a real separable Hilbert space with respect to the scalar
product

T T
(f,g>g{T:/0 (F(s) 9Nz ds:/o (QF(5), 9(s)) 12 ds. (113.1)

Let us consider the isonormal Gaussian process W = {W(h),h € Hr} (see Definition |B.2.1).
The map h — W(h) provides a linear isometry from Hr onto O, which is a closed subset of
L%(Q,F,P) whose elements are zero-mean Gaussian random variables. The isometry reads as

E (W(h) W(g)) = (h, g)3¢,- (1.1.3.2)

In particular, for h € Hp, W(h) is a zero-mean Gaussian random variable with covariance
E[W (h)?] = ||h||§(T Notice that, by construction, the random forcing term is periodic and
with zero mean in the space variable. Since we are in a spatial domain of dimension larger
than one, it is not surprising (see, e.g., [25]) that we cannot consider @ to be the indentity,
but we need @ to have some regularizing effect. We choose to work with a covariance operator
of the form

Q=(-A)", (1.1.3.3)

for some b > 0. This means that

Qe = |k|™%%e,,  Vke7Z3



The random forcing term 31

and a complete orthonormal basis of L2Q is given by ér(z) = ﬁ|k|bc0s(kj -x) and é_g(x) =
ﬁ\lﬂbsin(lﬁ -z) for k € Z2 . Notice that the choice of @ as in ([.1.3.3) is made only in order
to simplify some computations but it does not prevent to consider a more general operator ()

which does not commute with the Laplacian operator or which has finite dimensional range.
By Tr@ we denote the trace of the operator @ (see (A.3.2)). If @ is as in ([.1.3.3) then

TrQ = > ke ||,

Lemma 1.1.3.1. If b > 0 in (1.1.3.3), then g(t — -, x,-) € H; for every t > 0.

In particular, W(g(t — -, x,)) is a well defined zero-mean Gaussian random variable with
variance ||g(t — -, z, )||§{t
Proof.

t t
||9(t—'»35,')||gft :/ Hg(t—s,m, )H%2 dS:/ <Qg(t_Saxf)vg(t_sax"»LQ ds
/\|Q29t—sm ||L2ds—/ S lews @bglt — 5,2, ) 22 ds

kez?
2
= % [ fi@bewsgti— sz iaf s
kez2
2 [ Nerse = 5. sl s
kezZ:g g (11.3.4)
Z k|~ Qb/ _2‘k|2(t_s)|ek(a:)|2ds by (I.1.2.5)
kez2
(1-— o2kt ) 1
= k|~ 2 since |egx(z)| = —
(@n)? 1%2:2 EC 2m
1
< - k 727217.
~ 2(2m)? Z k|
kez?
The latter series is convergent if and only if b > 0. O

Remark 1.1.3.2. Notice that, since we work on the flat torus, we have good estimates on the
norm of the normalized eigenfunctions ey, of the Laplacian. Thanks to this fact we have rather
weak assumptions on the covariance operator of the noise, i.e. the exponent b in .
However, in a general domain of R? with smooth boundary, the growth of normalized eigen-
functions is more difficult to control. Useful estimates for this case are provided for instance
in [39].

I.1.3.2 Constructing a worthy martingale measure

We work with the Gaussian process indexed by elements of Hp defined in Section In
order to use the Walsh’s theory of stochastic integration and SPDE’s (see Section |A.2), we
need to construct from this process a worthy martingale measure. We explain the construction
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in this Section.
For any ¢t € [0,T], A € B(D), let us set

wi(A) == W(Lpy(-)La(e)), (1.1.3.5)

and let
Fi =o(ws(A),s <t,Ae B(D))VN, (1.1.3.6)

where B(D) denotes the (bounded) Borel sets of D and N is the o-field generated by the
P-null sets. It can be checked that

(we(A),F,t > 0,A € B(D))
is a martingale measure according to [90], page 287. Its covariance functional
Ry(A, B) = (w(A),w(B)):
is deterministic and equal to E [wi(A)w(B)] that is
Ri(A, B) = (14, lB>L2Q'
The covariance measure coincides with the dominating measure and it is given by
R(A x B x (s,t]) = Ry(A,B) — Rs(A, B) = (t — s$)(1a1B) 2 -

R is a positive definite measure on D x D x [0, T7] (see [90], page 290). Therefore the martingale
measure w is worthy with dominating measure K = R (see [90], page 291).
The key relationship between W and w is that

W(w)—/ot/Dw(s,y)w(dy,dS),

where the stochastic integral on the right hand side is Walsh’s martingale measure stochastic
integral.

Remark 1.1.3.3. Notice that expression ([.1.3.5)) makes sense under the assumption b > 0 in
(L.1.3.3). In fact it is well defined if 1jg4)(-)1a(®) € Hr, namely if L4(e) € Lé. By Parseval’s

Theorem we can write

||1A||Lg2 = Z k|72 |(ex, 1a) 2, (L.1.3.7)
kez?2

where (ex,1a) 12 is the Fourier transform of 14.
Let us suppose at first that A is a rectangle of the form [a,b] X [c,d] for some 0 < a < b and
0<c<d. Then

1 .
(ex,1a)re = — ek T dy
2 A

L T/ ik _ gika gikad _ gikso gikad _ gikae
=5 [( i i > Lk, £0,k020) T <(b - a)z.kQ> Lk, =0)

eiklb . eikla
+ ((d — c)'Lkl) 1(k2=0):| s
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thus

1 4 (b—a) (d—c)
[ew La)rel < o [Wl(wo,kﬁm) 2 =0 + 27 10 | -

Then from (1.1.3.7) we obtain

‘k| —2b ’ —2b k_2b

|
HIAHL2 <Cal|d Tt 22 Lk 0,k 720) T Z NE el + Y T L(5,=0)
kez3 kez3 kez3

Let us estimates separately the three terms, approximating the series by an integral and passing
in polar coordinates. For the first term, fixzed 0 < € < 1, we get

L // (22 +y*)~°
dz dy
gzjz |k |?[Feo |2 L 20270) R2\(eclxR)UEx[—cq))  1ZPY[E

w(i+1) —e dg

2b—3
= d e
(Lﬁp QEZAuE [cos 62 sin ]2

=0

which converges provided b > —1. As regards the second term (for the third one estimates are
the same)

>, © s
> TP tm=o~ [ 7 dp,
kez2 €
which converges provided b > 0.
Similar estimates hold true if we consider a finite union of rectangles. Finally, if A is a

generic set in B(D), then it is contained in a finite union of rectangles and thus we obtain the
stated condition b > 0.

1.1.3.3 The class of predictable processes.

The stochastic term that appears in ([.0.0.2)) is understood in the Walsh sense w.r.t the
martingale measure defined in Section|[.1.3.2] Let us examine the class of processes ¢ = (¢, x)
for which the stochastic integral is defined. Recall that (see Definition [A.2.7) an elementary

process is defined as a process ¢ such that

@(ta Z; w) = l(a,b] (t)lA(x)X(w)a

where 0 < a < b, A € B(D) and X is a bounded and F,-measurable random variable. Let R
denote the class of elementary processes such that

T
EWM@=EA\M@Jﬁyu<m.

Let K be the set of all jointly measurable processes ¢ such that EH‘PH?}(T < oo. Note that
R C K and let Pp; be the closure of R in K. By predictable processes we mean elements in
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Par. According to [90], the stochastic integral fot Jp (s, y) w(ds,dy) is defined for all ¢ € Pyy.
The It6 isometry holds and reads as

E [ / ' | etsn) w(dy,ds>]2 -E | oo, 2 . (113.8)

Inspired by [28] Proposition 2] we give a checkable sufficient condition for a process to belong
to iPM

Lemma 1.1.3.4. Suppose that a process p = {p(t,x),0 <t < T,x € D} satisfies the following
properties:

(i) for all (t,x), (t,z) is F-measurable;
(i1) (t,x;w) — o(t, z;w) is B([0,T] x D) x F-measurable;

(iii) for all (t,z), E[p(t,2)?] < oo and the function from [0,T] x D into L*(Q,F,P) is
continuous;

(iv) there exist to > 0 such that
to
B [ (s, )13, ds < . 1139
0

Then @l 4 € Pum-
We recall here the proof for the sake of completeness, although it is almost the same as

the proof of [28, Proposition 2| with some obvious modifications.

Proof. We aim at proving that every process satisfying the four assumptions of the lemma
can be approximated by a sequence of elementary processes in the norm L2(£; 3r), .
Fix € > 0. Then, by assumption (iii), there exists n € N large enough such that, for all
s,t €10,t0] and z,y € D,
2t
t=sl+lz—yl=—= = Jolt.2) = olsy)l0 <e

Set t; = jto/n and let {K;} be a finite family of disjoint subsets of D of diameter strictly less
than to/n such that |J; K; = D. Fix 2; € K; and set

n—1
= Z Z So(t,]’ xl)]‘(tj,t]'+1] (t)lKl (l’)
7j=0 1

Then ¢, € Ppr and El[pr, — 01 4] ||ng is equal to

i 2

to to n—1
B[ [ lonlt.) — pte. )13 ] = / X Sttt (0|

—1 J+1
_E Z / D el m) = (6 o
=0

n—

ti+1 2
=5 [ et - ot M
j=0 1 7
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Cauchy-Schwartz inequality implies

l(tss 1) = (t, )l 2 () = > TP er()s ety ) — o(t, ) 2y
kez3
<RI llexlZalle(ty, 1) — ol M2k
kez?
= S [ lotts )~ ottt e
kez?
and so
fo 2 2b = ti+t 2
EU \|<pn(t,.)_¢(t,.)||% dt] < Ik ZZ/ / Elp(tj, o) — ¢(t, z)|" de dt
0 kez2 j=0 1 7t I
< e¥TrQty| D).
Therefore ¢ € Pyy. O

Remark 1.1.3.5. Notice that requires the assumption Tr() < oo that means b > 1
if Q is as in . In what follows, when we will prove the existence of a space-time
continuous global solution to equation , we shall work under the weaker assumption
b > 0. This is possible thanks to the smoothing action of the heat kernel; in fact we are
concerned with a stochastic integral of the following form: f(f Jp 9t —s,x,y)i(s,y) w(dy,ds).
This means that, if we deal with a process ¢ of the form o(s,y) = g(t—s,x,y)(s,y), then ¢ €

P provided ¢ satisfies requirements (i)-(iii) of Lemmall.1.5.4 and b > 0 in (1.1.3.3). In fact

we can consider a sequence of elementary processes of the form oy, (s,y) = g(t—s,x,y)n(s,y).
Then o(s,y) —@n(s,y) = glt—s,z,y) [¥(s,y) — ¥n(s,y)]. Proceeding as in the proof of Lemma
[.1.5.4), from Proposition|[.1.4.1| (which holds under the weaker assumption b > 0) we have

€K 5;<5<sjt1

to
E [/0 len(t,-) — (2, )HLz dt| < lg(t ey ZZ [SHP sup  Elyp(sj, a1) — o(s, z)|?
< 2Crto| DY,

and so, for a process of the form g(t — s, z,y)w(s,y), Lemma|l.1.3.4 holds under the weaker
assumption b > 0.

Notice that in this setting the Burkholder-Davis-Gundy’s inequality reads as

[ [ etsmutanas] <efe [ 1o >Hiédsf,

for p > 2 and a suitable constant c,,.

E sup
0<t<T

[.1.3.4 Interpreting the stochastic integral in the Da Prato-Zabczyk setting

The stochastic integral, formally defined above in the Walsh sense, can be understood in the
setting introduced by Da Prato and Zabczyk (see Section |A.3.2]). We briefly explain how. We



36 Existence, uniqueness and regularity of the solution

construct a cylindrical Wiener process and we relate the stochastic integral w.r.t such a process
(see Section with the Walsh martingale measure stochastic integral (see Section [A.2).
In other words, the integral in the Walsh sense may be understood as a stochastic integral
with respect to a cylindrical Wiener process. We make this precise in Proposition In
particular, bearing in mind Proposition (and in general results of Section this
is sufficient to have the equivalence between the Walsh stochastic integral and the Hilbert-
valued stochastic integral. In the present Section we proceed following the approach of [30],
where authors consider the case of a spatially homogeneous noise on R? white in time with
a spatial correlation in space. In a sense, the results of the present Section are the "discrete
counterpart" of results of [30]: do not forget that the noise on the flat torus, how introduced
in this Part, is spatially homogeneous (see Definition .
Starting from the isonormal Gaussian process of Section [[.1.3.T]we can construct a cylindri-
cal Wiener process in the sense of Definition For every h € Lé and for every t € [0, 7]
set
Yi(h) := W (Lo qh), (I.1.3.10)

It is easy to prove the following result.

Proposition 1.1.3.6. The process Y = {Y;(h),t > 0,h € L2 o} is a standard (i.e. with
covariance operator the identity IszQ) cylindrical Wiener process on L2

We consider the filtration F; = o(Ws(h),s < t,h € LQQ) V N. The class of all predictable
processes is given by L?(€2 x [0,77]; LQ) = L%(Q;Hr). For this class of processes it is well
defined the integral w.r.t. the cyhndrlcal Wiener process given by m Recalling that
{éx} is a complete orthonormal basis of L7, we notice that {Y;(éx)}: = {W (1o géx)}: defines

a sequence of standard one-dimensional Brownian motions. For every h € L?(Q; Hr) we set

h-Y := Z/ )1z, dYs (@), (1.1.3.11)

keZg

and the integral is well defined in the sense of Section The isometry property holds and
reads as

T
E[(h-Y)*] =E U A (s, ')H%g ds} : (1.1.3.12)
0
The following result relates ([.1.3.11]) to the Walsh integral w.r.t. the martingale measure w.

Proposition 1.1.3.7. If g € L?(Q; Hr), then g-w = g-Y, where the Lh.s is a Walsh integral
and the r.h.s. is the integral w.r.t. a cylindrical Wiener process as defined in ([.1.3.11]).

Proof. In order the check the equality of integrals we use the fact that the set of elemen-
tary processes is dense in (Pas, | - |5, ). Let us consider the elementary process g(t,z;w) =
Ljgp(t)1a(2) X (w), with 0 <a <b < T and A € By(D), X is a bounded Fy-measurable r.v..
The Walsh integral of g, w.r.t. the martingale measure , is defined as

T
/0 /Dg(t,x) w(dt,dz) = X (wp(A) — we(A))
= X (W(1op()1a(e)) = W(Loa(-)14(e))) = X W(Lpp(-)1ale))
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As regards the integral with respect to the cylindrical Wiener process Y given in Proposition

we have

T
0¥ =3 [ ot e it = X [ Xt (a6 i) avie

keZ? keZ?
b
=Y [ X{1a(), er) e, dYy(er) = X > (1a(), &) 12, (Y(ér) — Ya(ér))
kez2 " kez2
=X Z ]-A ek L2 W(]-[O,b]ék) *W(l[()’a]ek =X Z lA ek L2 W( [a,b]ék)
kEZQ kEZ2

XW l[a,b} Z<1A()aék>Léék =X W(l[a,b](')lA(.))'
kez3

The thesis follows then by a density argument. Formally, let ¢ € Hyp, then there exists a
sequence {gn}n € R such that ||g — gnl|5, — 0. We have proved that g, -w = g, - Y for every

n and so, by means of the isometry property (see (I.1.3.8]) and ([.1.3.12])), we get

Ellg-w—g-YP]<2E[lg-w—gn - Y*] +2E[|gn-Y —g-Y|?]
<2E(lg-w—gn-w] +2E[|gn-Y —g- Y]]
< 4llg — gnlr23¢r) — 0,

from which it follows g-w = g-Y for every g € L?(Q; Hr).
O

According to Proposition when one integrates a predictable process in L?(€2; Hr),
it is possible to use either the Walsh integral or the integral w.r.t. a cylindrical Wiener process.
Moreover, Proposition allows us to associate the noise of Section viewed as a
cylindrical Wiener process Y with covariance Id 12 in Proposition le’ with a cylindrical

Id L2, -Wiener process on the Hilbert space L2, as described in Section|A.3.2 and to relate the

associated stochastic integrals.

I.1.4 Well posedness and regularity of the stochastic convolu-
tion term

The present Section concerns the the study of the well posedness and regularity of the stochas-
tic convolution term. The following result gives the (weakest) conditions on the operator @
and the integrability conditions we have to require on the integrand process in order to have
the well posedness of the stochastic integral. The conditions we recover are essentially the
same obtained by Dalang in [27, Theorem 5| (see also [30], [58] and [73]). The difference is
given by the fact that Dalang works on the whole space and imposes the needed conditions
on the Fourier transforms of the fundamental solution to the considered equation. We work
instead on the flat torus and the needed conditions are imposed on the Fourier series expansion
of the heat kernel.
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The following result provides an estimate, uniform in time and space, for a generic p > 2.
Notice that for the well posedness of the stochastic integral it is sufficient to consider the case
p =2 with fixed t € [0,T], z € D.

Proposition I.1.4.1. Let {¢(t,x),0 <t < T,z € D} be a predictable process such that, for
somep > 2

sup sup E|p(t, )P < 0. (I.1.4.1)
0<t<T ze€D

Let us assume b > 0 in ([.1.3.3)), then

p t
g(t - 57$7y)(70(5a y) W(dy, dS) < ||g(t—,3§‘, )||§){t2/ SUEE“O(S?y)‘p ||g(t_871"a )HiZQ ds.
0 ye
(1.1.4.2)

Remark 1.1.4.2. Notice that, in general, we have to make the assumption g(t — -, z,-) € H;.
If we work with a generic operator QQ, which diagonalizes on the basis of eigenfunction of the
operator —/A on L% with corresponding eigenvalues ui, this reads as Zkezg r]:TkQ < 00. For @

as in ([.1.3.3), by ([.1.3.4) this corresponds to assume b > 0.

Proof. By means of Burkholder-Davis-Gundy’s inequality we get

p ropt
<B | [ ot 20006l

_E /O S Per gl — 5,2, )p(s, ) z2[? ds

kez?

—s,z,y)p(s,y) w(dy, ds)

M|

Using Hélder’s inequality we infer

(k" er, g(t — 5,2, ) (s, ) 12
—b 2(p—2) —b P 4
< (K[ en, gt = s,2,0)) 2| 7 (K[ er, gt = 5,2, )[0(s,-)[2) 2] 7

so that, again by means of Holder’s inequality,

— 5, 7,Y)¢p(s,y) w(dy, ds)

[Nl

) b P 4
(k| ek, g(t = s,2,-)p(s, ) 2) 2| P ds

2(p—
sE / Z ’ ’k’ bek’ S, 7')>L2 P

kez2

/ Z‘ k™ b€k7 ,-)>L2‘2d3

kez3

B / Z ‘ ‘k‘ bek7 7x7')‘(p(87')’g>[/2’2d8

kez3

P
p_1



Well posedness and regularity of the stochastic convolution term 39

The first factor is equal to |[g(t — -, z, -)||2- 2

inequality we get

, as regards the second one, by means of Holder’s

/ S ke, g(t — 5,2, (s, )[5) [ ds

kez?

<E / S (k| Pex, g(t — 5,5, ) 2 (K Pexs gt — 5,3, )io(s, )P) 12 ds

kez?

t
s/o sup Eli(s.)" 3 (k[ exa(t —5..)) 2 ds

kez?

t
:/ sup E|p(s, y)[Pllg(t — s, x,-)||72 ds,
0 yeD Q

from which we get the thesis. O

Remark 1.1.4.3. Notice that, by applying Hélder’s inequality in ([.1.4.2) we immediately
obtain

p

—5,2,9)¢(s,y) w(dy,ds)| < |[lg(t —-,z,-)][5, OsugTSggE\w(s Y)IP
<s<Ty

We now establish some estimates concerning the regularity of the stochastic convolution
term. Such estimates are needed in the following sections where we prove the existence of the

solution to ([.0.0.1) and its space-time continuity.

Lemma 1.1.4.4. Let o = {¢(t,x),0 <t <T,x € D} be a predictable process such that

Cplp) == EoiltlET lo(t, )7 < oo,

for somep>4. If b >0 in ([.1.3.3) then

E sup sup

p
/ / — s, 2, y)e(s, ) w(dy,ds)| < CpagT ! Coly),  (1143)
0<t<T z€D

where o € (0,1).

Proof. The proof of the result is based on the factorization method introduced in [24]. At a
certain point we shall use the smoothness property of the heat kernel.
For ¢ € LP(Q; L>=(0,T; L)), 0 <t < T, z € D we write

(1)t 2) // — s,21)0(s, ) w(dy, ds). (11.4.4)

Given a € (0, %) we write

(Jap)(0,2) = /0 ’ /D (0= 5)g(0 — 5, 2,9)p(s, ) w(dy, ds)
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and

- t
(Jo12)(t, x) = sin(r) / (t—o)o ! </ g(t —o,2,2)Z(0,2) dz) do.
™ 0 D
The factorization identity reads as
I=J"",. (1.1.4.5)
For simplicity we divide the proof in three steps.
Step 1. We prove at first that J,(p) € LP(Q x [0,T]; LP) for ¢ € LP(2; L>°(0,T; LP)).

From Burkholder-Davis-Gundy’s inequality and Minkowki’s inequality (see e.g. [84]
Theorem 6.2.14]) we get

p
ElUap) ) = [ B[ [ (0= 97 ato = 5.2 0)els ) wdnds)| dz
%
</ E H(J—s) o‘g(a—s,z,')ap(s,-)Hi% ds| dz
) 3
—&| [(to - [[@3ato — 5.0, ot ] as|
L2
p
2 3
<B| [ -9 [Qhoto - 5.0.9] wlots, ], as]
0 L2
By means of Young’s inequality the inner norm can be estimated as
1 2 2 2 2
[@bato = s.0.0] ot | < |[@bato = s0.]"| et
= llg(o — s, a')HLzQHsO(S,')H%p,

so, applying Holder’s inequality, we get

SIS

Bl )0 <E | [0 =9 P lato = 5,000 ol s a5

- T
< ( | o= lato = .01 ds)
0 Q

<B| [0 =9 lglo — 5.0, (e, ds

o 2
< (]E sup ||(;0(37)||€,P> (/ (0-_5)_2(1”9(0-_8707 )HiQ dS)
0<s<o 0 Q

We can estimate the second factor in the following way

[ o=t = 5,000l ds = sy [ 30 e o - s

kez?

1 Z|k|—2b 1 /2k206—$1;—2ad56
@2 2 @R
0

<C F(l _ 2a> Z ’k‘—2b+4a—2,
kez?
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where the Gamma function and the series converge provided respectively a < % and
b > 2a. Thus,
El|(Jap) (@ )7 < Cpap B sup [lo(s, )7, (I.1.4.6)
0<s<T
and then
T T
| BN 6 45 < Crap [ B sup_[lo(s. )y d5 < ChasCl@). - (LLAT
0 0 0<s<T
Step 2: J* ! e L(LP(Q x [0,T); LP), LP(Q; L*°([0,T] x D)).
By means of Holder’s inequality and ([.1.2.10f) we infer
a—1 Sin(ﬂ-a) K a—1
((J*2) (¢, @) < — (t =) gt = o, 2)ll 2 [12(0,)|2e do
0
. t
< Smsrm)/ (t—0)* 7)1 Z(0, )lrdo by (CI210)
0 1
Py b
<oy ([ 1260001 a0 (L148)
0

provided p > % Since the obtained estimate is uniform in ¢ € [0,7], z € D, we obtain

E| sup sup |(J*7'2)(t,x)"

T
<Gt [ BIZG I de (1149)
0<t<T xzeD 0

Step 3: From (I.1.4.5), (I.1.4.6) and (I.1.4.9) we finally get

E| sup sup|(Io)(t,2)P| =E

0<t<T zeD

sup sup !(Jo‘l(JasD))(tfv)lp]
0<t<T z€D

T
< Cp,aTozp2/0 E|(Jag) (0, )2, do
< CpapCp(@) TP~ by (LIAT).
[l

Corollary 1.1.4.5. Under the same assumptions of Lemmal[l.1.4.4), the stochastic convolution
term Jo admits a space-time continuous modification.

Proof. In the proof of Lemma [[.1.4.4] (see ([.1.4.8))) we have shown, in particular, that J*~! €
L(LP(0,T; LP), L>(]0,T]x D)) P-a.s.. If the integrand process ¢ belongs to the space LP(€2; L>°(0,T; LP))
with p > 4, then Jop € LP(Q x [0,T]; LP) (see Step 1 in the proof of Lemma[[.1.4.4). Then,
by means of the factorization identity , Iy admits a modification with a L*-type
space-time regularity. In order to prove the existence of a space-time continuous modification
of the convolution term is then sufficient to prove that actually J*~! maps LP(0,T’; LP) into
C([0,T) x D). For step functions v, J* 9 is a space-time continuous function. This follows
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by the fact that the map (t,z) — fot Jpt — ) tg(t — s,x,y) dyds is continuous and the
integral fg Jp (&= s)*"tg(t — s,2,y)| dyds is well posed. In fact, by ([.1.2.10)

t
//|(t—s)a1 sxy)\dyds<C’/ ) tds = Cta,
0o /D a

provided « > 0. This kind of regularity can be extended to every ¢ € LP(0,T;LP) by a
standard approximation procedure. O

Corollary 1.1.4.6. Under the same assumptions of Lemma it holds

// — 5, 9)(s, y) w(dy, ds)

Proof. Tt follows immediately by the embedding L°°(D) C LP(D), which holds for every
p>1. O

p
< Cpa, T Cyle). (1.1.4.10)
Lp

E sup
0<t<T

I[.1.5 Some preliminaries Lemmas

In this Section we establish some estimates showing the regularizing effect of convolution with
the gradient of the kernel g or with g itself, as they appear in the formulation ala
Walsh of our problem.

Let J be the linear operator defined as

(Jo)(t,x) = /0 /D Vyg(t —s,x,y) - ¢(s,y)dyds, (I.1.5.1)

for t € [0,T], z € D. We have that J is well defined in some spaces as defined in the following
lemma.

Lemma 1.1.5.1. i) Letp>1, a > 1, 1<ﬂ<§ 7>% guchthat%:1+]l?_é.
Then J is a bounded linear operator from LY(0,T;Ly) into L*°(0,T;LP). Moreover there

exists a constant Cg such that

ol

17(2) (& )zw < Cp /O (t— )53 p(s, )| ds, (11.5.2)

1T(0) (¢, )|w < CatF2+5 </ (s, 7. d3> (1.1.5.3)
for allt € [0,T].

ii) Let p > 4 and v > 1%' Then the operator J maps LY(0,T; L,) into C([0,T] x D).
Moreover there exists a constant Cry such that

2=

T
supsup (7¢)(6.2)] < Oy ([ o007, ) (L1540

0<t<T z€D
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Proof. These results are inspired by [41, Lemma 3.1], but we need to perform all the compu-
tations since now we are in a two dimensional domain.

We first prove 7). Using the continuous version of Minkowski’s inequality, then Young’s
inequality with é + % =1+ %, and we get

y9(t —5,-,y) - p(s,y) dyds
Lr

t
ds = / Vyg(t —s,0,:) % (s, -)||e ds
0

yg(t — s, y) - p(s,y)dy
Lp

1

t t 1.3
Vgt = 5,0 zslle (s, )l dSSCﬁfo (t =) 2[le(s, )|z ds

This proves ([[.1.5.2). By Holder’s inequality, provided v > 5= 28 35 We estimate the latter quantity

by
e [u-9d ) (/ (s, I ds)

Calculating the first time integral we obtain (I.1.5.3
As regards i), we use the factorization method (for more details see, e.g., [22 Section
2.2.1]), which is based on the equality

to\o:

™

= /t(t —r)* " r—s)"%dr, a€(0,1). (1.1.5.5)

sin(ma)

We also use the Chapman-Kolmogorov relation for s < r <t
/Dg(t —rx,z)g(r—s,z,y)dz = g(t — s,x,9)
which, thanks to the symmetry of the kernel ¢ in the space variables, gives
/D(?Zig(t r,x,z)g(r —s,z,y)dz —/ —03,9(t —r,x,2)9(r — s,2,y) dz
= —0p, /Dg(t —r,2,2)9(r —s,2,y) dz = —0,,9(t — s,2,y) = 0y, 9(t — s,z,y). (1.1.5.6)

Let us show that Jyp, defined in ([.1.5.1)), has an equivalent expression given by

(Jo)(t,z) = ST /Ot(t—r)“_l ( /D Vzg(t—r,:v,z)-Y“(r,z)dz)dr (1.1.5.7)

™

Yr, z) = /Or /D(r —8) %g(r—s,z,y)p(s,y)dy ds.

For this it is enough to check that

t
/ / 0y, 9(t — 8,2, y)pi(s,y) dy ds
0 D

= Sin:m) /Ot(t — )t (/D 0,9t —r,x, 2)Y,(r, 2) dz) dr

with
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for i = 1,2. Let us work on the r.h.s.; keeping in mind the definition of ¥Y;* and by means of
Fubini theorem we infer that

/Ot(t -t (/D Oz,9(t — 7,2, 2)Y{(r, 2) dz) dr
= /Ot(ltr)“‘1 </D 0.,9(t —r,x, 2)
[/0 /D(” —8)7g(r = 5,2,y)ei(s,y) dy ds| dz) dr
- [([a-nre-g
[/ / Ouglt =1, 2)g(r - Sy%y)dZ} pi(s,y) dy] dr) ds

:/ </ (t — )" U By g(t — 5,2, 9)pi(s, y)dy] dr)ds by (L1.5.6)
Sln a) //81 —8,2,y)pi(s,y) dy ds by '
™

This proves ([.1.5.7)). Therefore, by Holder’s inequality we get

U)) < E [ e 19g0 = r) V0 dr

s

. + B
< cpsm(m) / (t—r) Y, ), dr by ([[128) if p > 4.
0

™

Now we estimate ||Y*(r,-)||z,; by means of Minkowsky’s and Young’s inequalities and using
([.1.2.11]) we infer that

VoG lls, = H [ [ o=t smpts ay as

< [r=o
= [ (= gt = 5,009 w (5.l 0o
< [ =97 latr = 5,09 s lp(s. 1,05

<c| (= ) (s, )|, ds.

Ly

ds
Lp

/ o(r — 5, 9)0(5,7) dy
D

N

Collecting the above estimates, by means of Fubini theorem we obtain that
sin(ma) [* a_3_1 " —a
o) <D i ([ ot g ) ar
(

=D [t ([ - n e -9 ear) as

N
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With the change of variables r = s + z(t — s) we can compute the inner integral as follows:

/St(t —7r)"

[SI)

_1 _pr2 1 a 31
p(r—s) %dr=(t—s) 2@/(1—2) 2 rz % dz
0
2 1 +2
= (t— s)_%0 / (1-— z)a_l_p?Tz_a dz.
0

The latter integral is equal to the beta function B (1 —a,a— %), which is finite provided

b= +2 < a < 1; therefore given p > 4 we choose a € (p ;;2, 1) Hence

(To)(t2)| < C, /0 (t - )75 llp(s Iz, ds

<cp</0t<t—s>‘p2% 1ds) (/ (s, L, ds)l
< cny ([ e, 05 ”

for %ﬁ <1, ie v> pQsz.

The above estimate shows that Jy € L*([0,T] x D) for every ¢ € L7(0,T}; Ly). It remains
to prove that Jp € C([0,7] x D). Let us notice that for step functions ¢, J¢ is a space-
time continuous function; this follows from the well posedness of the integral fg Jp Vyg(t —
s,z,y)dyds (let us recall that fot [p |Vyg(t = s,z,y)|dyds < oo, see ([.1.2.9)). This kind
of regularity can be then extended to every ¢ € LY(0,T;L,) by a standard approximation

procedure. O

1.1.6 Existence and uniqueness of the solution

The main aim of this Section is to prove the existence and uniqueness of the solution to the
SPDE as stated in Theorem . Since the derivative of w is formal, we consider
the equation in a weak sense, as in [90] for the stochastic heat equation. In order to simplify
the notation, recalling the relation between the vorticity scalar field £ and velocity vector field
v given by the Biot-Savart law , let us define the vector field (&) =& (kx &), i.e

[g(O)(z) = &(2) /D k(z —y)&(y) dy. (1.1.6.1)
By means of Holder’s inequality, from ([.1.2.26|) if p > 2 we know that
gz, < l€llzellk * €l < Cpll€lZs (1.1.6.2)

namely g : LP — L, for any p > 2. This allows to write system ([.0.0.1)) in an equivalent form,
where the velocity does not appear anymore.
Since v = k x £ is divergence free, for the nonlinear term in equation ([.0.0.1) we have

v-VE=V - (vE) =V - q(&).

Therefore we give this definition of solution to system ([I.0.0.1]). This is a weak solution in the
sense of PDE’s, hence involving test functions ¢.
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Definition 1.1.6.1. We say that an L?—valued continuous, F-adapted, jointly measurable (in

the variables t,x;w) stochastic process & is a solution to (1.0.0.1)) if it solves (1.0.0.1)) in the

following sense: for every t € [0,T], ¢ € W with a > 2 we have

/D§(t,a: d:c—/ /§s z)Ap(x dxds—// ) - Vo(x)dzds
/fo dx—i—// 7)) w(dz,ds) (1.1.6.3)

Notice that the non linear term is well defined since, using repeatedly Holder’s inequality
and the Sobolev embedding, we obtain

/ 9(€(s,)(@) - Vep(r) da
D

P-a.s.

< ”VSDHLOO HQ(é(Sv ))||L1

S OIVellwsllk« (s, Lo llECs, g2 if s >1
< Cllellwsnlles, )z by [1227) (a=1, B=p=2).

Following the idea of [90] for the heat equation or of [41] for the Burgers equation one obtains
that this is equivalent to ask that, for any (¢,2) € [0,T] x D, £ = {{(t,2),0 <t < T,z € D}
is a jointly measurable, Fy-adapted process which satisfies

étt.0) = [ otanawans [ [ o sm0) a6, )0 dyds
// —s,z,y)o(&(s,y)) w(dy,ds) (1.1.6.4)

P-a.s. The stochastic integral is understood in the Walsh sense w.r.t. the martingale measure
introduced in Subsection [[1.3.21

The non linear term ¢(§) that appears in is non Lipschitz. Therefore, we use a
localization argument to prove the existence and uniqueness of the solution. By means of a
fixed point argument we prove at first the existence and uniqueness result for a local solution;
then the global result follows from suitable estimates on the process &.

Thus, we first solve the problem when the nonlinearity is truncated to be globally Lipschitz.

[.1.6.1 The case of truncated nonlinearity

Let N > 1 and denote by Oy : [0, 4+00) — [0,1] a C! function such that |©y(s)| < 2 for any
s >0 and

1 Hfo<s< N
O = - 1.1.6.5
N(s) {0 ifs>N+1 ( )

Given & € LP, for p > 2, we define
an (&) = a(©)On ([l zr), (1.1.6.6)

an (&) = a()ON (€] Lr)- (1.1.6.7)
By (L.1.6.2) we know that ¢, gy : LP — L), for any p > 2. In addition we have
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Lemma 1.1.6.2. Fiz N > 1 and p > 2. Then there exist positive constants C, and Ly, such
that

lan ()|, < Cp(N +1)* V¢ € L7, (1.1.6.8)
lan(OllL, < Cp(N+1)>  VEeLP (1.1.6.9)

and
lan(§) —an(llz, < Lnpll€ —nllze V& m € LP. (1.1.6.10)

Proof. The global bounds comes from ({[.1.6.2]):
lan (I, < CpllElZrON(I€]lLr) < Cp(N +1)%,

G )z, < CpllElTo|ON (IIEllze)] < Cp(N +1)%

Let us now show that ¢y is a Lipschitz continuous function. The idea is to use the mean
value theorem: we show that gy is Gateaux differentiable in any point of LP and its derivative
is bounded. The result will follow by

lan(§) —an(n)lz, < Sl[épl] | Dan (t§ + (1 = t)n)ll e e 1§ — nllLe (I.1.6.11)
te|0,

where Dgn(§) : b — Dpgn(§) is a linear and bounded operator from L into L, defined as
gn (€ +¢eh) —qn(§)

Dpgn(§) := lim (I.1.6.12)
e—0 3
and
1Dan ()l z(zroir,y = sup  |Dran(€)llL, -
IAllLp <1
By ([.1.6.12) we have

Dign(€) = (&) DrOn([€llze) +h (B x ON([I€llzr) + & (k + h)ON (€] 2r)-
Since Dp(|I¢]|zr) = €] 1" (€1EP2, ) we get

DhON([I€ll0) = ON (1€l L) 1€ 7 EIEP 2, B).
Therefore, bearing in mind (I.1.2.26]) and (I.1.6.9)) we infer that

[ Dran (§)]lL,
< O €l IEN P12 B g€,
+1ON &l o)Ak * )z, + [ONIEllLo)[IEk * h)|L,
< |ON Ul e llg(E)]lL,
+1ON &l o)Al e |k * &l Lo + 1ON[El L) €l Lo |k + Rl Lo,
Il zellgn ()N, + 2Cp|ON (€l Lo ) IRl e [[€] e
Cp(N + 1)?(|h|| e + 2CH(N + 1) ||| L»-

<
<

Hence we get
sup 1Dan (€)llz(zrr,) < Cp(N +1)% +2Cp(N +1).

Thanks to ([.1.6.11)) this proves (I.1.6.10]). 0
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Remark 1.1.6.3. Notice that, since the relation between v and & is non local in space (see
(1.1.2.22)) ), we can not consider a tuncation punctual in space, namely of the form © N (|£(t, x)]),
(t,z) € [0,T] x D. This would not provide a bound for v as (.1.6.8)).

We aim at proving the existence and uniqueness of the solution to the smoothed version

of system ([.0.0.1)) that is

PN (1) — A1) + ot ) - Ven (1) (e (1, llzs) = o(En(t, ), di)

V- on(t,z) =0
En(t,z) = Vi uy(t, o)
En(0,2) = &o(x)

Thanks to ([.1.6.1) and ([.1.6.6) this can be written in the Walsh formulation as

t
&@@ZLMWW%@@+//waﬂ%WﬁM&@ﬁwwﬁ
// —s,z,y)o(én(t, z)) w(dy,ds). (I.1.6.13)

We have the following result.

Proposition 1.1.6.4. Let N > 1, b > 0 in ([.1.3.3) and p > 4. Let assume that Hypothesis
(H1) and (H2) hold. If & € LP, then there exists a unique solution {n to equation ([.1.6.13))

which is an F-adapted jointly measurable LP-valued continuous process such that
E sup [|En ()7, < oo (1.1.6.14)
0<t<T

Remark 1.1.6.5. The stochastic convolution term appearing in ([.1.6.13)) is well posed; the
formal proof of this fact is given in Theorem where we also show that the solution

process En to ([.1.6.13)) is jointly measurable.

Proof. Let N > 1 and p > 4. Let B denote the space of all LP-valued Fs-adapted continuous
processes 7 such that

Inll =E sup |[In(t, )7, < oc.
0<t<T
Let us set
(Mén)(t x) = /Dg(t,x,y)éo(y) dy + (Jan (Ex))(t, ) + AEn(t, ),

where (Jgn(En))(t, ) is given by ([.1.5.1) and

(AEN)(t, ) / / —s,x,9)0(En(s,y)) w(dy,ds). (1.1.6.15)

We shall prove that M defines a contraction on B. First,

sup <‘
0<t<T

p
[Mén|ls < C,E

/mme@@
D

+I1(Jan (En)) () Le + (AN (T, ')II’&)] :

Lr
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Using Young’s inequality and ([.1.2.10)), we infer that

p

< sup llg(£,0,)[Lr [€ollze]” < oo.
Lp 0<t<T

sup
0<t<T

By estimates ([.1.5.2]) (with 5 =1, a = p) and ([.1.6.8)) we get

/ ot y)o(y) dy
D

1(Jan (€n))(E, )| e < /O (t =) "% [lan(En (s, )|z, ds < Cp(N + 1)%2

and so || Jgn(n)|ls < Cp(N + 1)2T% < oo. Finally by Corollary [[.1.4.6/and Hypothesis (H2),

AN ls =E sup [[(A&n)(E.)I}s < Crpo B sup [lo(én(t, )L < oo
0<t<T 0<t<T

Thus M is an operator mapping the Banach space B into itself. It remains to prove that M
defines a contraction. From ([.1.5.2) with &« = p, # = 1 and the Lipschitz result of Lemma

we infer that
1T (€N (E) — (Jan(E)(t: e < C / (1 — 5) Hlan (€4 (5.)) — an(€ (5. ) [, ds
<ClLy, /O (t = 5) H (s, ) — (s, ) ds

t 1
< ClLy, <Os<ugt||£11v(8w)—512\/(87-)\&?) [e-stas

= O, T2 ( sup [lEn (8, ) — & (¢, ')IILP)

0<t<T

Since the above estimate holds for every ¢ € [0, T], taking the supy<;<r on the Lh.s. and then
the expectation, we get

1Tan(€h) = Jan (€)|ls < CLa T ||EN — EXlls.

Using the lipschitzianity of o (hypothesis (H1)), by Corollary we have for a € (0, 3)
AN — ANl < LCp,a,QTap_lEozggT lex (8, ) = €X (8 )70 = LCpa T IEy — Xl
Collecting the above estimates we finally get
M = MK 1z < Crnpgamax (T5,777) e = k.

If T satisfies Cy p @ max (T%,To‘p_l) < 1, then M is a contraction on B. Hence the operator
M admits a unique fixed point in the set {¢& € B : £(0,-) = & }. Otherwise we choose £ > 0 such

that Cy p o max (t%,thpfl) < 1 and we conclude the existence of a unique solution on the
time interval [0,#]. Since C p g does not depend on &y, by a standard argument we construct
a unique solution ¢ to the SPDE ([.1.6.13)) by concatenation on every interval of length £ until

we recover the time interval [0, 7. O
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In the following Section we shall see that Proposition [.1.6.4] provides uniqueness and local
existence for the solution in Theorem To gain the global existence we need a uniform
estimate as proved in the following lemma, inspired by [41] and [42].

Lemma 1.1.6.6. Let p > 2. Let z = {z(t,z),t € [0,T],z € D} be a function belonging to
C([0,T); LP). For every N > 1 let By € C([0,T]; LP) N L%(0,T; W) be a solution of the
integral equation

B(t ) = /D o(t, 2, y)éoly) dy + /0 /D Vgt — s,2,9) - an (Br(s, ) + 2(s,))(y) dy ds
(1.1.6.16)

where &g € LP. Then we have

sup sup [[Bn(t, )5 < [I€ollhs + Ci(2)] €26
N>1t€[0,T]

where C1(z) and Co(z) are given by

Ci(2) = CpT sup ||=(t, )2
t€[0,T]

and
Ca(z) = C,T (1 + sup |[[2(t, ')II%p)
te[0,T
for some positive constant C,.

Proof. Let us fix N > 1. As done before, we can show that a solution to ([.1.6.16)) is a weak
solution to the PDE 5
&,BN :ABN—V'QN(,BN—I—Z) (1.1.6.17)
with initial condition Sy (0, z) = &(z).
We consider the time evolution of the LP-norm of By(t,-). Notice that, since By €
L?(0,T; W1); V3 exists and we will use this fact in the following computations. We point out
that, formally, the proof of the existence of the solution to ([.1.6.16] requires some Galerkin

approximations Bfﬁ, of Bn. A priori estimates, uniformly in k, are proved for B]’i, and then we
pass to the limit.

From we infer that
d _ 0
G = [ Bt ol 28x () Sov(to) do
) / Bt 2) [P~ By (6, ) ABy (1, ) da
D

p / B (b, )P 2B (8, 2)V - an (B (2, ) + 2(t, ) () da
D

Integrating by parts the two latter integrals we obtain (writing for short Sy (t) instead of
Bn(t,-))

LB ()1, + 2o~ DB 0]"Z VB ()3
= p(p — D(BNB)IP2, VBN (L) - an (B (t) + (1))
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We need to work on the latter term. Let us write the quadratic term gn(Bn(t) + 2(¢)) in
the form O ([|Bn(t) + 2(8)l|Le )k * (Bn(t) + 2(t)) (Bn () + 2(t)) = ON(IBN(E) + 2(E)[| )k *
By () +2(t) Bn(t)+ON(|Bn(t)+2(t) ||z ) k* (B (t)+2(¢)) 2(t); then using the basic property
(BN ()P~28N(t), VBN (t)-v(t)) = 0 (where v is a divergence free velocity field; this is obtained
again by integration by parts, see for instance [8, Lemma 2.2]) we obtain

S18n O, +plp— DIISN )T VB (B3
= plp — )OI (1) + =) 1) B ()P 22(0), VAN (D) - [k (B () + =(0)]). (11.6.18)

Let us estimate the r.h.s., using Holder’s and Young’s inequalities.

[©x(18() + =0l B (OF 20, VBN () - [+ (@) + ()
< O (18w (1) + ()| 183(1)] 2 V3w (1)
118517 2@z 1k * (B () + 2(8) | 2.
< Gl T TN 21BN 1T 20l 218w(0) + =)o by (1229
< CyllBw ()= I 18w O3 1262 (183 (0o +112(2)10)
< SNBNOIT TBN O + ColBx BIE, 12013
+ CllBN O + Gl 12

|12

)
)

Coming back to equation ([.1.6.18)), we have obtained that

27(])2_1)" ’ﬁN(t)‘pTQVBN(t)”%?

< Cp (L4 [l2)120) 11BN O + Cpllz) 175 (1.1.6.19)

d
BN O+

Using Gronwall lemma on the inequality

SN, < Cp (1+ 1= I8N O + Coll=(0) 12

we obtain

2 t t 2
P e R R AL A L B U
< eC (1+Sup0<s<T lz( S)HLP) (H&OH —|—C'pT sup Hz(r)”i%) .
0<r<T
The r.h.s. of the above estimate does not depend on N and so we get the desired result.

1.1.6.2 Proof of the main result

We go back to the original equation ([.0.0.1) in the form given by ([.1.6.4) and prove the
existence and uniqueness result stated in Theorem [.1.1.7]
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Proof of Theorem[[.1.1.1 Uniqueness is provided in a classical way by a stopping time argu-
ment. More precisely, suppose that ¢! and &2 are two solutions to equation . These
are LP-valued processes (for p > 2), continuous in time. Both satisfy thanks to the
equivalence between the formulations (I.1.6.3) and (I.1.6.4]). Let us define the stopping times

Tho=1nf{t >0 €t )|l > NIAT,  i=1,2,

for every N > 1 and let us set 753, := TN A T%. Setting 4 (t) = E(t A T5) for i = 1,2, for all
t € [0, 7] we have that the processes &} n and £2 y satisfy m hence, by the uniqueness
result given by Proposition [.1.6.4] m & = &3 P-as. for all t € [0,T), that is £ = £2 on [0, 7%)
P-a.s. Since 7y converges P-a.s. to T', as N tends to infinity, we deduce ¢l = ¢2 P-as for
every t € [0,T].
Let us now prove the existence of the solution in [0, T]. Let p > 2; let us define the stopping
time
oy :=inf{t >0: ||En(t,")|lr > N} AT, (I.1.6.20)

for every N > 1. {on}n>1 defines a non decreasing sequence. In Proposition we
have shown the global existence and uniqueness of the solution &y to the truncated problem
(.1.6.13). By uniqueness of the solution to , the local property of the stochastic
integral yields, for M > N, &n(t,-) = (e, -) for ¢ < opn; so we can define a process £ by

£(t,) = En(t,-) for t € [0,0n]. Set 0 := supy>j on, then Proposition [I.1.6.4] tells us that
we have constructed a solution to ([.1.6.13]) in the random interval [0, 0 ), and it is unique.
To conclude, we just need to prove that

0o =T P —a.s. (I.1.6.21)
that is equivalent to verify that

lim P(oy <T)=0.

N—oo
Set

Zn(t, ) / / —s,2,y)0(En(s,y)) w(dy, ds) (I.1.6.22)

Applying Corollary [[.1.4.6] from Hypothesis (H2), we obtain

sup E [ sup |lzn(t, )Hm] < 0. (1.1.6.23)
N>1  |0<t<T

For every N > 1, set On(t,z) = {n(t, o) — 2y (L, x) for t < 0a. By and zy satisfy Hypothesis
of Lemma In fact for p > 4, b > 0 and Hypothesis (H2), from Corollary
zy € C([0,T]; LP) P-a.s.; from Proposition we know that &y € C([0,T7]; LP) P-a.s.
Hence, for sure, fy € C([0,T]; LP) P-a.s. for every N > 1. Actually Sy is more regular than
&n and zy. Indeed, By satisfies the equatlon aﬁN —ABN = —V-qn(&n) where gy (£n) belongs
at least to L2(0,T; Ly) thanks to . Hence according to a classical regularity result for
parabolic equations (see e.g. [54] Chapter 4.4, Theorem 4.1]) we have that By € L2(0,T; W1).
Then we have that, for every N > 1,

CQ(ZN)

1
sup log||Bn(t,-)llzr < —log(ll&ll7s + C1(zn)) +
te[0,77] p
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and E [C1(zn)], E [Ca(zn)] are bounded by a constant that does not depend of N, according

to ([.1.6.23)). Hence, for all N > 1,

E | sup log|Bn(t,-)llze | < Cpr (1 +log [l€ollZ,) < oo,

te[0,T

uniformly in IV, by means of Jensen’s inequality. By Chebychev’s inequality, it follows that

Ploy <T)=P ( sup Jen(t,ller > N)
te[0,T

§P< sup [ >||Lp>N> +P< sup. |, >||Lp_]2v)

tel0,T €[0,77

1 2
< —— B | sup logl|Bn(t,)lze | + E | sup |lzn(t, )l e
log () [¢elo.r) N eeno
< Cp,T (1 +10g ||£0HLP> + Cp,T7
. log N N

for some constant Cj, 7 and CA’va, independent of N. Then we obtain that limy_,. P(ony <
T)=0.

Finally, we assume &y to be continuous; then the solution £ given by is the sum
of three terms. The first one, [, g(¢, 2, y)é(y)dy is continuous by the properties of g (see
Theorem [[.1.2.4 m(u) As regards the second one, since & € C(D), then & € LP for any p.
Choosing a value of p > 4, we find that ¢(¢) € C([0,T]; L) and Lemma [[.1.5.1)(#) provides
that Jq(¢) € C([0,T]x D). Finally the third term is continuous thanks to Corollary[[.1.4.5

Remark 1.1.6.7. Let us notice that, once we have proved the existence of a unique local
solution in the space B (see Proposition , in order to have the existence of a space-time
continuous modification of the stochastic convolution term it 1s sufficient to require
o satisfying a linear growth condition. The stronger hypothesis (H2) is made in order to obtain
an uniform estimate in N. Only in this way we can pass to the limit N — oo and prove the
existence of a global solution (see proof of Theorem .

Moreover, o satisfying a linear growth condition is sufficient for to be well de-
fined. The stronger assumption (H2) is needed for the well posedness of

/ / ~ 5,2, 9)0(€(s,y)) dy ds. (1.1.6.24)

In fact, we can not perform a fized point for & in the space L™ ([0,T] x D; LP(Q2)) gaining the
reqularity of the integrand process needed for the well posedness of (1.1.6.24]) (see Proposition
[.1.4.1). This is due to the presence of the non linear term which is not Lipschitz continuous.

O






Chapter 1.2

Existence of a density for the image
law of the solution

1.2.1 Introduction

In the present Chapter we study the regularity of the solution to ([.0.0.2]) in the sense of
stochastic calculus of variations, namely we prove the existence of the density of the random
variable £(¢, z), solution to ([.0.0.2), for fixed (¢,z) € [0,T] x D. For this we use the Malliavin
calculus (see [72]) associated to the noise that appears in ([.0.0.1). We prove at first that for
any fixed (t,x) € [0,7] x D the random variable £(t, x) belongs to the Sobolev space ]Dll(;lc) for
every p > 4. Then we prove that the law of £(¢, x) is absolutely continuous with respect to the
Lebesgue measure on R. We point out here that the localization argument we use in order to
achieve this result does not provide the smoothness of the density since we do not have the
boundedness of the derivatives of every order. Moreover, let us notice that the technique of
analysis of the existence of the density by means of Malliavin calculus is suited for a scalar
unknown; the case for a vector unknown is much more involved (see, e.g., [72]). This is the
reason why we work on the Navier-Stokes equations in vorticity form instead of the
usual formulation with respect to the vector velocity.

We shall require more regularity on the covariance function o. In addition to hypothesis
(H1)-(H2) (see Chapter we make the following assumptions.

(H3): o is of class C! on R and has first derivative bounded;
(H4): there exists o9 > 0 such that |o(z)| > o9 for all x € R.

The main result we will prove is the following.

Theorem I1.2.1.1. Let b > 1 in (1.1.3.3) and assume that hypothesis (H1)-(H4) hold. If
& € C(D), then for every t € [0,T] and x € D the image law of the random variable £(t, x)
1s absolutely continuous w.r.t. to the Lebesgue measure on R.

We can use the framework of the Malliavin calculus in the setting introduced in Section
namely the underlying Gaussian space on which to perform Malliavin calculus is given
by the isonormal Gaussian process on the Hilbert space Hp. The basic facts about Malliavin
calculus used in this Chapter are recalled in Appendix |Bl We use these results for the random
variable £(t,x), solution to equation and the random variable {x (¢, x) solution to

95
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equation ([.1.6.13)). We appeal to the Bouleau-Hirsch criterium (Proposition [B.3.1). More
precisely, by means of Proposition [B.3.3] in Section we show that &y (¢, ) € DYP; hence

E(t,x) € Dll(;g . In Section |I.2_.3lwe prove that {x (¢, x) satisfies assumption of Theorem
B.3.1] The same condition holds for £(¢,z) as we shall see in Section

The present Chapter is organized as follows. In Section [[.2.2) we show that, for every n € N,
for every (t,x) € [0,T] x D, éx(t,z) € DYP, p > 4. In Section we prove that {n(t, x)
satisfies assumption of the Bouleau-Hirsch criterium. In Section we construct
a sequence {Qn}n>1 such that (Qn,&n) localizes £(¢,z) in DYP. From that we infer the
existence of a density for the image law of £(¢,x). Finally, Section is devoted to a brief
overview on the results available in literature concerning the regularity in Malliavin sense for
solutions to SPDEs.

[.2.2 Malliavin analysis of the truncated equation

In order to show that &n(t,z) € DY we use Proposition [B.3.3, We introduce a Picard
approximation sequence {5} , for & and we show that as k — 400, the sequence ¢k (t,2)
converges to &n(t,2) in LP(Q) (for N > 1 fixed) and supy, ||€5 (¢, 2)]1p < oo uniformly in
(t,x) € [0,T] x D. A similar argument has been used in [20] for the Cahn-Hilliard stochastic
equation and in [66] for the one dimensional Burgers equation. Let us point out that the
smoothness of the density cannot be obtained via this location argument, since this procedure
does not provide the boundedness of the Malliavin derivatives of every order.

First, we need to improve the result of Proposition This is done in the following
theorem, whose proof provides the approximating sequence {51’%},% of the Picard scheme. We
shall need a variation on Gronwall classical lemma (see [27, Lemma 15]), that we recall here
for the sake of completeness.

Lemma 1.2.2.1. (Ezxtension of Gronwall’s Lemma). Let g : [0,7] — R4 be a non-
negative function such that

/OTg(s) ds < o0.

Then there is a sequence {ay}nen of non-negative real numbers such that Y > | an < 0o with
the following property. Let {fn}nen be a sequence of non-negative functions on [0,T] and ki,
ko be non-negative numbers such that for 0 <t < T,

fult) < k1 + /Ot(/@ + fu-1(s))g(t — s) ds.

If supg< <1 fo(s) = M, then for n > 1,

n—1

fn(t) <k + (kl + kQ) ZCLZ‘ + (]{72 -+ M)an.
i=1

In particular, sup,>qsupg<i<r fn(t) < oo, and if k1 = ke = 0, then ), 5, fa(t) converges
uniformly on [0,T7].
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Theorem 1.2.2.2. Fix N > 1 and p > 4. Let assume that Hypothesis (H1) and (H2) hold.
If b > 0 in ([.1.3.3) and & is a continuous function on D, then the solution process En to

(1.1.6.13) is LP(Q2)-continuous and satisfies

sup sup E[&n (¢, 2)|P < 0. (I.2.2.1)
0<t<T z€D

Proof. We shall follow a standard Picard iteration scheme. For every (¢,x) € [0,T] x D, let
us define

(t.a) = [ oalta)dy (1222)
and recursively for k > 0, assuming that &% (¢, z) has been defined,
K91, 0) = E4(1, ) + (Jan (€4)) () + (A€ 2) (122.3)

with JqN(gjk\,) and A, defined respectively in in ([.1.5.1)) and (I.1.6.15)). Assume by induction
that for any 7' > 0,

sup sup E|&X (¢, 2)|P < oo, (I.2.2.4)
0<t<T zeD
that &% (¢,2) is Fr-measurable for all z € D and 0 < ¢t < T and that (t,2) — &k (t,2) is
LP(Q)-continuous for p > 4. By Remark we see that (t,z;w) — &% (t,7;w) has a
jointly measurable version. Then the stochastic convolution term Agjk\, appearing in ([.2.2.3])
is well defined. Its well posedness follows from Lemma [[.1.3:4] thanks to Proposition [[.1.4.1]
the linear growth condition of o, and the inductive step. On the other hand ,

([.1.6.8) and Proposition [[.1.6.4] provide the well posedness of the non linear term JqN(lei,).
It follows that fﬁfﬂ(t,x) is well defined and by ([.1.6.8) and Proposition |[.1.4.1} the linear

growth condition of the coefficient ¢ and ([[.2.2.4]), it holds

sup sup E\ﬁf\,ﬂ(t, z)P < oo.
0<t<T zeD

We first prove that for 7' > 0 and p > 4,

Sup sup sup E[ﬁﬁ,(t,x)]p < 0. (I.2.2.5)
k>0 0<t<T zeD

It holds
Bk (1, 2)? < C (BIE (1, ) + ElJan (€§)) (1, 2)|P + EMAES) (1, )P

For every (t,z) € [0,T] x D, from Lemma[[.1.5.1|(%) (for v = p, provided p > 4) and (I.1.6.8])

we get
E|(J(qn (EX))(t, )P < Cnirp. (1.2.2.6)

By (I.1.3.4) and (I.1.4.2) it follows

t
Bkt < lgft =2l [ supBlek (s, e = 2.} 1% ds
Yy

t
< Cp,T/ sup EIER (s, ) [P [lg(t — s,2,-)[[72 ds.
0 yeD Q
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and the above estimates is uniform in z thanks to ([.1.3.4)). Since

p
sup E[¢Y (t, )P = sup / So(w)g(t,z,y)dy| < sup [[[Sollzellg(t = s, y)llr:] < [1€ollL~ < oo,
zeD zeD zeD
we get

t
sup EIEEH! (6,:2)7 < (ol + Cora) + Cpr | sup Bleh (s, )P lo(t = 5,2, )| ds.
e yeD

Setting

fr(t) :=sup E[&I‘{,(t, x)|P,
xeD

since supp<s<r fo(s) < 0o, we conclude by Lemma [[.2.2.1| that ([.2.2.5) holds. In order to
conclude that the sequence {&% (¢, ) }x>0 converges in LP let us set

oi(t) = sup E|¢hT (s, 2) — Eh (s, ) P
x€eD

Proceeding as above, by Hypothesis (H1) and Lemma [[.1.6.2) we infer

t
or(t) < Cpr N, D] /0 or—1(8) (1 + gt — s, x, )H%g) ds. (1.2.2.7)

By Hypothesis (H2), for the same considerations made for the well posedness of ,
Supg<s<7 $o(s) < oo. By Lemma we conclude that ), -, ¢(t) converges uniformly on
[0, T7]. It follows that ¢ (t) — 0 uniformly on [0, 77, as k tends to infinity. That means that the
sequence X (¢, x) converges in LP(Q), uniformly in (¢, x) € [0,T] x D, to a limit that we denote
En(t,z). In order to check that £ has a jointly measurable version, we have to show that it is
continuous in L?(2) as pointed out in Remark Once this is done it is easy to verify that,
by construction, the process {n = {{n(t,x),0 <t < T,z € D} is the solution to and
satisfies . Since the convergence of 55“\, to &y is uniform in LP, it is sufficient to show
that each &%, is LP(Q)-continuous, for p > 4 (and so in particular L?(Q)-continuous). This is
proved in Lemma Uniqueness of the solution to is checked by a standard
argument: the same calculations that lead to shall be employed. O

Remark 1.2.2.3. Given a process X = {X(t,x),0 < t < T,x € D}, this has a jointly
measurable version if the map (t,z) — X(t,z) from [0,T] x D into the space of random
variables is continuous in probability (see [33, Chapter IV, Theorem 30]). If we deal with a
Gaussian process this is equivalent to show that the map (t,z) — X (t,) is L*(Q)-continuous.

Lemma 1.2.2.4. Under the same assumptions of Theorem each of the processes 51% =
{€k (t,2),0 < t < T,z € D} defined in the proof of that Theorem is LP(Q)-continuous for
p > 4.

Proof. Fix N > 1 and k > 0, assume by induction that fﬁ, is LP(Q))-continuous and (I.2.2.4))
holds. Let us begin with time increments. For 0 < ¢t < T,z € D, h > 0, from ([.2.2.3)) it
follows

EIEh (¢ + hw) — €571 (1 2) P < cp(A]Y + AFY),
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where
t+h
AP <\ [ [ gt - s 0o €. was,an
/ / — s,2,9)0 (€% (5,9)) w(ds, dy)
and
h) t+h
A bg(t+h—s,2,1) - an (€& (s, ) (y) dy ds

p

_//vyg(t_s’%?/)'qN(Szl%(Sa'))(y)dyds
0o Jp

By Remark it follows

p

Agh) < CPE ’/0 A [g(t +h— S7$7y) - g(t - S,.%',y)] U(f%(S,y)) w<d$7dy)

p

t+h
/t /Dg(t+h_87x7y)0(§5€\/(57y))7ﬂ(d8,dy)

< Oryp sup sup Elo(¢X (1, 2))[P
0<t<T zeD

X (||g(t+ h — EELD ) 7g(t R )Hg{ + Hg(t+ h—- x, ')Hg-((t’t_‘_h))

+ B

D
2

= Cryp sup supE|o( {N (t,z) ([/ llg(t+h —s,z,-)—g(t —s,x,-)H%des]

0<t<T zeD

t+h 5
[ ot sl as] )
t

Let us set .
h
AL = [lata+h =09 = glt = 5,2 s
and
() t+h )
A = [ ot h= sl ds
By ([.1.3.4) we have

2

AR = 3 Ik / e PRy () — TPy ()| ds

kez?
g2 A .
( |k[*h ) o2k (t=5) g
k 72 0

1 ) 2

< k‘Qb-Q(_““'h—l) 50  forh—0

_2(%)2;2\1 e or ,
(S
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provided b > 0, by the Dominated Convergence Theorem. Similarly,

(h) 1 o [T o
Ay = )2 Z |k e ds
kez2 t
-1 ST (1) 50 for b0
2(2m)?2 ’
kez?

provided b > 0. Then we conclude that Agh)

Concerning Agh), observe that

— 0 for h — 0.

h h h
Ag ) < Cp(Agl) + AéZ))

where

(») : k ’
Ay =E ’/0 /D [Vyg(t+h—s,2,y) = Vyg(t — s,z y)] - an(EX (s, ) (y) dy ds

and
P

t+h
A | [ [ Vgt h- sm) - av(€ls ) dyds
t

From Holder’s inequality, by ([.1.6.8]) it follows

t
AP < eny / /D Elq (€% (s, 1) dy ds
0
t v p—1
x (/ / Vgt +h—s,2.) — Vyglt — s,2,)|7 dyds>
0 D

t p—1
gCN,p,T (/ / |Vyg(t—|—h—s,:n,y)—Vyg(t—s,x,yﬂﬁ dyds> )
0 JD

for a p > 4. By the Dominated Convergence Theorem, ([.1.2.9)) and the fact that (¢,z) —
g( -5 '7y) is COO([()?T] X D)v

t
//\Vyg(t+h—s,x,y)—Vyg(t—s,m,y)lpz dyds — 0 for h — 0.
o Jp

Then it follows that Ag{) — 0 as h — 0. In a similar way we prove that Ag{) —0ash—0

and so we conclude that Agh) — 0 as h — 0, proving in this way the time continuity of ﬁv(t, x)
for a fixed x € D.

We now consider space increments. For 0 <t < T, z € D, h € R?, from ([.2.2.3) it follows
B¢ (¢, @ + ) — €51, )P < ep(BI + BIM),

where

p

B = /0 [ latt =52+ i) ot .2 o (€h(5.9)) wlds.do)
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and

p
Vgt — s,z +h,y) — Vyg(t — s,2,9)] - an (€ (s, ) (y) dy ds

By Proposition and Holder’s inequality it follows

h
BM < Cr, sup supElo(€l(t,2))Pllg(t — -z + h,-) — g(t — 2, )%,
0<t<T z€D

[S]iS)

_ Cry sup sup Elo(ek(t,2)7 [/ Lot — s, 4 h,-) — glt — 5,2, )% ds]
0<t<T xzeD Q

Let us set

t
h
B = / gt — 5,2+ h, ) = g(t — 5,1} ds

By ([.1.3.4) we have
B = 37 k- Qb/ e POy (w4 ) — e ey ()] s

kez?

= 5 kP en(o + h) — ex(@) y/ —2lk2(6-5) g

kez?
t 2
/ o 2lk2(1-5) g
0

- 2Z’k’ *
2

zk (z+h) 'Lk -z

kez?

2(217r)2 2 I (1) o
72
< 2 Z ’k‘| —2b—2

kez?

ik-(a+h) _ ik

2
—1‘ — 0 for |h| — 0,

)

provided b > 0, by the Dominated Convergence Theorem. Then we conclude that B(h — 0

for |h| — 0. As regards the term Bé ) proceeding similarly to Agl) we can show that it tends

to zero as |h| — 0, provided p > 4. O

Let us study the Malliavin derivative of the solution £ to the smoothed equation .
Let us recall that the underlying Gaussian space on which to perform Malliavin calculus is
given by the isonormal Gaussian process on the Hilbert space Hr := L?(0, T} Lé) which can
be associated to the noise coloured in space by the covariance ). As pointed out in Remark
for a random variable X, differentiable in the Malliavin sense, we shall use the notation
Dy, X = (Do X, 90>L22’ rel0,T], p € Lé.

In this part, to keep things as simple as possible, in some points we go back to the notation
involving £ and vy instead of gy (§n), with vy = k * {. Keeping in mind the definition of

Gn (&) given ([.1.6.7) we state the following result.

Theorem 1.2.2.5. Fiz N > 1. Let us assume that Hypothesis (H1)-(H3) hold. Suppose that
b > 0 in (I.1.3.3) and & is a continuous function on D. Then for all (t,z) € [0,T] x D
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the solution &x(t, ) to ([1.6.13)) belongs to DYP for every p > 4 and its Malliavin derivative
satisfies the equation

Drpn(t, ) = (gt =7z, )11 (r)a(En(r;®)), ) r2

/ / Vot — 5,2.) - on(s,9)On(IEn (5, )z) Drgln (s, y)dyds

/ / ( it = ,2.y) / Ky —a) r,soézv(&a)da)
En (s,

On(l[En (s, )llLr) y)dyds

+ / /D Vot - s5,2,9) - av(En(s))®)
e (s ( [ tentsmP-2exts /3>Dr,¢@v<s,6>d5> dyds

+/T /Dg(t—Syxay)ﬁl(fN(S,y))Dr,wﬁN(s,y)w(dy,ds) (1.2.2.8)

if r <t, and Dy ,En(t,x) =0 if r > t.

Proof. The proof of this part is based on Proposition [B:3:3] Let us consider the Picard
approximation sequence {55“\,(7;:6)} ., defined in ([.2.2.2)-([.2.2.3)); given the convergence (as
k — +00) obtained in the proof of Theorem [[.2.2.2] it is sufficient to show that

sup sup sup E||D§J’i,(t,x)||§{T < 00, (I.2.2.9)
k 0<t<T zeD

in order to prove that {n(t,z) € DYP. Since 59\, is deterministic, it belongs to D'? and its
Malliavin derivative is zero. Let us suppose that, for k > 1 and p > 4, &k (t,2) € D'P for
every (t,z) € [0,7] x D and

sup sup E|| D&k (¢, QU)HIf?{T < 0.
0<t<T z€D

Applying the operator D to equation ([.2.2.3) we obtain that the Malliavin derivative of
€k (t,x) satisfies the equation (for more details see for instance [23, Proposition 2.15 and
Proposition 2.16] and [72, Proposition 1.3.2])

Dy () = (gt — 7., @)1 (Mo (€N (1)), 0) 12

%
t
+ / / Vot — 5,0,5) - 0 (5,0)On (145 (5, )l 1w) Drpli (s, 1)dy ds

/ / ( vt =swy)- | Ry —a) r,wfzkv(s,a)da>

O (€K (5, )z )ER (s y)dyds

" / /D Vgt — s.2.y) - an(E(s )W)
ek (s, ( [ iekts. mp-2ek s B)Dr,wﬁzkv(saﬂ)dﬁ) dyds

/ [ 9t = 5.2.)0' (€ (5,90 Dl 5. wlay. ) (12.2.10)
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Let us set for simplicity

t
Li(r, ¢) r=/ /Dvyg(ts,x,y)- oR (5, 9)ON(IEN (5. )lv) Drp€i(s,y)dyds  (1.2.2.11)

Ir(r, ) := /:/D (Vyg(t—s,x,y)'/l)k(y—a)Dr,wﬁj’%(s,a)da>

On(IEN (s, )L )ER (s, y) dyds  (1.2.2.12)

hire):= [ / Vyg(t — s,2,9) - (€ (5, )(v)

(HéN / €K (5, B)P2ER (s B)Dr,@ﬁz’%(s,ﬁ)d[?) dyds. (1.2.2.13)
Li(r.p) = / /D ot — 5,2,9)0" (€5 (5,1)) Dr o€l (5, ) w(dly, ds) (12.2.14)

Then
E|DE (1, 2)|, < Cp (ng(t— O (o€l +ZEHIHP ) (12.2.15)

Let us estimate the various terms in ([.2.2.15).
Minkowski’s and Holder’s inequalities imply that

t p
B, <2 | [ [ ot = s+ ks nOn(1hs. 1] 1€kl
0 JD

t
<E [ | e 100t = 5,291,

1 p
( /D o (s, )P |rD§§<s,y>rr;Tdy) ' ds]

t
<E [ /0 On ek (5. ) )1Vt = 5., e,
p
ok (s, Mz 1DEK (5, )l o(prcr) ds|
t b p—1
SCN(//IVyg(t—s,x,y)f“dde)
0
U IDER (5, )0 (pegey) 4 } by ([.1.2.26)
< Cyts 2 / / E|| D& (s, )ll,, dyds by (LI2.9) provided p > 4
0 JD

t
< Caprip) / sup B| Dk (s, 9) 2. ds.
0 yeD
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As regards the term I5 using Fubini’s Theorem, Minkowski’s and Holder’s inequalities we have

E|| 12|15, =

(/ Vyg(t —s,2,y) - k(ya)éﬁ“v(say)dy>
O (l1€k (5, )l Lr) DEk (s, dadsH
[ —s,2,y)  k(y — a)i(s
SE_/O /D’(/Dvyg(t ) 7y) k(y )£N( ay)dy>
On(l1€k (s, )llz») \|D£5%<s,a>u%dads}p
<2 [ [ 199l — 52k — o ks,
O (Igk (s, Y1)l DR (5, @) ey dards]”

t p
<[ [ [ IVglt = 5.0 k= o, 1Dk (s, )l da s

p—1

/°t </D/D Vaglt = 5,2,9) - kly — )| dydoz>p

p
IDEX (5, )| Lo (pier) ds

< CyNE

By means of Fubini’s Theorem, if p > 4, we can estimate the inner integral

/ / IV,g(t—s,2,y)  k(y — a)|71 dyda (1.2.2.16)
D JD
< [ [ 19t = 5.0l bty — )77 dyda
D JD
— [ st senlt ([ et )17 da) ay
D D
< C/ Vyg(t — s,:v,y)|p%1 dy by Lemma [.1.2.7 and Remark
D
)+ by 123, (1.2.2.17)

[SIIo

<Gyt —s)

obtaining

t P
E|L, < Cw,E [ [ e-97 " ipgh, >HmeT>d]

¢ pt2
< Cnyp </0 (t—s)Q(l—p)d3> [/ HDgN HLp (D;3r) ]

t
<Cwyti ™2 [ [ BIDEk ()l du s

< Cuprin) / sup B[ Dék (5.9, s
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provided p > 4.
As regards the term I3, using as above Minkowski’s and Hélder’s inequalities, we have

t
Blnlg, =B [ / Vyglt - 5,2,9) - v (€5) (5, )W)
ek (s ( JAGIODITE ﬁ)ij’“v(s,ﬁ)dB> dyds ;
<z A / V00t — 5,2.9) - ax (k) (5, )W)
ekt ([ ks P IDEk (s, By 05 ) dyas|

<[ [ 190t = .. (€ (D 15 6 s 0]
and imply that
IVyg(t = s,2,) - an(€R (s, Dl < IVyg(t = s,z ey v (EX (s )lze
< Op(N +1)%(t — s)f% provided p > 4.

Thanks to Holder’s inequality,
p

t
ElLIE, scN,pE[ [ 6= F IDek s ascoe 0
t
<Cvoti ™ [ [ EIDEk s e, duas

< Cnprip / sup B[ DEfy(s. ), .

provided p > 4.
For the last term Iy, by means of Minkowski’s inequality, from Proposition [.1.4.1] Hy-

pothesis (H3) and Lemma |[[.1.3.1] it follows

E|la]l3, <E ’/ / — 5,2,9)0" (€X/(5,9))IIDEX (5. 9) 3¢z w(dy, ds)

p

t
< gt — -z, o) 2 /O sup E (10" €k (5. 9D 1 DEK (5, sy ] Nt = 5,2, 0)]132 s
Yy
t
-2
< Cllglt — -z, @)% / sup E[[ D€ (s, )|l gt = 5., )3 ds
0 yeD

t
<Cry [ supBIDE (5., lolt — 5. )] .
0 yeD Q
Finally, from Proposition [[.1.4.1 and Hypothesis (H2), it follows
¢ 5
Bl — o, Lo o€k oD, = | [ late = 5. 0)o(h s, )2
t
< lg(t a0t [ sup Blo(h(s. )Pt — s,,)| 3 ds
0 yeD Q

< CTvag(t - 57T, .)HIJD{T
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Collecting all the above estimates we get the following inequality

sup E||DER (¢, 2) 5, < Orpllg(t — -z, 0)I5,

t
+Cuproy [ (14 lote = 501y ) sup BIDE (5.0) .
0 yeD

Setting
pr(t) == sup E|| DEX (¢, 2) |15
zeD r

we get
! 2
pr1 (1) < Cryllg(t — -7, 9|, + Covpory /0 (1+ lgtt = 5,2, )32 ) els) ds.
Since the Malliavin derivative of f?\, is zero,

sup o(t) < 0.

0<t<T
Then we conclude that ([.2.2.9) holds by Lemma [[.2.2.1} Finally, equality ([.2.2.8]) is obtained
by applying the operator D to both members of equation ([.1.6.13)). O

I.2.3 Nondegeneracy condition

Now we check condition (B.3.1]) of the Bouleau-Hirsh criterium, for the solution &y to the
truncated equation. Let ¢ € [0,7] and x € D. We aim at proving that

IDEN () ||5, >0 P—a.s. (1.2.3.1)

The following lemma is an improvement of Theorem and it is needed in order to prove
Theorem We need to consider a time interval smaller than [0,77] and consider the
Hp-norm of {n(-,x) on (t —e,t) for some € > 0 small enough. For every 1) € Hp we define
the norm

[9llaci,—.y = M —ey ()P lloer-

It is straightforward to get
[¥llser = [9llse, .-

Lemma 1.2.3.1. Let N > 1, b > 14n ([.1.3.3) and p > 4. If & is a continuous function on
D, then there exists a constant Cn p o1 such that for every 0 < e <t

sup sup E[|DEn (o, )][5, < Cnpqre?.

o€lt—e,t] x€ED

Proof. Fort —e <o <t, set n5(0,z) = E||DEn (0, x)||§’{(t_€’o>. According to ([.2.2.8]),

(t—e,t)

Miv(o) < G (ng—-,x Lo (o o)lE, )+2Eu1umw>>,
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where the terms [;, i = 1,2, 3,4, are defined in ([.2.2.11))-([.2.2.14]). From Proposition |[.1.4.1
and Hypothesis (H2), it follows

Ellg(t — -, &) Lo ()o (€ ¢ DI, < Crpllglt -, o)l

By ([.1.3.4) and the change of variables s = r — o + ¢, we get

o €
_ _ 2(_
gt — .03, ., = / lg(o —r,z, )2 dr < 37 bl /0 e 2 ()P ds
—€&

keZ3
|k:| —2b=2 olwl2 \k‘| —2b—2
)2 - > (1 — 2kl i o> (2|k|%)
kGZQ k‘EZ2
=@ Z k|72 < )2 (1.2.3.2)
kez?
which is finite provided b > 1. So
P p
(TrQ)2 e »
]EHg(t - '7$7.)1[0,t](') ( ( ))‘|g—(<t co) = CTJ)W CT,pQ g2, (1233>

Minkowski’s and Hélder’s inequalities and ([.1.2.26)) imply that

B0 e =B | [ [ [ Vusto = 500 ontsn

Ox(llén(s, ) Dy Ex(s,y) dyds]Fs dr]
=E /ts /tE/Vyg —5,2,9) - oN(s,Y)
O (16 (5, )|r) Dy (5. ) dy s, dr|
<E /tE/ IVyg(o —s,2,y) - on(s,9)]

Ox(len (s, el 1D (s, mloe, ., dyds]”

T » p—1
scN(/ /\vygw—s,x,y)wdyds)

| [ Eentit,

t—e

g
< ONTE72 / sup E|| D¢ (s, y)HfH(t ds by ([.1.2.9) if p > 4.
t—e yeD

M|

(M|

As regards the term Is, proceeding in a similar way, by means of Fubini Theorem, Holder’s
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and Minkowski’s inequalities we get

BN,
/tas /D <Vyg(o -5 y) ’ /D k(y - Cl)Dn.fN(S, a) da)

=[]
On(llén (s, )llzr)n(5,9) dy ds| 7z dr}
[/t/ ‘/ Viglo = s,z,) - k(ya)gN(S’y)@N(HgN(Sa')HLP)dy‘
|DEn (s, @)loc, ., dards]”

o p
< OnE [ | [ I¥usto = s k6=l e, 1Dx (50l do ds}
t—e

T p+2 Pl
<Cn < / (0 —s)20» ds)
0
p .
/tE/DIEHDfN(s,y)HH(tM) dy ds by ([.2.2.16) if p > 4

< ONTS 2 / sup B[l DEx (s, )5, ds
t—e yeD |

For the term I3, Minkowski’s any Hélder’s inequalities imply that

ElL)E,  —E [ /
:}C(t—s,o') t_e

( [ lexts. 1P 2ents B)Dr,.&v(&ﬁ)dﬁ) dyds

| [ st = sz anlents Dlents 57

2
dr]
L2

Q

[NIiS]

<e|[* [ 900 520 anten(s. 00 lex(s ol
( / [&n (s, A IDEN (5, Bl dﬂ) dydsr

p
< Oy [ / IVya(o = 5,2, e, ||D5N<s,->um<mm»] by (CT6.9)
t—e

T Y p—1
<Cw, (/ /|vyg<a—s,x,y>|wdyds>
0 D
| [ Epe.wl, . dvds
t—e JD ’

< CnpT2? / sggEHDgN(s W5, ., ds by ([1.2.9) if p > 4.
t—ey

Using Minkowski’s inequality, from Proposition [[1.4.1] the linear growth condition on o
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and Hypothesis (H3), we get

2
E|14 | ar
Hf}f(t ga) [ e LE)
p
[/ / )0 (5.0 D5, ., w0
t—e
<Cllgto x| [ s EIDelly,  lolo 5.9l ds
t—e y€D & Q

g
<Cry [ suwpEIDen(s. )l oo — 5., ds.
t—e yeD ” Q

[NJiS)

/t / —8,x,Y)0 (§N<3ay))Dr,fN(S,y)w(dy,ds)

Collecting the above estimates we get

p g
sup i (0.2) < Gt + Covgr [ supirlsy) (14 gl = s o)l ) ds, Vo €[t —=,1).
zeD t—e yeD Q

By the generalized Gronwall’s Lemma it follows

p
sup ny (o, z) < Cnpore?,

for every o € [t —¢,1].
xzeD

Since for o € [t — €, 1], HDfN(O',Qf)H‘?{(t_E’U) = ||Dén (o, x)ch(t_E’t) we finally get

p
sup sup B D¢y (o, )5, < COnpore?,
o€lt—e,t] zED
O

Theorem 1.2.3.2. Suppose b > 1 in ([.1.3.3). Let assume that Hypothesis (H1)-(H4) hold
and that &y is a continuous function on D. Then, for everyt € [0,T] and x € D, the image law

of the random variable {n(t, x) is absolutely continuous with respect to the Lebesgue measure
on R.

Proof. In order to prove that ||DEn(t, a:)H%CT >0 P — a.s. we will show that

P(|| Dén(t, 2)ll3, = 0) =0,
or, better, that
P(|Dén(t, 2)]3, <8) =0  as § — 0. (1.2.3.4)

Let us fix £ > 0 sufficiently small, according to ([.2.2.8)), by means of the inequality (a + b)? >

% a® — b2, we get

T t
ID€nta)lBe, = [ 1Dttt a)ly dr = [ IDnun(t)lE dr

2

t 4
— /t gt —r,x, @)L y(r)o(En(r,e)) + Z Ii(r,e) dr
- =1 L%
1 t ) t 4 2
=3 /t—g lg(t = 7,2, 0)a(En(r, .))||L2Q - /t_g ; Ii(r,e)|  dr,

2
Lo
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where the terms I; are defined in ([.2.2.11))-([.2.2.14)). Let us set for simplicity

I(t,x,e) = /

By means of Chebyschev’s inequality, for 6 > 0 sufficiently small, we have

2

t
dr.  Ane) = / lg(t = 7,2, &) (En(r, )3 dr

2
LQ

P(”DfN@,x)Hg{T <0) <P(I(t,z,e) > 114(37,5) —8) < E|I(t,z,e)|2

- (%A(QZ, 5) - 6)

(1.2.3.5)

[MiS]

[N4S]

ya
2

Let us find an upper estimate for E|I(t,z,)|2 < C, Y1 | E ‘ftt_a [ Zi(r, &) ||7, dr
Q

Minkowski’s and Holder’s inequalities and ([.1.2.26)) imply that

2
Hfl( )HLz dr

—E[/ta /ts/Vyg —5,2,9) - UN(8,9)

GN(”gN(S ‘)”Lp)Dr.fN(S y) dydsH%z d?”‘:|

p—1
<Cn (/ / |Vyg(t — s,z y)\p I dyds) / / E||Dén (s, y)H%(t yds
t—e t—e

Using Lemma [[.2.3.1f with ¢t — e < s <t and ([.1.2.9)), provided p > 4, we deduce that

t 3
[ Inee); ar
t—e Q

For the term I, by means of Fubini Theorem, Hélder’s and Minkowski’s inequalities and by

([.2.2.16)), provided p > 4, we get

E

VS|

pP_9 P
5—2

E g2 CNpQTzSp 2

< COnp,Q,1e

2
HI2( )HLz dr

T T Sy pr—

On([[En (s, )|lrr)én(s,y) dy ds||%2 dr] 2

t pi2 p—1
(/ (t—s) ) ds> / / E||Dén(s,y Hg{(t
t
o >
€2

2Cnpore? =Onporel™ by Lemma

t
E

\’U

| /\

As regards the last term I3, Minkowski’s and Holder’s inequalities and ([[.1.6.9)) imply that
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E

Is(r, o)z, dr

[

/t / Vot — s.2,9) - an(En (s, ) ) Ex(s, )L

P
2 2
dr
L2

Q

< [ lex(s. 9P 26n(s, B)Dst(s.9) dﬁ) dy ds

t p—1
< Chnyp (/ / |Vyg(t — s,x,y)]ﬁ dy ds)
t—eJD

t
| [ EIpests. i, ., dyas
t—e JD ’
< CN7p€g_2CN7p,Q’T6§ = CNJ,’Q,TEP_2 by Lemma [[.2.3.1] and ([.1.2.9) if p > 4.

As regards the term I4, proceeding as in the proof of Lemma [[.2:3.1] we obtain

t
E / 1 4(r, )12, dr
t—e Q
2 s
/ / / — 5,2,9)0"(Ex(5,9)) Dran (5, ) w(dy, ds) dr]
t—e t—e Lé
<|lg(t - )Hg{ SupEHDﬁN(s Db gt —s,z,0)|3, ds
(t— t—eyeD (t—e,t) o
<|lg(t —-,z, o) sup sup E[|DEn(s,y)ll .
(t=et) ¢ c<s<tyeD (t=e.t)

By (I.1.3.4) and the change of variables s =r —t + &, we get

p
latt — -z )5, < Croet
and by Lemma
b
sup sup B[ DN (s, y)ll5, < Cnpore?.
t—e<s<tyeD ’
So we get

t 5
E|[ 100 )l v < Cupoire”
t—e

Since we fix an ¢ sufficiently small, namely ¢ < 1, it holds e? < eP~2. In conclusion, collecting
all the above estimates, we get

ya
2

E|I(t,z,e)|2 < Cnpore’ 2, (1.2.3.6)
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provided p > 4. We now need to find a lower estimate for A(z,¢). From Hypothesis (H4), we
get

t
Awe) = [ ot = o otentra)lty dr = aflott ool o 1237)
t—e ’
Proceeding as in ([.1.3.4]) we have

t
1 2
~2b —2k
lott =2, lBe, ., = [ Lot =raz o)y dr= 37 en@) 51— e 24,
’ t—e ¢ keZ2 il
0

The inequality

2¢|k|? N 2e|k|?

1 _ 6—2“{}‘26
=112 k2 = 1+ 2Tk

implies that

/t ot — )2 dr > S Y 2
—r,z,e r
AL R = (@n)? £ 1+ 2TkP
S

—&

and the above series is well defined and can be bounded from below by any of its summand,
such as the one corresponding to k = (0,1) € Z3:

t
9
t— 2dr> —————— = . 1.2.3.

Thus we obtain

Az, ) > 02Cr ¢ (1.2.3.9)

Using estimates ([.2.3.6)) and ([.2.3.9) and substituting into ([[.2.3.5]) we get

_p
2

2C
%0 TE — 5) CNJJ,Q’T Ep_2.

P(| Déw (t, )|, < 6) < <

U(Q)CT
2

Thus, if we choose € = £(9, T) sufficiently small in such a way that g = 26 we get
P((| Dén (t,2) 3, < 0) < Cnmopd 2072 = Cnrgp 0572 50 for 6 =0,

since p > 4. O

1.2.4 Existence of the density

Now we are ready to prove the main result, Theorem
Proof of Theorem[[.2.1.1] Let us fix N > 1 and p > 4 and let us define

Qn = {w €Q: sup ||E(t, - w)|e < N} . (I.2.4.1)
te[0,7)
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It holds that limy_, oo P(Qn = Q) = 1. In fact we can write
Qn ={on =T},

where o is the stopping time defined in . So we have that, for N — oo, supy>; on =
T P-as. ie. Qy T Q P-a.s. Moreover, by the local property of the stochastic integrals we
have that {(t,z) = {n(t,x) on Qy for every t € [0,7] and x € D. Then it follows that, for
every (t,x) € [0,T] x D, the sequence (Qy,&n(t, 7)) localizes £(¢,x) in DYP. The result then
follows by Theorem in fact it suffices to show property on the set {t < on}
for every N > 1, namely to show . O
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I.2.5 Notes and Comments: a brief overview of the existing
literature concerning analysis in Malliavin sense for solu-

tions to SPDEs

There has been a lot of activity in the last years studying the regularity in the Malliavin sense
for solutions to stochastic partial differential equations. Main aim in this direction is to prove
the existence (and smoothness) of a density for the law of the random variable given by the
solution process at fixed points in time and space. Equations are usually interpreted in Walsh
sense and are solved in the space of real valued stochastic processes, considering random field
solutions, that is real-valued processes, that are defined for every fixed ¢ and « in the domain.
Different kinds of difficulties arise when problems of this type are addressed. To have a better
understanding of the existing literature in this field it is useful to focalize the main sources of
difficulties one has to deal with. We can summarize them as follows.

1. The differential operator driving the equation. Since equations are interpreted
in Walsh sense, solutions are random fields and are written as the convolution with
the Green function associated to the partial differential operator driving the equation.
Most of the existence literature on this subject concerns the heat and wave equations.
Suitable estimates on the Green function are fundamental and more the kernel is irregular
more the problem becomes difficult to treat, in particular dealing with the stochastic
convolution term. Walsh theory cover the case of SPDEs whose Green function is a
function. The theory is suitable for solving the heat equation since the Green function
associated to the heat operator is very smooth in all dimensions. In [27] Dalang extended
the definition of Walsh martingale measure stochastic integral to be able to solve SPDEs
whose Green function is a Schwartz distribution. This in particular covers the case of
wave equation in dimension greater than two. The fundamental solution keeps tracks
also of the boundary conditions associated to the equation.

2. The spatial dimension of the domain. If the spatial dimension is equal to one it
is possible to take a time-space white noise as random input in the considered equa-
tion and obtain a function-valued solution. In higher dimension (d > 2) solutions to
parabolic and hyperbolic equations driven by this kind on noise only exist as random
(Schwartz) distributions. This is because the Green function of the heat and wave equa-
tions becomes less smooth as the dimension increases. For this reason, in dimension
d > 2 it is common to consider random noises that are smoother than space-time white
noise, namely Gaussian noises white in time and colored in space. The choice of the
Gaussian random noise driving the equation is fundamental in the Malliavin analysis of
the solution process since it provides the underlying Gaussian framework where to work.
Obviously computations involving a noise with a spatial covariance are more involved
that the space-time white noise case.

3. The regularity of the non linear terms that appear in the equation. Commonly,
the proofs of the existence of a random field solution and its Malliavin differentiability
are proved by means of a fixed point theorem in suitable spaces. If the drift term
that appears in the equation is Lipschitz and satisfies a linear growth conditions there
are no problems. Problems arise when the non linearities are non Lipschitz. In this
case suitable approximation and localization procedures are necessary. Most of the
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existing literature concerns the case of drift terms which are Lipschitz and satisfy a
linear growth condition. On the other hand, much less attention has been dedicated
to SPDEs with non-Lipschitz coefficients. As far as we know papers considering more
general non linearities are [74] and [57] where the non linear term satisfies a polynomial
growth and [92] where the Burgers equation is considered; in [66] Morien considered a
more general type of nonlinearity that in particular includes the Burgers case. Finally
in [20] is considered a class of stochastic Cahn-Hilliard equations with locally Lipschitz
coefficients.

We recall that, in order to prove the smoothness of the density, stronger assumptions
are required: the function has to be infinitely differentiable with bounded derivatives of
every order. We notice here that if the non linear term is only locally Lipschitz by a
localization procedure is difficult to obtain such a regularity. Papers dealing with this
particular case (see [92], [66] and [20]) prove the existence of a density for the image
law of the solution, but its smoothness remains an open problem. In fact authors use a
localization argument to prove the existence of a density; nevertheless with this type of
argument the smoothness of the density can not be proved since the method does not
provide the boundedness of the derivatives of every order.

Now that the main technical problems arising in the study of the existence (and smoothness)
of a density for the image law of solutions to SPDEs are clear, it becomes easier to give a
brief overview of the existing literature on this subject. As pointed out above, most of the
literature focus on the problem of existence and regularity of the density for solutions to
parabolic and hyperbolic SPDEs with Lipschitz non-linearities. In a one-dimensional domain,
the application of Malliavin calculus to the absolute continuity of the solution to the heat
equation (with Neumann boundary conditions) perturbed by a space-time white noise, has
been taken from Pardoux and Zhang in [74]. [67] considered the same problem with Dirichlet
boundary conditions. The smoothness of the density has been studied by Bally and Pardoux
in [4]. In the mentioned papers the existence of a density is proved under a Lipschitz and linear
growth condition on the drift and diffusion terms. Moreover, a non degeneracy assumption
on the diffusion term is needed. To prove the smoothness of the density both the drift and
diffusion terms are assumed to be infinitely differentiable with bounded derivatives of every
order. Once again we highlight that this kind of assumptions are rather standard and represent
the usual assumptions made on the coefficient of the considered SPDE.

For what concerns the case of spatial dimension greater than one, if the spatial domain is
equal to R?, a common choice of random forcing term is given by the Gaussian noise white in
time, correlated in space described in Example . For instance in [58] (see also the therein
references) authors prove existence and smoothness of a density for the heat equation in any
spatial dimension d > 2, with the usual (good) assumptions on the drift and diffusion terms.
Working on a bounded domain of R? subjected to Dirichlet boundary conditions, in [57]
author consider a Gaussian noise as that described in Example Moreover, as recalled
above, here the drift term considered is monotone, and growing not faster than a polynomial.
As regards the hyperbolic case, a lot of work has been done especially after the papers by
Dalang and Frangos [28]. The given extension of Walsh stochastic integration theory provides
the necessary tools to study the regularity of the solutions in the Malliavin sense to the wave
equation’s solutions in dimension d = 2, 3; see for instance [65], [58], [79], [80] and the therein
references. In these works the considered Gaussian noise driving the equation is white in time,
correlated in space and on the drift and diffusion terms are made the (good) usual standard
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assumptions. For what concerns different type of differential operators, the above mentioned
paper [20] deals with the Cahn-Hilliard equation on a bounded domain, driven by a space-time
white noise, in dimension d =1, 2, 3.

The smoothness of the density of the projection onto a finite-dimensional subspace of the
solution at time ¢t > 0 of the two-dimensional Navier-Stokes equations forced by a finite-
dimensional Gaussian white noise has been established by Mattingly and Pardoux in [59].
Remaining within the Navier-Stokes equations context, the case d = 1 makes no sense since
there, the incompressibility condition V - v = 0 would imply that v is constant. However,
in dimension one, one could consider the Burgers equation which has similar features to the
Navier-Stokes equations. In this sense our work can be considered an extension of the results
obtained for the Burgers equation in the above cited papers and represent a first step in the
study of regularity in Malliavin sense for solutions to stochastic fluid dynamical equations in
dimension bigger than one. To conclude, we recall that the vorticity equation we consider can
be written as a stochastic parabolic nonlinear equation in a two dimensional spatial domain
with a nonlinear term of the form (k&) - V&. This is of a form different from that studied in
other papers about stochastic parabolic nonlinear equations in spatial dimension bigger than
one (see [58], [57]).
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Introduction

Main aim of this Part is to study the stochastic equation for the vorticity, driven by a multi-
plicative Gaussian noise term, on the whole plane R?. The lack of compactness of the domain
throws up a substantial difficulty that led us to use different techniques, than the flat torus
case (see Chapter . In this context the equation for the vorticity was rewritten, by means
of the Biot-Savart law, as a closed equation for £. Existence of the solution was then proved,
exploiting some estimates on the Biot-Savart kernel, by a rather classical stopping time argu-
ment. On a non compact domain we can not directly handle the closed form for the vorticity
equation, where v is given by convolving ¢ with the Biot-Savart kernel. Its singularity at
the origin prevents us to obtain the needed estimates that allows to the treat the vorticity
equation as a closed equation for £. The problem has to be approached in a different way: we
have to explicitly take into account the Navier-Stokes equations for the velocity.

The problem of the existence and uniqueness of L2-solutions of the stochastic Navier-Stokes

equations has been addressed by many authors. There is also a consistent literature
on more regular solutions, but the majority of the work is limited to bounded domains (see
e.g. [I, 49] and the therein references). An extension to unbounded domains is not trivial
since the direct application of the compactness method, which is central in the proof, fails.
Main source of difficulty is the fact that the embedding of the Sobolev space of functions with
square integrable gradient into the L?-space, unlike in the bounded space, is not compact. To
address this problem different ideas have been employed. One way is to introduce weighted
Sobolev spaces. This is one of the novelties introduced in [I9]. The paper represents one of
the first result concerning the existence of a global martingale solution of stochastic Navier-
Stokes equations in unbounded domains. Spaces with weights are employed also in [I8] where
authors deal with the stochastic Euler equation. In both the mentioned papers, the results
are proved in a rather abstract form (the equation is driven by an Hilbert-valued cylindrical
Wiener process with a suitable covariance operator) and then applied in the case of a finite
system of independent spatially homogeneous Wiener random fields and a covariance operator
of Nemitskii form.
A different approach is used in [63], [64] and [I7]. In [64] the authors prove the existence of
an L2-valued continuous solution considering a more general noise than in [19]. Their proof is
based on some compactness and tightness criteria in local spaces and in the space L? with the
weak topology. Differently, in [63] also the vorticity is considered, but the results involve v
and ¢ in LP(R%) for p > d. Inspired by [64], in [I7] the authors prove existence and uniqueness
of a strong L2-solution, by means of a modification of the classical Dubinsky compactness
theorem that allows to work in unbounded domains. Following the same approach of [17], in
[16] authors impose really weak assumptions on the covariance operator of the noise term. In
particular, it is not regular enough to allow to use Ité formula in the space of finite energy
velocity vectors, which is the basic space in which one looks for existence of solutions.

81
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The original aim of the research was to investigate the regularity of the solution to the
vorticity equation on R? in the Malliavin sense. The first result we obtain (Chapter
is inspired by [I8] and goes in this direction. We prove the existence of a unique strong
L?N LA- valued solution (g > 2) to the Navier-Stokes equations in vorticity form, with bounded
moments of every order. Mean estimates are fundamental and an existence result which holds
only P-a.s. would be too weak: it would not ensure the Malliavin differentiability of the
solution process.

As pointed out above, in order to prove the existence of a solution to the equation for the
vorticity we can not proceed as in the flat torus case. We proceed as follows. We consider the
two-dimensional stochastic Navier-Stokes equations

do(t) — [Av(t) + (v(t) - V)u(t) + Vp(t)] dt = G(v(t)) dW (t) t€[0,T]
Voou(t)=0 tefo,7]  (1L0.0.1)
v(0,x) = vo(x) x € R

Here W is a cylindrical H-Wiener process, with H a real separable Hilbert space and G a
(suitable defined) covariance operator. As usual we project the first equation of
onto the space of divergence free vectors fields to get rid of the pressure term. We write the
Navier-Stokes equations in the abstract form.

{dv(t) + [Av(t) + B(v(t), v(t))] dt = PG(v(t)) dW(t)  t€[0,T] (11.0.0.2)

v(0,z) = vo(x) T € R?,

where P is the projection operator into solenoidal spaces; A and B are appropriate operators
corresponding to the Laplacian and the nonlinear term respectively in the Navier-Stokes equa-
tions (they will be defined in Section where we will recall some of their properties).
We prove that there exists a unique strong (in the probably sense) H'? N H'9-valued solution
v to (IT1.0.0.2)). The existing literature on unbounded domains concerns the existence of L? N L9
solutions to (I1.0.0.1). Under stronger assumption on the regularity of the initial datum and
the covariance operator we prove a higher space regularity for the solution process. As in [18],
in the method we use, an important role is played by the vorticity itself. This latter equation
is obtained by taking the curl on both sides of the first equation in .

() + [AE() + o(t) - VE@D)] dt = curl(G(o(8)) AW () ¢ € [0,T]
£(t) = V+-o(t), te 0,7 (11.0.0.3)
f(O,SL') 250(:73) x € R2.

From the existence and uniqueness of a strong H'? N H'9-valued solution v to we
infer the existence and uniqueness of a strong L? N Li-valued solution to . The results
are proved in a rather abstract setting but in particular cover the case in which the equation
is driven by a spatially homogeneous Wiener random field and the covariance operator is of
Nemitsky form. This particular case provides the setting where to perform a Malliavin analysis
of the solution process. We are working at the moment in this direction.

The second result we obtain (Chapter is inspired by [16]. In this case we considerably
weaken the assumptions on G. In particular the covariance operator appearing in
is not regular enough to allow us to use Itd formula in LY spaces, for 1 < ¢ < oo, and an
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approximation procedure is required. In the study of the approximating problem we use the
results of Chapter In this case we work directly on the equation for the vorticity. This
requires a certain regularity on the velocity, which is proved by studying equation .
Differently from before, in this case the existence and uniqueness result holds only P-almost
surely.

The present Part is organized as follows. In Chapter we prove the existence of a
unique solution to (and from that we infer the existence of a unique strong solution
to (11.0.0.3])) under quite strong assumptions on the initial datum and the covariance operator
G. In Chapter we deal with the existence and uniqueness problem for under

weaker assumptions on G.

Remark I1.0.0.1. As we are working in the intersection of analysis and probability, the
terminology concerning the notion of solution can cause some confusion. When we talk about
strong and weak solutions we understand them in a probabilistic sense. In the case of strong
solutions, the underlying probability space is given in advance. On the other side, the term
"weak solution” is used synonymously with the term "martingale solution”: the stochastic basis
s constructed as part of the solution. In both cases solutions are weak in the sense of PDEs
since we test them against smooth functions.

11.0.1 Mathematical setting and analytic preliminaries

In this Section we recall some basic definitions, we introduce the operators appearing in the
abstract formulation of the above stated equations, providing then some results which gathers
some useful properties.

I1.0.1.1 Notation

Let (X,]|-|x), (Y,|-|y) be two real normed spaces. The symbol £(X,Y") stands for the space
of all bounded linear operators from X to Y. If Y = R, then X* := £L(X,R) is the dual space
of X. The symbol x+«(-,-) x denotes the standard duality pairing. If both spaces are separable
Hilbert, then by Lyg(X,Y’) we will denote the Hilbert space of all Hilbert-Schmidt operators
from X to Y (see Section . If X is a separable Hilbert space and Y a Banach space, then
by R(X,Y) we will denote the separable Banach space of «-radonifying operators from X to
Y (see Section [A.4).

Assume that X, Y are Hilbert spaces with scalar products (-, -)x and (-, -}y respectively. Let
T :X D D(T) - Y be a densely defined linear operator. By 7™ we denote the adjoint
operator of T'. In particular, D(T*) C Y, T* : D(T*) — X and

(Tx,y)y = (x, T"y)x, zxe D(T), yeD(T"). (I1.0.1.1)

Note that D(T*) =Y if T is bounded.
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11.0.1.2 Functional spaces

Let ¢ € [1,00) and d = 1,2. By LY = [Lq(]RQ)]d we denote the Banach space of Lebesgue

measurable R%valued p-th power integrable functions on R2. The norm in LY is given by

DN ;
bt = (it ) = (X [ o) vere
k=1 k=1"R

By L*>* = [LOO(R2)] % we denote the Banach space of Lebesgue measurable essentially bounded
R2-valued functions defined on R2. The norm is given by

d

d
|v]|Lee = Z 0¥ || oo = Zesssup{\vk(mﬂ,x € R?}, v e L™
k=1 k=1

If ¢ = 2, then L? is a Hilbert space with scalar product given by

(u,v)r2 := / u(x) - v(zr)de, u,v € L?.
R2
By L%, 1 < g < oo we denote the spaces
L'={ueLl?:V- -u=0} (I1.0.1.2)
with norm inherit from LY.

Let us denote by C§° := [CSO(R2)]d the space consisting of all mappings v € [C“x’ (RQ)]d
with compact support and, let

S ={ueCy®:V-u=0} (I1.0.1.3)

sol -

Notice that LY = the closure of C in LY.

sol
By 8§ := [S(}Rz)] “ we denote the Schwartz space, that is the space of all infinitely differentiable
functions on R? for which the semi norms

Pa,ﬁ(@) = sup |$QD/890($)’3 O‘vﬁ €N
zeR?

are finite. The dual 8 := [ (]R2)}d of 8 is the space of tempered distributions. By (-,-) we
denote the usual duality action of 8" on 8.
For se Rand 1 < ¢ < oo, set J* = (I — A)g. We define the generalized Sobolev spaces as

Wl ={ue 8 :|J%ul| L < oo} (11.0.1.4)

We have (see [7]) that J? is an isomorphism between W% and W*~%4. For s1 < s W24 C
W34 and the dual space of W% is WP with 1 < p < o0, % + % = 1. We denote by (-, )
the W#4 — W=%P duality bracket:

d
(u,v) = kZl/R?(J wg) () (J v (z) da.

! We shall use the same notation for the case d = 1 and d = 2. The context shall make clear the case we
are considering. Anyway in some ambiguous cases we will specify the dimension d in order to clarify if we are
dealing with vector or scalar fields. Moreover, in the definition of divergence-free vector spaces the case d = 1
makes no sense. In this case we are implicitly supposing d = 2.
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Recall that for s € N, W*? are the classical Sobolev spaces. In particular, let us focus on
the case s = 1 needed in the sequel. Let q € (1,00). By W4 = [WI’Q(RQ)}d we denote the

Sobolev space of all u € [Lq(RQ)]d for which there exist weak derivatives g—; € [LQ(RQ)]d,
1 = 1,2. This spaces are endowed with the norm

ullfyre = lulle + 1IVull7,.
If ¢ = 2 then W12 is a Hilbert space with the scalar product given by
(u, V)2 = (u,v)r2 + (Vu, Vo) e, u,v € Wh2,

where

ou 1.9
(Vu, V)2 = Z/Rz@a?k 8xkd$ u,v € WH=.

Since we are on the whole space R? Poincaré inequality does not holds, thus, in particular
we do not have the equivalence of the norms ||u||y1,¢ and ||Vul||ze. Nevertheless, we have the
following result (see [I8, Lemma 3.1]).

Lemma I1.0.1.1. Let g € (1,00). There is a constant C such that |Vv||pe < Cllcurl v||1q
for every v € Wi,

In particular, since ||curlv||ze < ¢||Vv||e, for a suitable constant ¢, we get the equivalence
of the norms
IVul|ra ~ ||curlu||rq. (I1.0.1.5)

Next we introduce the generalized Sobolev spaces of divergence free vectors distributions

as
H Y ={ue W :V . .u=0} (I1.0.1.6)

with norm inherit from W#4. The divergence is understood in the distributional sense. Notice
that, for s € N, H*9 = the closure of C3y in W*4.
By H 2 we shall denote the space H? endowed with the strong L2-topology.

We denote by L2 _ the space L2 with the topology generated by the seminorms ||uHL% =

1
(fchR lu(z)|? dx) * R € N. Similarly, we denote by L%(0,T;L? ) the space L?(0,T;L?) with
1

the topology generated by the seminorms H“||L2(O,T;L2 (fo fz|<R lu(z)|? da dt) 2

loc

We denote by C([0,T]; L%,) the space of L?-valued weakly continuous functions with the
topology of uniform weak convergence on [0,77; in particular v,, — v in C([0,T]; L},) means
lim sup (v (t) —v(t), h) 2| =0 (11.0.1.7)
n—oo 0<t<
for all h € L2.

For 0 < 8 < 1 by C?([0,T]; H*?) we denote the Banach space of H*2-valued S-Holder
continuous functions endowed with the following norm

|u(t) — u(s) |l s
lulleso,ry;ms2y = sup [lu(t)|[gs2 +  sup 3 :
0<t<T 0<s<t<T |t — s

Let ¢,a > 1, we denote by Ly, (0,T; L?) the space L*(0,T'; LY) with the weak topologyby and
by L3y (0,T; LY) the space L>(0,T; L?) with the weak-* topology.
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11.0.1.3 Some embedding theorems

We recall the following Sobolev inequalities that holds in the case d = 2.

Theorem I1.0.1.2. i. For every 2 < q < oo the space W4 is continuously embedded in
L*°, namely there ezists a constant C (depending on q) such that:

0]z < Cllvllw.a, (IL.0.1.8)

. For every b > 1 the space W% is continuously embedded in L, namely there exists a
constant C (depending on b) such that:

lollz < Cllolse. (1L0.1.9)

iii. For every q € [2,00), W12 is continuously embedded in L9, namely there exists a constant
C (depending on q) such that:

[0l < Cllvflw.2.

. For every q € (2,00), W4 is continuously embedded into the space of Hélder continuous

functions C%, aa < 1 — %.

Proof. For statements (i) and (iv) see [9, Theorem 9.12|, for statement (ii) see [9, Corollary
9.13| and for statement (iii) see [9, Corollary 9.11]. O

Since R? is an unbounded domain, the embedding of H? into .2 is not compact. However,
by [44, Lemma 2.5] (see also [I7, Lemma C.1]), there exists a separable Hilbert space U such
that

Uc HY cL?,

the embedding i of U into H'? being dense and compact. Then we have

UcHY? cL?~ (L2*c H Y cU* (I1.0.1.10)
7 ¥

where (L2)* and H 2 are the dual spaces of .2 and H'? respectively, (IL.?)* being identified
with .2 and i* is the dual operator to the embedding i. Moreover, i* is compact as well.
The same considerations hold also when we consider the spaces W2 and L?. In this case we
shall denote by V the Hilbert space such that V.c Wh2? c L2

11.0.1.4 Operators

Now we define the operators appearing in the abstract formulation of . We refer to
[86] and [I8] for the details.
Let us consider the projection operator P which projects vectors into solenoidal vectors.
For u € L9 we set
Pu=u—Vp, (I1.0.1.11)

where p is a solution to

Ap=V-u.
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The operator P is a bounded linear projection in L? and its range is equal to L7 (see [I8],
Lemma 3.2]). As usual we introduce the Stokes operator as

A=—-PA=-AP
Dom(A) = H?4,

It is a linear unbounded operator in W*? and H*? (s € R,1 < ¢ < o00); it generates a
contractive and analytic Cp-semigroup {S(t)}+>0. Let us notice that, since P commutes with
the laplacian A, A is essentially equal to —A and the semigroup {S(t)}+>0 is essentially the
heat semigroup. The following theorem gathers useful analytical properties of A (for a proof
see [18, Appendix Al).

Theorem I1.0.1.3. i. For every u,v € HY? it holds (Au,v) = (Vu, Vo).

ii. Let g € (1,00) and let g* be the conjugate to q. Then there is a constant C' such that for
v € Dom(A), u € HY one has [{Av,u)| < C||v|| grallvll g -

Let us introduce the bilinear form B as follows. For u,v € Cgy write

B(u,v) = =P((u- V)v) = =P(div(uvy ), div(uva)). (1I1.0.1.12)

For brevity we shall write B(v) = B(v,v). The following theorem gathers the main properties
of B we shall need in the following.

Theorem I1.0.1.4. Let g € [2,00), and let B be given by (11.0.1.12). Then

i. the form B is bounded from [H1’2]2 X [Hl’Q]z into [H‘1’2]2 and for every u,v,z €
s
(B(u,v),z) = —(B(u, 2),v), (1I1.0.1.13)

it. for every u,v € [Hl’q]Q, (B(u,v),v) =0.
iii. For every u,v € [HQ’q]Z, {curl (B(u,v)), curly |curl v]972) = 0.

iv. If ¢ > 2 then there exists a constant C' such that || B(u,v)||Le < CHUH[HLQF||’1)H[H1’q}2 for
all u,v € [Hl’q}Q and || B(u, v)|[L2 < Cllullgraz|vllgrze for all u,v € [H2 N HL‘I]Q.

v. For every q > 2,
(Jult%u, Bu,u)) =0,  Vue [H"]" (11.0.1.14)

vi. The operator B maps L2 x H*? into L2, for a > 2. In particular, there exists a constant
C such that

[1B(u, )|z < Cllullpz|v]| g2

Proof. Statement (i) is a classical result, see for instance [86]. See [I8, Theorem 3.2| for a proof
of statements (ii)-(iv). Statement (v) is a consequence of the integration by parts formula.
As regards statement (vi), from Holder’s inequality and the embedding theorem it
follows

[1B(u, v)[lL2 < [luflezl|VollLe < Cllullizl|Voll g,

for b > 1. O
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Let us now focus on the non linear term appearing in the equation for the vorticity

(I1.0.0.3)). We define the bilinear operator

(F(u,€), ) = / w(@)  VE@)C(2)de,  Vue O, £¢ e . (11.0.1.15)

R2
We summarize the properties of F' we shall need in the following.

Lemma I1.0.1.5. 1. The operator F is bounded from [HLQ]Q x W2 into W12,

1. It holds

<F(u7§)7<> = _<F(u7 <)7§>7 <F(u>§)7§> =0 Vu € [H172]27C7‘£ € Wl’Q'
(I1.0.1.16)

1s. For every q > 2 we get

(F(u,8),¢¢17%) = (¢ — (F(w,Q),[¢|7%€), vVeeW? ¢eL* D yel™
(11.0.1.17)

and
(F(u,8),€€197%) =0, VeeW'? uwel™ (I1.0.1.18)

. F can be extended to a bounded bilinear operator from [L*)? x L* to W=12 and
1 (u, ) lw=12 < [uflpall€ll s (IL.0.1.19)
Proof. Statement (iv) follows by the Holder and Sobolev inequalities:

[(F'(u,€), Q)1 < Nullea [VEl 2 lI¢l a-

This, in turn, proves statement (i) since H'2 is dense in L*. Statements (ii) is a consequence
of the integration by parts formula. Statement (iii) is obtained by integrating by parts, where
in the proof is done first with smooth functions and then by density is extended on
the spaces specified. Notice that the Lh.s. side of is well defined since

[(F (1, €), <172 < Nullpoe IVEN 2 1€ Lo < Nullze I€lwr2llCl -

Eventually, (I1.0.1.18)) is a particular case of ([I1.0.1.17)). O



Chapter 11.1

Existence and uniqueness of solutions
with regular multiplicative noise

I1.1.1 Introduction

The present Chapter is inspired, in particular, by the work of Brzezniak and Peszat [18] where
the authors prove the existence of a martingale solution to the stochastic Euler equation on
the whole plane R2. The main difference of our result is that we can use the regularizing effect
of the Laplacian proving a better regularity for the solution. Moreover we prove that pathwise
uniqueness holds. Then the solution will be a strong (in the probability sense) solution (see
for instance [45]) F_-I .

We shall assume the same regularity on the noise term as in [18]. Following the main ideas
of this paper we prove the existence of a martingale solution to with the following
regularity

ve LP(Q; L0, T; HY? n HY) N L2(Q; L*(0,T; H*?)), p>1,¢> 2.

Since we work on an unbounded domain, the embedding of the Sobolev space of functions
with square integrable gradient into the L? space is not compact. Compactness is crucial in
proving the existence of a solution and so we introduce spaces with weights. The construction
of a solution is based on the Faedo-Galerkin approximation, i.e.

{dv”(t) n [P(")Av”(t) + POB, (u(t), U(t))] dt = PG (1)) AW () t e [0,T]

v"(0,2) = v§(x) T € R?

(I1.1.1.1)
given in Section [I1.1.4.1l In (IL.1.1.1)), P represent the orthogonal projection into finite
dimensional spaces, B, G, and vy are some regularizations of B, G and vy respectively. The
solutions v™ to the Galerkin scheme generate a sequence of laws {£(v™)},en. We prove that
this sequence of probability measures is weakly compact by proving its tightness in suitable
spaces. Then we construct a martingale solution applying the method used by Da Prato
and Zabczyk in [25]. This method is based on the Skorokhod Theorem and the martingale
representation Theorem. It is crucial to obtain uniform estimates for n € N in the Sobolev

! Some results given in what follows are identical to results contained in [I8]. In certain cases we choose to
report the full proofs.
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spaces H1? and H9, namely

supE sup [[[o"(t)[[12 + 10" (8) 71,0 < o0, (I1.1.1.2)
neN  0<i<T

and in the proof of the equation for the vorticity will play a crucial role. The
weak compactness of the family of the laws of {v",n € N} is performed in the weighted
space L%(0,T; [LQ(]RQ;e_‘“C'2 dx)r). Notice that, in order to obtain a better regularity for
the solutions, we use the theory of stochastic integration in Banach spaces. In particular, for
suitable initial values, we can show, via a Sobolev embedding, that the solution to (II1.0.0.1))
is space-Holder continuous (see Remark .

Next, under a Lipschitz assumptions on the covariance operator GG, we prove the pathwise
uniqueness of the solution and from this, in particular, we infer the existence of a unique strong
solution to . As a consequence we have the existence of a unique strong solution £ to
(I1.0.0.3)) with the following regularity

€€ LP(Q; L0, T; L2 N LY) N LA(Q; L*(0, T; WhH?)), p>1,¢> 2.

As we shall make clear in Section [[T.1.6]the existence result, formulated in a rather abstract
form, covers the case in which the random forcing term is a R-valued spatially homogeneous
Wiener random field. In this case the map G can be of the Nemytski form. There are some
good physical motivations to consider the particular case of a spatially homogeneous noise. In
many situations experiments show that statistical properties of a turbulent flow are the same
at every point of the fluid, except near the boundaries. In mathematical terms, this means
that the laws of the processes that we consider (velocity in our case) should be invariant under
space translations. Such processes will be called spatially homogeneous.

The present Chapter is organized as follows. In Section [[I.1.2] we make the assumptions
on the noise driving the first equation of and from these we deduce the regularity of
the noise driving equation . In Section the main results are stated. In Section
we give the proof of existence and construction of the martingale solution to . In
Section the uniqueness result is proved. Finally, in Section the spatially homoge-
neous noise case is considered and in Section we provide some bibliographical references
concerning this specific topic.

I1.1.2 Random forcing term

We define the noise forcing term. Given a real separable Hilbert space H, we consider a
cylindrical H-Wiener process W defined on a stochastic basis (2,5, {Fi}epo,77,P), where
{Ft}iecio,r) is a right continuous filtration. We can write

W(t) = iﬂk(t)hka t e [O,T] , (11.1.2.1)
k=1

where {fk }ren is a sequence of standard independent identically distributed Wiener processes
defined on (2, F, {F }e(0,7), P) and {hy}ren is a complete orthonormal system in 3.

We shall make a set of assumptions for the covariance of the noise driving the equation for
the velocity . Following [18], for the covariance G we make the following assumptions:
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(G1) the mapping G : H%? — Lys(H; Wh?) is well defined and there exists a; > 0 such that

IG)ys@ewre) < a1+ [[vlme),  Yve H'Y.

(G2) Let q¢ > 2, the mapping G : HY? — R(3(; W14) is well defined and there exists as > 0
such that
IG() | rgewray < az(L+ [[ollgra), Vo€ HY.

(G3) For all z € C the real valued function v — |G(v)*z|3 is continuous on Hi’f.

(G4) If assumption (G1) holds, then there exist constants L; > 0 and 0 < Lg < 1 such that

IG (1) = G(v2) || Lys w2y < Lallor = v2]| 2 + Lo||Vor = Vo[l g2, Vor,vp € HY2,

Remark I1.1.2.1. We will prove that the set of measures induced on appropriate spaces by
the solutions of the Galerkin equations is tight provided that assumptions (G1)-(G2) are sat-
isfied. Assumption (G38) will be important in passing to the limit as n — oo in the Galerkin
approximation. Assumption (G4) is needed in the proof of uniqueness of the solution. Notice
that the existence of a solution does not require assumption (G4): it is sufficient to approxi-
mate the covariance operator G in such a way it becomes Lipschitz (see Sectz’on and
then pass to the limit.

Formally, the noise driving equation ([1.0.0.3]) is obtained by taking the curl of the noise
driving equation (I1.0.0.1)), namely, bearing in mind ([I.1.2.1)), it is formally given by

curtl(G(o)W (1) = Y Be(t)eurl(G(v)he),  t€[0,T]. (I1.1.2.2)
k=1

Notice that, for all v € H%? N H, with ¢ > 2 and k € N, G(v)h, € HY2 N HY9. Roughly
speaking, by taking the curl of this latter quantity we loose one order of derivability, namely
curl(G(v)hy) € L? N LY. Formally, we introduce the operator G in the following way: given
ve HY2 N HY, for all ¢ € H, G(v)(v)) := curl(G(v)t)). Thus we have that the mapping G
is well defined from H'? to Lys(3(; L?) and from H to R(J; L). With a little abuse of
notation, we shall write

G = curlG, (I1.1.2.3)

and the random forcing term appearing in equation ([1.0.0.3) will be written as G(v)dW (t)
instead of curl(G(v)dW (t)).

1I1.1.3 Main results

We shall prove the existence of a martingale solution to problem (I1.0.0.1)). We give the
following notion of solution.

Definition I11.1.3.1. For q € [2,00) let vo € HY? N HY. Assume that (G1) and (G2)
hold. A martingale solution to the Navier-Stokes problem s a triple consisting of
a filtered probability space (2, F,{Fi }ejo,r), P), an {Fi}-adapted cylindrical H-Wiener process
W(t),t € [0,T)], and an {F;}-adapted measurable H“? N H'9-valued process v, such that
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i. for every p € [1,00), v € LP(£; L>(0,T; H“2> N H™)) N L2(Q; L2(0,T; H?*2));

. for all z € C and t € [0,T] one has P-a.s.

(v(t),z) = (vo,z>+/0 (Av(s), z) d8+/ Z vi(8)v(s), Vz) ds+( / G(v(s))dW (s), z).
(I1.1.3.1)

In the definition of the martingale solution the incompressibility condition is contained in
the requirement that v belongs to HY? N H%4. Since V - v = 0, the term v - Vo; has been
replaced by V - (vv;). Note that the gradient of the pressure vanishes after projecting both
sides of onto the divergence free space and that (ii) is the weak (in the PDEs sense)
form of the projected equation. Here is the main result we prove.

Theorem 11.1.3.2. Let q € [2,00). Assume that (G1)-(G8) hold. Then for any vo € HY?N
HY there exists a martingale solution to the problem (I1.0.0.1). Moreover, v € C([0,T];1L?)
P-a.s..

Proof of Theorem is a variation of proof [I8, Theorem 2.1|: there the authors con-
sider the Euler equations on the whole R? perturbed by a multiplicative noise term satisfying
the same assumptions we made. The main difference with [I8] is that here we can use the
smoothing properties of the dissipative term to obtain more regularity for the solution process.

Remark I1.1.3.3. If g > 2 then by the Sobolev embedding theorem (Theorem |[1.0.1.9 (iv)),

W4 is continuously embedded into the space of Hélder continuous functions C®, a < 1 — %'
Thus, as HY9 is a subspace of W4 we get the space continuity of the solution to ([1.0.0.1)).

We prove a uniqueness result as well.

Theorem I1.1.3.4. Let assumptions of Theorem|I1.1.3.4 hold. Moreover assume (G4). Then
pathwise uniqueness holds for system ([11.0.0.1]).

Pathwise uniqueness and existence of martingale solutions imply existence of a strong
solution. We recall the definition.

Definition I1.1.3.5. Let (2, F,{F; }1cjo,1, P) be a fized filtered probability space, and W (t),t €
[0, T, be an {F;}-adapted cylindrical H-Wiener process. Let vg € HY? N HY for q € [2,00).
Assume that (G1) and (G2) hold. A strong solution to the Navier-Stokes problem
is an {F;}-adapted measurable H'> N HY9-valued process v satisfying conditions (i)-(ii) of
Definition [[1.1.3.1]

Therefore Theorems [[I.1.3.2] and [[T.1.3.4] imply.

Theorem I1.1.3.6. Under the same assumptions of Theorem there exists a unique
strong solution to ([1.0.0.1)).

As a byproduct of the results stated above, we get the existence and uniqueness results
concerning the solution to the vorticity equation (I1.0.0.3]). Similarly to the previous definition
we give the following.
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Definition I1.1.3.7. Let (2, F,{F; }1co,1, P) be a fized filtered probability space, and W (t),t €
[0,T], be an {F;}-adapted cylindrical H-Wiener process. Let & € L?> N LY and vy € L2 N1LY,
for q € [2,00). Assume that (G1) and (G2) hold. A strong solution to the vorticity equation
is an {F;}-adapted measurable L? N Li-valued process & such that

i. for every p € [1,00), & € LP(Q; L>(0,T; L2 N L9)) N L2(Q; L2(0, T; Wh2));

ii. for all z € C, and t € [0,T] one has P-a.s.

sol

(E(), %) = (€0, 2) - /0 (VE(s), V2) ds + /0 (v(3)E(s), Vz) ds + ( /0 G(v(s)) AW (s), 2),
(I1.1.3.2)

where v is the solution to ([1.0.0.1]).
By Theorem we deduce the following result.

Corollary I1.1.3.8. Let q¢ € [2,00). Let the same assumptions of Theorem |I1.1.5.6 hold.
Then for any & € L2 N L7, vy € L2 N 1LY there exists a unique strong L?> N Li-valued solution

to system (|[1.0.0.3]).

I1.1.4 Existence of a martingale solution to the Navier-Stokes
equations

The present Section concerns the existence of a martingale solution to (I1.0.0.2]). The proof
is a modification of the results of [I8] where, we recall, authors consider the two dimensional
stochastic Euler equation on the whole plane R?. In order to prove the existence of a martingale
solution they consider a smoothed Faedo-Galerkin scheme of the Euler equation. In particular
a diffusion term vA, v > 0, is added in order to use its smoothing effect and obtain the desired
estimates. In the tightness argument, passing from the finite dimensional approximation to
the infinite dimensional non approximated equation, v — 0, to recover the Euler equation.
The main difference of our result is that we maintain the regularizing effect of the Laplacian
also in the limit equation. In this way we prove more regularity for the solution.

I1.1.4.1 Smoothed Faedo-Galerkin approximations

The first step to prove the existence of a solution to is to approximate the full
equations. We approximate the nonlinear term B and the covariance operator G in such a
way they become Lipschitz in appropriate functional spaces. Then we consider a sequence of
finite dimensional stochastic differential equations, the Faedo-Galerkin systems. Since all the
coefficients are Lipschitz, these SDEs admit a unique solution. The crucial point is to prove
the desired estimates uniformly in n € N.

Let {ex}x C H?*2N H?? be an orthonormal basis of HY2. We assume that it is also a
Schauder basis. Let P™ and P, be the orthonormal projection of H? into the spaces
Sy = span{ei, ...,e,} and span{e,} = Re, respectively. Let PM . H12 4 R be defined by
P (v)(e,) = Py(v), v € HY2. Let ¢ > 2, note that there is a constant C' such that

|P®0 0 < Cllolla and  [Byollgra < Clloll (I11.4.1)

2 Recall that (see e.g. [9]), given a Banach space E, a sequence {ej}r>1 is said to be a Schauder basis if
for every u € E there exists a unique sequence {an}n>1 in R such that u =377 | arex.



94 Existence and uniqueness with regular multiplicative noise

for all n and v € H2N HY. Thus P™ and P, can be treated as a linear projection on H.

From now on, we assume that assumptions (G1)-(G3) are fulfilled. Let us start by
constructing a suitable approximation of G. Let p € C§°(R) be a non-negative function with
the support in [0, 1] and such that [, p(z)dz = 1. Let 1, = 1j_,, ,;). Recall that, for all ¢ € H
and for all v € HY2 N HY, G(v)yy € W2 N W4, For such ¢ and v we define

G (En: :ciei> ¢] 1, ( zn:wiez‘ )
i=1 i=1 H2nHa
X p (n(p(l)v - $1)> ceep (n(p(")v — xn)) dz.

Notice that G,,(-) is bounded and globally Lipschitz from H'2? into Lys(3(; W'?) and from
HY into R(JH; W) (with bounds possibly depending on n). Moreover, there exist positive
constants @; and @s such that, for all n € N, v € H? N HY9 it holds

Gulo)i) =P [

HGH(U)HLHS(J{;WL?) < &1(1 + HUHH1,2) (11.1.4.2)

and
|G ()| paewray < @2(1 + [[vll ). (11.1.4.3)

Let now consider a suitable approximation of the nonlinear term B. Let ¢, : H'2NH" —
HY%2 N H" be defined by

Uu, if HUHHWOHW <n,
(Pn( ) = -1 .
nllull g1on g s otherwise.

Notice that we can write the function ¢, (u) as @, (u) = uO, (||u|| g1.2A11.4), Where the function
Oy, : [0,+00) — [0, 1] is defined as

1 ifo<s<n

On(s) = {n (11.1.4.4)

if s > n.

The function ¢,, is bounded and globally Lipschitz (see [10, Appendix]). Define B, (u,v) :=
B(pn(u),v) and By (v) := B(pn(v),v). It follows from Theorem (iv) that B, is a
globally Lipschitz map from HY2 N H" to L2 N 1LY . Moreover, P("™ B,, is a global Lipschitz
continuous function from §,, into §8,,.
Finally, let vy = Py,

Let us consider the smoothed Faedo-Galerkin approximation scheme in the space S,,,

dv™(t) + | PM™ Av™(t) + P™ B, (v™(¢),v™(t))| dt = PG (v (¢)) dW (¢)  t € [0,T]

V-u™(t) =0 t€[0,T]
v"™(0,z) = vj(x) r € R2
(I1.1.4.5)
We will prove the following Theorem about a priori estimates of the solution v™ to
[T13).

Theorem I1.1.4.1. Letvg € H'>?NHY. Let W be a cylindrical H- Wiener process defined on
a filtered probability space (U, F,{F¢}+,P). Then, for every n € N, there is a unique adapted
and continuous HY? N HY9-valued global strong solution v™ to the system , that is a
process satisfying the following conditions:
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i. v € LP(Q; L?(0,T; H*?> N H*9) N C([0,T]; HY? N HY9)) for any p € [1,0);

it. v"™ is a solution to the smoothed Faedo-Galerkin system on [0,T], namely for any t €
[0,T], it satisfies P-a.s.

V" (t) _vg—/t [P(”)Av (s)+P™B ds+/ PG (v"(s)) AW (s) (I1.1.4.6)
0

Moreover, for any p € (1,00),

supE [ sup ([[o" () 1512 + [lv™ (¢ )Hqu)] 00 (I1.1.4.7)
neN te(0,7)
and
T
supE/ VU™ ()| 512 At < o0. (I1.1.4.8)
neN

Since B,, and G, are globally Lipschitz continuous and v € H 22N H?4, the existence and
uniqueness of a global mild solution v™ to , with the stated regularity, follows from [I5],
Therorem 4.10]. It follows next from [14, Lemma 4.5 that in fact is a strong solution. Hence
Theorem will be proved once Lemma and Lemma formulated below,
are verified. The proof of statement is given in [I8, Lemma 5.1 and Lemma 5.2]. We
recall here the proof (see Lemma and Lemma for the sake of completeness and
since some estimates are required for the proof of (II.1.4.8)), given in Lemma which
does not appear in [18] (recall that there authors consider the Euler equation).

Lemma I1.1.4.2. Let v™ be a solution to (1.1.4.5). Then for any p € [1,00) there exist finite
constants C1 and Cy independent of n such that

E sup [[v"(t)|}2 < (1I1.1.4.9)
te[0,T)
and
T
IE/ V0™ (8)[1.0 dt < Co. (11.1.4.10)
0

Proof. Let us fix p € [2,00) and n € N. Set

P(t):=E sup [v"(s)|h  and  o(t) :=E sup [[v"(s)]| s
0<s<t 0<s<t

For the sake of clearity let us split the proof in different steps.

Step 1. The first step will be to show that there exists a constant Cy such that, for all
0<k<t<T,

B(t) < Co(1+ (k) + o(t)(t — k). (IL1.4.11)

Inequahty (I1.1.4.11)) is obtained by means of It6 formula applied to the function H(u) =
]| %8 72, Burkholder-Davies-Gundy’s inequality and Theorem [[1.0.1.4({iii).
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Step 2. Let us consider the equation for the vorticity. For every n € N set

&"(t,x) == curl v"(t, ) and 0(t) =E sup ||§”(s)|]i’;

0<s<t
Then, for every n € N, £" satisfies the following SPDE

og"
ot
Let us recall that (see Section|I1.1.2)), by an abuse of notation, we write (curl G, (v™))dW (t)
instead of curl(Gy, (v™)dW (t)).
For every n € N, by uniqueness, since ([1.1.4.12) has a unique strong L? solution (that
follows from the fact that (I1.1.4.5)) admits a unique strong H'? solution), £" is a strong
L?-valued solution. Hence we can apply again the Ité formula to the function H(u) =

HuHQL’; By means of Burkholder-Davies-Gundy’s inequality and Theorem [[1.0.1.4{(iii) we
obtain the following estimate, valid for all 0 < k <t < T and a suitable constant Cj:

= [AL" — (V" - VEM) O, (V"] gr2nmra)] dt + (curl G, (v™))dW (¢).  (11.1.4.12)

O(t) < CrL[L+0(k)+ (0(t) + (1)) (t — k)] (11.1.4.13)
Step 3. Taking into account Lemma we can find constants Cy and C3 such that
Co (¥(t) +0(t)) < o(t) < C3(4(t) +0(2)) -
So, combining ([I.1.4.11)) and (I1.1.4.13)) we get, for suitable constants ay, as, as

p(t) < Cs ((t) +0(1))
< C3[Co (L+9(k) + @) (t = k) + CL(1 4+ 0(k) + (0(2) + (1)) (t = k)]
< ar+ a1+ (k) +as(l+ o)t — k).

Namely, for a suitable constant « it holds
p(t) < a(l+ @(k) + o(t)(t — k). (I1.1.4.14)

Let 0 = t; < --- < t; =T be a partition of [0,7] such that for every i = 1,...,1 — 1,

[tiv1 —ti] < % Then from (I1.1.4.14)) it follows

pltiv1) < a(l+t) + o(ti) (ti — 1) < @ <1 +o(ti) + W)

which implies
(P(ti—f—l) <2a(l+ (p(ti)), 1=1,...,0—1. (11.1.4.15)

Iterating inequality ([1.1.4.15]) we get

-1
E sup |lv = 20)7 + (2a)7 7 Y|v
OgtETH ") = @(T) < ;( ) + (20) vl s

where the estimate does not depend on n. This proves (I1.1.4.9)).
Step 4. We exploit the regularizing effect of the dissipative term to prove ([1.1.4.10)).
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Let us now prove the estimates stated in Steps 1, 2 and 4.
Proof of Step 1. For t € [0, 7] let us set
®(t) = PMA(t) — PMB,(v"(t))  and  G.(t) = PG (0" (1))

Let k < t. Since v™ is a strong L2-valued solution to ([I.1.4.6) we can apply It6 formula
and infer that

o @1 = 10" R + [ (5,551 (5)
! ! n 1 " n *
+ [ ) o) + 5T (06566 6)) | ds

. n 2p ¢
v <k>||L2+/k< (67(5)), Gn(s /A

From Theorem [I1.0.1.4] (ii) and Theorem [I1.0.1.3| (i), using the trivial inequality || - || ;2 <

| - || 1.2, we obtain

(H'(v"(s)), ®(s)) = —2p]|o"(s) |24~V | Vo ()] < 0.

Denoting by ¢;, ¢ = 1,..3 constants that depends on p and a;, for the second term in the

deterministic integral, using ([1.1.4.2)), we get

5T (H" (0" (3)5n(5)(Sn(5))")
= pl[o" ()79 [ 0" ()12 ()3 g ocarnay + 2 = (G () 0" ()13
< e[ (5)I[75 2N G (V™ ()17 s sw12)
< ca(1+ [[0"(9)I27:.),
thus
Afs) < e (14 0" (5) 702

Therefore, denoting by ¢;, ¢ = 4, ..., 6 constants that depends on p, T and @, we obtain

2

P(t) <cs (L+9(k) +espt)(t — k) + Ekiugt

/ H W (1)), S ()W (1))

Applying Burkholder-Davies-Gundy’s and using the trivial inequality || - |72 < || - || g1.2,
from (I1.1.4.2)) we obtain

2

/ IR (0 (1), G ()W (1))

E sup
k<s<t

<E / o )1 ™ () 22 0 (1 o2y
< (1 + p(0)) (¢ — k).

Collecting all the above estimates we get ([[I.1.4.11)) for a suitable constant Cj.
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Proof of Step 2. For t € [0, 7] set

U(t) = PPYAL(E) + cwrll(P™ B, (v(t)))  and  Gy(t) = curl(PG, (v"(t))).
(I1.1.4.16)
As observed before, since £ is a strong L?-valued solution to equation , we can
apply the It6 formula to H(§) = ||§||ip2 We get

lEm ()25 = [l (k)17 + / (H'(£"(5)), Gn(s)AW (5))
# [ @) ) + 5T ()6 () | as
Using Theorems [[T.0.1.3](i) and [[L.0.1.4iii) we obtain
(H'(€"(5)), (s)) = —2pl|€"(s) |79V [ VE" (5)]32-

Moreover, denoting by ¢7 and cg constants that depends on p, and p and a; respectively,

from ([I.1.4.2)) and Young inequality, we get

ST (H(€4(9))Cn(5) (Gn(5))")

=€) 179 1€ ()32 NG ()13 g sy + 20 = DI(G(s))"€"(3)13:
e 130)] [ [N CLE)) ] [
< s (L4 1€ + 10" ) ) -

Thus,
le" @12 < e (k)2 — 2p / e (s)129 V|V (s)]132 ds
+c8/k ( FIER I + 0 (5) 2 ) ds
+2p / 1€ (5) 22067 (s), Gon(5)dIV (5)). (111.4.17)

Applying the Burkholder-Davies-Gundy’s inequality, denoting by cg constant that de-
pends on p and ap, by ([I.1.4.2) and Young inequality we obtain

2

E sup
k<s<t

/ 1€7(8) 122D (€7(s), Gn(5)AW (5))

<& [ I I
<t [ (141EGIE + 1 6)fha) o

Combining these estimates we get ([1.1.4.13]) for a suitable constant C7 depending on
p, T and ay.
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Proof of Step 4. From ([1.1.4.9)), bearing in mind ([1.0.1.5)), it follows in particular

supE sup [|€"(1)][}. < oc. (I1.1.4.18)
neN  ¢€[0,T]

Taking the expectation in (II.1.4.17)) (for £ = 0), from (I1.1.4.9)) and (II.1.4.18]) it follows

T
n 2(p—1
B [ 1€ @I IVE) s < gy

For p = 1 this gives in particular
T
]E/ IVE™(s)]|22ds < 00,  VneN.
0

Thus ([1.1.4.10) immediately follows.

O

Next lemma proves an estimate for solutions, uniform in n € N, in the space H9, where
€ (2,00). We shall use the inequality

vl 1 < C(||v]| g2 + |[curl v||La), (I1.1.4.19)

which is a consequence of Lemmal|lL.0.1.1|and the imbedding W12 — L4 (see Theorem [I1.0.1.2
(iii)).

Lemma I1.1.4.3. Let v™ be a solution to (I1.1.4.5). Then for any p € [1,00) there is a
constant C' < oo independent of n such that

E sup [[v"(t)]7, < C.
t€[0,T]

Proof. We proceed similarly to the proof of Lemma [[1.1.4.2] Let us fix n € N and p € [1, 00).
Define

§'(ta) = curl v (t,2)  and  0(t) = E sup [I€(s)]7.

We recall (see proof of Lemma [[I.1.4.2)) that {" satisfies (II.1.4.12)) for every n € N. Assume
q > 2. Note that £" is both strong and mild solution to ([1.1.4.12)). In particular it follows

from [I4, Theorem 4.6 and Lemma 4.3] and from [I5] Theorem 4.10] that for any p € [2, 00),
" e LX(Q,F,P; L2(0,T; H>7)) N LP(Q, F,P; L=(0, T; HY)). (11.1.4.20)

For the uniqueness of a weak solution to (I1.1.4.12)) and the imbedding H9 < L,
q > 2, are used.

Let p € [g,00) and 0 < k <t < T. Let ¥ and G, be given by (TL.1.4.16)), then by
(I1.1.4.20), we can apply the Itd formula for H(E) = ||€|},. For a full explanation of the
details see Chapter or [I8, Section 4], in particular [I8, Theorem 4.3. and Remark 4.5.].
We have
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1€ (O Le < lIE" (R +p/ €™ ()14 *(I€™ (s)[97%€" (), W(s)) ds

+p/Wmn LI(€7(5) 1267 (5), G ()W (5))

()17 11Ga () o, o) ds-

Using the integration by parts formula and Theorems |[I1.0.1.3(i) and [I1.0.1.4] (iii), we get

/m"n (Jen(s)[72¢ (5), m-/uw [T 11En () 72€7 (), AE"(s)) ds
[ I L€ 6(6).can (B () ds < 0.

Thanks to ([I.1.4.3]), and using Lemma [[I.1.4.2{ and (I1.1.4.19)), if we denote by ¢; a constant
that depends on ag, p, T and sup,, ||[v"||g1.2, we get

9 = a p n n
IG5 < 2L [ e (14 16 ney) s

SQQ+AH@@MMQ-

So we get
1€ @®)I70 < 1€ (% +p/ €7 ()12 (17 (5)1972€7 (s), G (5)AW (5))

+o (1 +/k e )L, ds) .

The Burkholder-Davies-Gundy’s inequality (see Appendix or [I8, Theorem 4.2]), (I1.1.4.19)
and Lemma yield

2

E sup
k<s<t

p/s €7 () 1174 (1€ (5) 172" (), G (8)dW (s))

<pE/Hw V22 Gin(5) o) s

<va s [ eI (1 ) ds

<@@+E/Hﬁ I as).

where ¢y is a constant depending on ag, p, T and sup,, ||v"|| f1,2. Collecting the above estimates
we finally obtain

O(t) < C(1+0(k) +0(t)(t — k), (I1.1.4.21)
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where C depends only on ag, p, T and sup,, ||v"||g1.2. Thus, taking a partition 0 =¢; < --- <

t; = T such that |t;1 — ;] < %, thanks to ([1.1.4.19) and Lemma [[1.1.4.2| we can proceed
similarly to the proof of Lemma [[I.1.4.2] obtaining

2 2 2
E sup 0" ()%, <E sup [Il0"(0)]%a + I€" @]
0<t<T 0<t<T

-1
<C+o(T) <C [1+320) + 20) | P2,
j=1

Since {e;}1 is a Schauder basis of H9, we have

sup ”P(n)’UQ”Hl,q < 00
neN
and we get the desired result. O

11.1.4.2 Tightness

The construction of a martingale solution to ([1.0.0.1)) is based on a compactness method. For
the sake of completeness let us recall some definitions and necessary tools.

Definition I1.1.4.4. Let S be a complete separable metric space and {u"},en be a sequence of
S-valued random variables defined on some probability space (Q,F,P). We say that the family
of laws {L(u"™)}nen is relatively weakly compact if every sequence of elements of {L(u™)}nen
contains a weakly convergent subsequence. We say that {L(u")}nen is tight is for every e > 0
there exists a compact subset K. C S such that P(u™ € K.) > 1—¢, for alln € N.

The following theorem by Prohorov is the key for a simple characterization of sequences
of probability measures that are relatively compact.

Theorem 11.1.4.5. (Prohorov). Let S be a complete separable metric space and {u"},en
be a sequence of S-valued random variables defined on some probability space (2, F,P). Then
the following statements are equivalent.

o {L(u")}nen is relatively compact,
o {L(u™)}nen is tight.

It is useful to characterize tightness using compact embeddings for Banach spaces. We
shall need the Dubinsky criterion for compactness (for a proof see [89, Theorem 4.1]).

Lemma I1.1.4.6. Let Ey, E1 and E be reflexive Banach spaces such that the imbeddings
Ey — E < E; are continuous and the imbedding Ey — E is compact. Let p € (1,00) and
let T be a bounded set in LP(0,T; Ey) consisting of equicontinuous functions in C([0,T]; E1).
Then T' is relatively compact in LP(0,T; E) and C([0,T]; E).

In the previous Section we have proved that for all n € N, v™, is a solution to the smoothed
Faedo-Galerkin equations . We assume that each v™ is defined on a filtered probably
space (2, F,P) and satisfies driven by a cylindrical H-Wiener process W. Let us
denote by £(v™) the law of v" on the space of trajectories C([0,7]; H? N HY%). We aim
at proving that this sequence is tight on an appropriate functional space. If we consider an
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unbounded domain, the embedding of the Sobolev space of functions with square integral
gradient into the L? space, unlike in the bounded case, is not compact. As said above,
compactness is crucial in order to prove the existence of solution and so it is necessary to
introduce spaces with weights. Let § € C°°(R?) be a strictly positive even function equal to

eIl for |z| > 1, and let us denote by L2 the weighted space [L?(R?;6(z) dx)]2. For a proof
of the following result see [19, Lemma 3.4(i)].

Lemma I1.1.4.7. The imbedding W2 — Lg 18 compact.
Let us set .
M"™(t) = /0 PGy, (v"(s)) AW (s), te (0,77,
and let £(M™) be the law of M™ on C([0,T]; H*? N H9).
Lemma I1.1.4.8. The family £(M™), n € N is tight in C([0,T];L3).

Proof. Let € > 0. We have to find a relatively compact set I' € C([0,T];L2) such that
LM™)(T) =P(M™ €T) >1—¢ for all n € N. We shall use the Dubinsky criterion with
Ey = H"“?and Ey = E = LZ; so it is sufficient to find a set I which is bounded in LP(0,T; H'?)
and consists of equicontinuous functions in C([0, 7] ; L3).

Let us fix a € (0,1) and p > 1. Set

¢
Jp(t) = /0 (t —5)*1p(s) ds, tel0,7], pe LP(0,T; H?),

and
sin(ma)

Z(t) =

/0 (t — 5)"°PG, (" () AW (s), € [0,T].

™

By the stochastic Fubini theorem we have the factorization formula (see for instance [22,
Chapter 2.2.1] for more details on the factorization method)

M" = J(Z").

For every n € N the process Z" is well defined in H%2. Moreover,
T
supE/ 127 (t)]%1,2 dt < o0,
neN 0

Infact, from Burkolder-Davies-Gundy’s and Holder’s inequalities, for every n € N, ¢t € [0, 7],
we get

t ,
E| 2071 < CaE [ / (t = )2 PC (0 ()3 ds}

ya
2

t
< CLE [ [ =1 O s ds]

t
< Ca7T/ (t—s)"*ds < o0,
0
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thanks to the growth property of G,, and ([I.1.4.7)). By the Chebyschev’s inequality we infer
that, for every n € N and r > 0,

T E [] |1 270)|5,., dt
F([ 170l > ) < IOt G
0

T T

Let R be such that % < g, then

T
sup P </ 1ZM ()20 dt > R) <e.
neN 0

Define the set -
B={verorm?: [ uol.asn).
0

B is bounded in LP(0,T; H'?). Set T' = J(B). It is known that that .J transforms bounded sets
in LP(0,T; H*?) into equicontinuous bounded sets in C([0,7]; H"?). From Lemma
we have then that T' is bounded in LP(0,T; H'?) and consists of equicontinuous functions
in C([0,7];L%). From Lemma we infer that I' is relatively compact in C([0,77];L3).
Moreover,

P(M" €T) =P(J(Z") €T) =P(Z" € B) > 1 —¢.
O

A classical result is that {M"(t)}, are square integrable continuous Lj-martingales with
quadratic variation

t
< M"™(t) > :/ [(jHl,Q;Lg?Gn(UTL(S)))(jHl,Q;L‘%TGn(Un(S)))* ds,
0
where jp1.2.72 denotes the imbedding of H 1.2 into Lg. We have the following consequence of
Lemma [[I1.1.4.8] and the Métivier-Nakao Theorem (see [60] or [61]).

Corollary I1.1.4.9. The family £(< M"™(t)) >)}n of the laws of {<& M"(t) >)}y, is tight
in C(0,T): L1 (L3, L2)).

In the proof of Theorem [[I.1.3.2| we shall need the following result, (for the proof see [I8,
Lemma 6.4]).

Lemma I1.1.4.10. The family {£(v")},, n € N is tight in L*(0,T; LY).

11.1.4.3 Convergence

We are ready to prove Theorem The proof is based on the method used by Da Prato
and Zabczyk in [25] and on the Skorokhod Theorem. Let us recall that this last result turns
convergence in distribution into pointwise convergence, namely

Theorem I1.1.4.11. (Skorokhod). Let S be a complete separable metric space and { i }nen,
w be distributions on S such that limy,_, o pty, = p weakly. Then there exists a probability space
(Q,F,P) and S-valued random variables { X, }nen and X such that

o L(X™) =pn, n€eNand L(X) = p,
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o lim, oo X" = X P-a.s..
We shall need the following technical lemma (for the proof see [I8, Lemma 6.5]).

Lemma I1.1.4.12. Letr € (1,00), and let vl 1 €N, be a sequence of processes with trajecto-
ries in L°°(0,T; WT), such that, for a fived p € [1,0),

SUDE[[o 1 g ) < 00

T 1,r
leN 07 7W )

If |08 (t) —v(t)||zr — 0, dt x P-a.s., then the process v has trajectories in L>(0,T; W') and

E”UHpoo(O’T;Wl,r) < 0.

Proof of Theorem[IT.1.3.3. Let 3 be a Hilbert space such that — H with a Hilbert-Schmidt
imbedding. Then W is a process with continuous trajectories on H. Set

A = L2(0,T; L3) x C([0, 7 L3) x C(10,T]: L'(L3: L3)) x C([0,T]: 5¢).

By Lemmas [[1.1.4.8) and [II.1.4.10| and Corollary the family of laws {£(v", M", <
M™ > W)}, of {(v™, M"™, < M™ > W)}, on A is tight. Hence, by the Prokhorov theorem,
it is relatively weakly compact. So, there exists a subsequence {n; };cn such that {(v™, M™, <
M™ > W)}, converges weakly as [ — oo.

By the Skorokhod imbedding theorem there exists a probability space Y = (€, F, {’J':t}t, P),
random elements in A, (v, M,m,V) and {v', M!, m!, V'};cx, defined on Q, such that

(S1): the laws of (v™, M™, < M™ > W) and (v, M!, < M! >, V) are the same,
(82): (v}, M!,< M' > V') — (v, M, < M >>,V), P-as. in A.

Note that, for every [, V! is a cylindrical H-Wiener process. From (S1) it follows, in particular,
that o' is the solution to the appropriate Navier-Stokes equations driven by V!, with
ol € LP(Q; L2(0,T; H>2 N H>9) N C([0,T]; HY? N H'9)) for any p € [1,00), ¢ > 2. Moreover,
for any p € (1,00),

supE | sup <|]yl(t)\|];{1,2 + Hyl(t)H]I){Lq)] < 00 (I1.1.4.22)
leN te[0,7)
and
T
SupE/ Vol (£) |32 dt < o0. (I1.1.4.23)
leN 0

We shall prove that the limit (v, M, < M >, W) is the martingale H?N H'9-valued solution
to the Navier-Stokes problem ([1.0.0.1). For the sake of simplicity we split the proof in four

steps.

Step 1. We prove that v belongs to the space LP(§2; L>(0, T; H2NHY9))NL2(); L?(0, T; H*?)),
qg>2,p¢€(1,00).

From (S2) in particular it follows that

T
lim / [ol(t) —v(t)|2dt =0, P —a.s. (I1.1.4.24)
l—o00 0 2
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Let p > 2. Since H"2 C L2, from ([1.1.4.22)) and the Fatou’s lemma we obtain

e[ ol <ie [ Mo <.

Thus for any p > 2 we have

_ T p
s | [ (0) — o) o
IeN 0 o

~ T p T p
< CpsupE [</ ot (£)]132 dt> + (/ [v(t)]122 dt> ] < 0.
leN 0 o 0 o

Hence the sequence fOT ot (t) —v(t) 12, dt, I € N, is uniformly integrable. Thus it follows
6
(see e.g. [53), Section 43]),

T
lim IE/ o' (6) = w(#)]3, dt = 0. (I1.1.4.25)
0

=00

At this point, taking a subsequence, we may assume that v'(t,z) — v(t,x), dt x do x P-
a.s. From ([1.1.4.22)) we know that v is bounded in LP(Q,T},P; L>(0,T;L")), r = 2,q.
So we may assume that ||[v!(t) — v(t)||, — 0, dt x P-a.s. for r = 2,¢. Lemma
yields that v has trajectories in L>(0,T; H%? N H™9) and that for every p > 2 one has

[t551> (o @Fps + Hv(t)Hi}Lq)] < . (I1.1.4.26)

Moreover, from (I1.1.4.22)) and (I1.1.4.23]) it holds

T
supE/ 1o ()20 d < oo
leEN 0

Thus we infer that the sequence {v'};cn contains a subsequence, still denoted by {v'};en
convergent weakly in the space L?([0,T] x Q; H*?). Since from ([1.1.4.25) we know that
vl(t, z) = v(t, z), dt x dz x P-a.s., we have that the weak limit of o' is v and in particular
we conclude that v € L2([0,T] x Q; H*?) and

T
E/ lo(t)|yaz dt < oc.
0
Step 2. We prove that M is a square integrable martingale with quadratic variation

<M > () = [ [l PG a7 Glo(s) ] ds.

From (S1) we know that M’ is a square integrable martingale (w.r.t. P). We can
represent it as

/TPGm Davies),  telo,T],



106 Existence and uniqueness with regular multiplicative noise

and its quadratic variation is given by
1) e M () = [ [(GagnogsPCon (0 1.2 PG, (0 (5))) | d
m(t) =< M" > (t) ; Jr2,02 PGy (V' (3)) ) (Jrz,2 PGy (v (5)) S.

From (S2) we know that {M'}; converges to M P-a.s., where M is a square integrable
Lg—valued martingale with quadratic variation m. Our gaol is to prove that

< M>(t)= /0 t [(jHl,z;LgiPG(v(s))) (jHl,z;LgiPG(v(s)))*] ds. (I1.1.4.27)

To do this, for fixed ¢t € [0,T], we test the processes M l (t), I € N, against test functions
. We consider the corresponding quadratic variation processes and we show the conver-
gence in probability to the desired object. More formally, for every ¢ € C§°, t € [0,T],
l €N,

t

ML= 10).0) = (| 26,0 V(). )

defines a real square integrable martingale with quadratic variation
2

Ji= /0 t (U 23 PGu (V') | ds,  1eN.

Set
2

7= [ |(Gssg?eoen) o], ds.

In order to prove (II.1.4.27)) it is sufficient to show that J; converges to J in probability.
Fix ¢ > 0 and ¢ € [0, T], then by Chebyschev’s inequality we obtain

P(lJ - Jj| >e) <P <|Jl —J|>eand sup [[v'(s)||2 < R)
0<s<T

+I@’( sup ||v'(s)|l 2 > R) :
0<s<T

Therefore the convergence in probability follows from (G1)-(G3), (II.1.4.24)), (I1.1.4.26)
and the Lebesgue dominated covergence Theorem.

Step 3. We prove that M can be represented as a stochastic integral w.r.t. a suitable cylin-
drical H-Wiener process.

Thanks to the representation theorem (see [25, Theorem 8.2]) we can find a filtered prob-
ability space (', F, {F,}+,P') and a cylindrical H-Wiener process W, which is defined
on the probability space

U= Q=0xQ,F=FxF {F} = {Ft}e x {F}}1,P=P x P'),

such that the process M(t,wr,ws) = M(t,w;) has the following form

t
M(t,wl,wg):/ PG (u(s,wr,ws)) dW (s, wr,ws),
0
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where
u(s,wi,ws) = v(s,wy). (11.1.4.28)

The process u is adapted to the filtration {SFt}t. Moreover, for every p € [2,00,), by

(11.1.4.26)) it follows

E

sup ([lu(t)[[} + Hu(t)llip,q)] < 0.
te[0,7

Step 4. It remains to show that the process u satisfies the integral equation (II.1.3.1]). Let

us fix t € [0,T] and p € C° N H*2, a > 2, satisfying V - ¢ = 0. From (S2) and Step 3
it follows that, P-a.s.,

< / PGy (v1(5)) AV (5), ) = (M'(1), 0) — (M (1), )
—{ / PG(u(s)) AW (s), ) = { / Gu(s)) AW (s), ¢).
Clearly v'(0) — ug and
t t
/ W'(s), Ap) ds —>/ (u(s), Ap) ds.
0 0
Finally we are left to prove that,
[ P B0 ), ) ds o [ (Bule).us). ) ds.
0 0

Let us write (we drop the time parameter for simplicity)

|<P(nl)Bnl(vlvvl)790> - <B(u7u)790>’ = ’<P(nl)an(vla‘70)7Ul>> - B(”? ¢>7u>|
< ](P(”I)Bnl (W —u, @), 0N + ](P("Z)Bnl (u, @), v! — u)
+ (P By (u, ) — Blu, ), ).

The above dualities are well defined as scalar products in L? and, thanks to Theorem

11.0.1.4(vi) and (II.1.4.1)) we can estimate the three terms as follows.
(P By, (! =, 0),0')| < | PU By (o) = w, 0)| 21| 2
< Cllv' —ul g2llel a0l 2 < Call’ = ull 2,
where the last inequality follows from ([1.1.4.22)).
(P By (u, ), 0" = u)| < [[PU By (u, )| 20" =l 2
< Cll' = ull 2| @ll a2 llull 2 < Callo’ =l 2,
where the last inequality follows from ([1.1.4.26]) and ([I.1.4.28]).
(P By, (u, @) = B(u, ), u)| < Clful] 2| P By, (u, ) = Blu, 9)l| 2
< G| P By, (u, ) — B(u, 9)] 2.
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Collecting the above estimates we obtain
t
1P B (0165). 01051 9) = (Blulo), u(s)). ) s
t
<(C+Co) [ ol(s) = uls) 2
0

e /0 [P B, (u(s), 0) — Blu(s), o)l = ds.

For | — oo, the second term converges to zero by definition of B,,. As regards the first

term, notice that from and , taking a subsequence, we may assume
that v!(¢,2) = u(t, z), dt xdz x P-a.s. Since {v'} is bounded in LP(Q, F, P; L>(0, T’; L?))
we may assume that v — u|| — 0, in L°(0,T; L?) P-a.s. In particular the convergence
holds P-a.s. in L(0,T; L?) and so the first term converges to zero as [ — co.

Thus u satisfies the integral equation in Definition [[I.1.3.1}

Finally, from [I7, Lemma 7.2| it follows that v € C([0,7];L?) P-a.s., and the proof is
complete.

O

I1.1.5 Pathwise uniqueness

We prove that solutions of ([[1.0.0.1)) are pathwise unique. The proof uses the Schmalfuss
idea of application of the It6 formula for an appropriate function (see [82]). Let us recall the
following.

Definition I1.1.5.1. Suppose that whenever (u, W), (Q,F,P), {F:}+ and (a, W), (Q,F,P),
{f;tt}t are martingale solutions with common noise W (relative to possibly different filtrations)
on a common probability space (2, F,P) and with common initial value i.e. P(ug = tg) = 1,
the processes w and u are indistinguishable: P(uy = ¢, V0 <t < T) = 1. We say that
pathwise uniqueness holds for equation.

Theorem I1.1.5.2. Let q € [2,00) and let & € L2 N LY, vy € L2 N LY. Assume that (G1)-
(G4) hold. Then pathwise uniqueness holds for system (11.0.0.1]).

Proof. Let vy and vy be two martingale solutions to system ([1.0.0.1]) with v;(0) = v2(0). Let
V = w1 — vg. This difference satisfies the equation

AV (t) + [AV(t) + B(vi(t), v1(t)) — B(va(t), v2(t))] dt = [G(v1(t)) — G(va(t))] AW (?)
V(0)=0

and this is equivalent to

{dV(t) +[AV(t) + B(V(8),v1(t)) + B(va(t), V()] dt = [G(v1(t)) — G(va(t))] AW (2)
V(0) =0

We shall use the Ité formula for d (e’ Jo () d5||V(t)||%2>, by choosing v as

¥(t) = (al| Vor ()72 +2L1), te[0,T],
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where L is the Lipschitz constant given in (G4) and a is a positive constant given later on.
Recall that v € HY? and so ¢ € L'(0,T) P-a.s.. For t € [0,7], we have

a (e Bv@OE v @)2,) = —p(t)e o vV (2)|2.at
+ e~ o PO dsq v ()2,
where the latter differential is given by

dIV()[72 = 2[{AV(2), V() + (B(V(2), v1(t)), V() + (B(va(t), V (1)), V(1)) dt
+2([G(vi(t) = G(o2(t) | dW (1), V(1))
+Gu1(1)) = Goa ()17, 0w 2)-

For the first term, by Theorem [I1.0.1.3(i), we get
(AV (D), V(1) = =[VV ()] 7

As regards the non linear term, by Theorem|I1.0.1.4{i) and Gagliardo Nirenberg interpolation’s
inequality (see e.g. [9, Chapter 8.1]) we get

(B(V,1),V) +(B(v2,V),V) = (B(V,11),V) < [V|[74 [ Vorl g2 < CI V[ 12[IVV || 2 [[Vor | 2.
By Young inequality, we can infer that for all € > 0 there exists a constant C; > 0 such that
2AB(V,0),V) <el[VVI[Tz + Cel[Vor [V 72

By (G4) it follows
1G(01) = G0) 12, o ey < [LalVIlge + LallVV a2 < 2L2V][22 + 2039V |22,
So we get

dIV)7e < (=2 + e +2L) [ VV@)II72 + (CeVor(®)lI7: + 2L7) [V (B)]1Z:
+ ([G(u1(t) — G(u2(t)] AW (1), V(1)).

Putting a := C;, we obtain
@ (e BV (@)]2) < (-2 -+ & + 2L3)e” BYOS TV ()2,
+ e I VO ((Guy () — Glua(t)] AW (1), V(£)).

Integrating in both sides we get
e BBV (@) + (2 - e - 213) /0 e BV (1) |3 dr
< /Ot ™o VO (Gvi(r) — Gloa(r)] AW (r), V(r)).  (IL15.1)
Let us choose ¢ > 0 such that 2 — ¢ — 2L2 > 0, then by in particular, we have

el V@AV )|2, S/O e Jo V(G (w1 (1)) = Glua(r)] AW (1), V (7).
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Since the r.h.s. is a square integrable martingale, taking the expectation in both members we
get
t
E e hr0d vl <o, weelo,T],

thus in particular, for any t € [0, T
e b V@ y@)|2, =0,  P-as.
Thus, if we take a sequence {t}72, which is dense in [0, T, we have
P{||V(tx)|lzz = 0 for all k € N} = 1.
Since each path of the process V belongs to C([0,T];1L?), we get

P{vi(t) = va(t) for all t € [0,T]} = 1.

I1.1.6 The spatially homogeneous noise case

The main existence result, formulated in Theorem in a rather abstract form, covers the
particular case in which the equation is driven by a R-valued spatially homogeneous Wiener
random field and G is a Nemytski operator. In the present Section we provide a formal proof
of the result. We point out here that all the results of the present Section are inspired by [I§]
and proofs are almost the same. We present them here for the sake of completeness.

Let us start by recalling the definition of spatially homogeneous Wiener random field (see
[76] and [18]).

Definition I1.1.6.1. Let (Q,F,{F:},P) be a filtered probability space. By a R-valued spatially
homogeneous Wiener random field on [0,T] x R? we understand a measurable real valued

random field W, on [0,T] x R? such that

1. the random vector (W(t1,x1), .. W(tpn,xn)) is Gaussian for an arbitrary finite sequence
(tl,:cl), ...(tn, :En) € [O,T] X ]R2;

2. for each x € R%, {W(t,x)}1ep,r) s a real valued Wiener process w.r.t. the filtration
{?t}ty‘

3. for arbitrary t € [0,T), n €N, z1,...,x, € R? and h € R? the random vectors (W(t,x1 +
h),..W(t,z, + h)) and (W(t,x1),.. W(t,x,)) have the same distribution.

If W is an R-valued spatially homogeneous Wiener random field on R? then there exists a
uniformly continuous bounded function I' such that for all s,¢ € [0,7] and z,y € R? one has

E[W(t,2)W(s,y)] = (s A1) D — y).

The function I' is equal to the Fourier transform of a symmetric positive finite measure p on
R?, namely I = ji. Thus it holds

E[W(t, 2)W(s,y)] = (s A ?) 2i /R e (),

™
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We call I' and p respectively the correlation function and the spectral measure of W. The
measure p determines completely the law of W.

Let W be an R-valued spatially homogeneous Wiener random field on R? with a spectral
measure 4 and let g : R? — R2. Consider the following system of equations on [0, 7] x R?,

g:;(t,@ —Av(t,x) + (v(t,x) - V)u(t,z) + Vp(t,x) = g(v(t,x))W(t, x) (t,z) € [0,T] x R?
V-u(t,z) =0 (t,z) € [0,T] x R?
v(0,z) = vo(x) r € R?

(IL1.6.1)

Definition I1.1.6.2. Let (2, F,{F:},[P) be a fized filtered probability space and let W be a
R-valued spatially homogeneous Wiener random field with spectral measure p. By a strong

solution to (II1.1.6.1) we mean an {F;}-adapted process v satisfying conditions (i)-(ii) from
Definition |I1.1.53.1. In the integral equation in (i) we write

t t
([ G awe.z) = [ [ glos.0)Wids,a) +()da.
0 R2 J0
where W(ds, x) means that for fized = we integrate in It6 sense w.r.t. the real-valued Wiener
process W(ds, x).

Theorem I1.1.6.3. Let g € [2,00). Let W be the R-valued spatially homogeneous Wiener
random field (driving equation (I1.1.6.1))), with spectral measure p. Assume that

i Jp2 (14 |2[%) p(dz) < oo;
i. g:R2 — R? is a measurable function such that
(a) |g(z)| < Clx| and |Vg(z)| < C|z|, for a positive constant C and for all z € R?,
(b) there exists a positive constant Ly, such that
l9(2) = g()I> + |V [9(x) = 9()] |* < Ln|a —y|”
for all x,y € R2.

Then for any vo € HY2 N HYY there exists a unique strong solution to problem ([1.1.6.1]) such
that v(0) = vo a.s.

The random field W can be viewed as a cylindrical Wiener W process on the Hilbert space
Hyw characterized as follows

Hw = {Ph: ¢ € L{y(R? )} (I1.1.6.2)

where L%S) (R2; i) is the closed subspace of L?(R?; 1) of functions satisfying P(s) = P p-a.s.

Here we use the notation ¢, (z) = ¢(—z), v € R2. pi is the Fourier transform of a tempered
distribution ¢u. Then Hy endowed with the norm

(@R Doy = (020012

is the RKHS (reproducing kernel Hilbert space) of W. For a more detailed discussion we
remand to Section [[I.T.7] where some bibliographical references are provided.
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Equation (II.1.6.1)) can be written as a stochastic evolution equation with G given by

(G)Y) () = g(v(@))d(x), ¢ € Hw. (I1.1.6.3)

Thus we are in the framework of Definition [L1.3.3l Aim of this Section is to show that the
operator G satisfies assumptions (G1)-(G4) with H = Hyy and consequently that Theorem
is a special case of Theorem Hence, in order to prove Theorem it is
sufficient to prove the following.

Lemma I1.1.6.4. Let W be a R-valued spatially homogeneous Wiener random field with spec-
tral measure p and let Hy be its RKHS. Let ¢ > 2 and let G be the operator defined in

(11.1.6.3)). Under assumptions (i)-(ii) of Theorem (I1.1.6.3), the operator G satisfies assump-
tions (G1)-(G4).

Proof of Lemma [[1.1.6.4] is based on the following technical result (see [18, Theorem 4.1]).

Theorem I1.1.6.5. Let K be a bounded linear operator acting from a real separable Hilbert
space H into W1, where r € [0,00). Assume that K is given by the formula

(Ky)(z) = (K(x),¥)n  z€R* Y€ H, (I1.1.6.4)

where X € W™4(R2; H). Then K € R(H;W™?) and there is a constant C, independent of K,
SUCh that HKHR(H;W“Q) S C”JCHWT,(](RQ;H).

Let us prove Lemma [[T.1.6.4]

Proof. Let us start by proving that assumptions (G1)-(G2) are satisfied. Let us recall
that, since W12 is a separable Hilbert space, then R(Hy;W'?) = Lug(Hw; W?) and

I I R@pwr2) = |+ | s (3000:w12) (see Appendix |A.4); thus let ¢ > 2.
Take v € H"9. Let us introduce the operator j as

JW) =du, e LY (w). (I1.1.6.5)
Clearly j : L%s) () — Hyy is an isomorphism, thus
G(v) € R(Hw; WH) <= G(v)j € R(LY,) (n); W), ¢>2.
Let ¢ € L%S)(M), recalling that G is defined in ([1.1.6.3), we have
(GW)H) () (@) = (G(0)(j¥)(@) = g(v(@)(j¥)(@) = g(v(@))Pu=)
= 5(et@) [ S vl e

= [ (St ) vie) i)
= (X(z), ¢>L%s>(u)7

where ,
e*lfﬂ'*

K(e) = S —g(0(@))
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Now we prove that X € W14(R?; L%S) (1)), ¢ > 2. Recalling that

q - 4 g
HK|’W1"1(R2§L%5)(M)) N /Rz H:K(x)HL?s)(“) do /]R2 HVfK(x)HL% )(#) o

exploiting assumption (ii.a) in Theorem [I1.1.6.3] we get

1@, g do= |

—1x*

27Tg

e

dz

L2 (n)

is}

2 2
u(d2)> dz = @ugwuiq (u(R?))

fu oty oy ao= [5G ae)|[, e
_ /R ( /R w(e_;zg(v(x)))2u(dz)>2dl’

q
2

<G, ( [, (9D + 1R s0@)E) u(dz)> da

<c, [ ([, (v + 12 ) u(dz>)gdx

q

_o/ </ 1t 2] )]v(w)\gu(dz))2dx

— el ([ o+l pan))

Collecting the above estimates we get

10y, g < Calbl (( )t ([ s \ZIQ)u(dZ)>2>

<ot ([ s Pyuas)

where the constant Cy is independent of v and p. Thus applying Theorem for K =
G(v)j,r=1and H = L?S) (u) it follows that assumptions (G1)-(G2) are satisfied.

Let us now check that assumption (G3) is satisfied. We will show that G(-) is a Lipschitz
function from L? into Lus(Hyw;L?). This guarantees that (G3) holds. Let {ex}r be an
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orthonormal basis of L%S) (). Then
1G(0) = G 17 g 3000:22) Z — g(u(@))) exp(z) do

:w;/ﬂg

1 iw
=47T/R/R (0(x)) — glu(x))] Pu(dy) de

= gz #®) [ 1 @] do < Cllo = ule
(11.1.6.6)

2
/R2 e [g(v(2)) — glu(@))] er(y)p(dy)| do

where C' depends on g and on the constant Lj; appearing in assumption (ii.b) in Theorem
MT1.6.3
It remains to prove (G4). We have

1G(v) = G125 312y = D | (@) = g(u(@))] erp(e)® dz
k=1

+32 9 (@) = gu(@))en() da
k=1
The first term can be estimated as in ([1.1.6.6). Regarding the second one, we get

Z IV [(g(v(@)) — g(u(x)))eri(x)]* da
k—1"/R?

1 oo
=D
:471TQ/R 19 [(g(0()) — glute))e =) pdy) d
<o [ [ 9o w(@))? da

/Iy\udy/\g 2))[* dz

Thus, exploiting assumption (ii.b) in Theorem [I1.1.6.3] we obtain
IG(0) = G oty < 57 [, 1l@9) [ V1o u(@))? do
1 9 2
el LClyl” + Du(dy) Ig v(z)) — g(u(z))|” dz

1

<53 (2|y!2 + Dp(dy) / l9(v(@)) — g(u(@))]” + |V [g(v(z)) — g(u(@))]]* dz
L

< ( / 2yl + 1)u(dy)) Ju— vl

2
L,V lato(@) = stu@)e™] ety dz
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In particular the constant Ly, is such that L; = QLT’Q Jre 2ly2 4+ 1 p(dy).
This concludes the proof. O

As a byproduct of the existence and uniqueness result given in Theorem we obtain
the existence and uniqueness of a strong solution to the equation for the vorticity

9

815( x) — A&(t,x) +v(t,z) - VE(t, z) = curl(g(v(x))W(t, x)) (t,z) € [0,T] x R?
E(t,x) = Vot ) (t,z) € [0,T] x R?
V.-u(t,z) =0 (t,z) € [0,T] x R?
£(0,z) = &o(z) x € R%

(IL.1.6.7)

which is formally obtained by taking the curl in both sides of the first equation of ([I.1.6.1]).
By solution to (II1.1.6.7)) we formally mean.

Definition I1.1.6.6. Let (Q,F, {F}+,P) be a fized probability space and let W be the R-
valued spatially homogeneous Wiener random field (with spectral measure p) driving equation

(I1.1.6.1). By a strong solution to (I1.1.6.7) we mean an {F;}i-adapted process & satisfying
conditions (i)-(ii) from Definition|[1.1.5.7. In the integral equation in (ii) we write

(/0 G(v(s))dW (s),z) = /11%2/0 curl (g(v(s, x))W(ds, z)) z(z) dz.

Thus we obtain the following.

Theorem I1.1.6.7. Let W be the R-valued spatially homogeneous Wiener random field, driv-

ing equation (I1.1.6.1)), with spectral measure . Let assumptions of Theorem (I1.1.6.5 hold.
Then there exists a unique strong solution to (I1.1.6.7]).
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I1.1.7 Notes and Comments: the spatially homogeneous noise
on R? in literature

In recent years, following in particular the papers of Dalang and Frangos [28], Dalang [27] and
Peszat and Zabczyk [76] and [77], the spatially homogeneous noise on the whole space R? has
been used by several researchers. We recall that a process is called spatially homogeneous if
the law of the process that we consider is invariant under space translations. The notion of
spatially homogeneous noise was introduced for the first time, by Dawson and Salehi in [32]
as a model of a random environment for studying population dynamics (using a stochastic
heat equation driven by this type of noise). The same class of equations has been considered
by Noble [70]. Paper by Dawson and Salehi was a starting point of the next research.

In [76] authors realized how the process introduced in [32] can be interpreted as a Wiener
process on a Hilbert space (denoted here by Hyy) continuously embedded into the space of
tempered distributions on R%. They give an explicit characterization of this space, which turns
out to be the RKHS (reproducing kernel Hilbert space) of the process. In this way, SPDEs
driven by a spatially homogeneous Wiener process taking values in the space of tempered
distributions can be treated as evolutions equations, in the contest of the Da Prato-Zabczyk
theory (see Section [A.3)). Results of [76] have been used by Capinski and Peszat [19] for the
study of stochastic Navier-Stokes equations. Moreover, Brzezniak and Peszat in [12] have
developed an LP-theory of stochastic parabolic equations driven by a spatially homogeneous
Wiener process. This extension was then used in [18] for the study of two dimensional Euler
equation.

On the other hand another, slightly different approach has been used in the works [27],
[28], [30], [79] (for instance). Here authors introduce a family of zero-mean Gaussian random
variables W = {W ()}, indexed by elements in the Schwartz space. The random variables
are completely characterized by the spatial (smooth) covariance which is given in terms of
the spectral measure. Suitable hypothesis on the spectral measure guarantees the spatially
homogeneity of the process. Differently from the above cited papers, in these works authors use
the theory of stochastic partial differential equations developed in [90] (see Section[A.2): in [28]
(see also [27]) the authors construct from this Gaussian process a worthy martingale measure.
This approach turns out to be useful when one is interested in solutions which are random
fields, that is, real-valued processes, that are well defined for every fixed (t,z) € [0,7T] X R4,
This notion of solution is, for instance, the starting point if one is interested in the analysis of
the regularity in the Malliavin sense, that is wants to establish properties of the probability law
of the solution. In this context, the isonormal Gaussian process W shall provide the underlying
Gaussian setting in which use Malliavin calculus tools. For more details see Appendix [B]

Summarizing, starting from the work by Dawson and Salehi, spatially homogeneous noise
was studied in two different ways that are suitable to fit two different stochastic integration
theories and thus different ways of studying and solving SPDEs. E] In any case the two
different approaches are related. This problem have been addressed by Dalang and Quer-
Sardanyons in [30]. There the authors show how it is possible to extend the index set of
the isonormal Gaussian process W (as considered in [28]) to an Hilbert space U and how W
can be interpreted as a cylindrical U-Wiener process. U is nothing but the RKHS of this

3In Section [I1.1.6| we have interpreted the spatially homogeneous noise as in [76]. We point out that, in
view of future work concerning Malliavin analysis of the solution process, interpreting the noise in the sense
of [28] is more useful.
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process. Then it is proved that the relation between the cylindrical U-Wiener process and
the cylindrical Hyy-Wiener process as constructed in [76] is given by an isometry between
the corresponding RKHS U and Hyy. Moreover, exploiting this isometry, the equivalence of
Hilbert-space valued and martingale-measure stochastic integrals is proved.

Main aim of the present Section is to provide a brief overview of the existing literature
concerning the spatially homogeneous noise. In particular, we recall how the concept of
spatially homogeneous noise was introduced in the paper [32] by Dawson and Salehi. Then we
provide the interpretation of the noise as an Hyy-cylindrical Wiener process given in [76], and
the interpretation in terms of a family of Gaussian random variables indexed by elements in the
Schwarz space given in [28]. Finally we show the relation between the two ways of interpreting
the spatially homogeneous noise, providing the explicit form of the isometry between the two

RKHSs.

I1.1.7.1 Dawson-Salehi definition

We denote by F or = the Fourier transform on 8(R?), that is

1 —ix:
Fo(z) = 2W/]W e "Yo(y) dy.

Recall that the inverse Fourier transform ! (denoted also by *) is given by the formula
Fho(x) = 1/ e Vio(y) dy.
2T R2

Given h € R?, let us introduce the translation operator 7, : § — § as:

The(r) = (- +h), pES.

For ¢ € 8 we set ¢y (z) = Y(—x),z € R2. Denote by 8(s) the space of all ¢ € § such that
¢ = ¢(s) and by 8/(5) be the space of all f € 8 such that (f, ) = (f,¥(s))-

Let (92, F,P) a probability space with a filtration {F;}+>o.

In [32] the following definitions are given.

Definition I1.1.7.1. A Wiener process W defined on 0 and taking values in 8 is a process
with continuous trajectories in 8, and such that for each ¢ € 8, t — (W(t),p) is a one
dimensional Wiener process.

Hence, there exists a bilinear continuous symmetric positive definite form @ : § x § —- R
such that

E[(W(s), o) (W(t),¥)] = (s A1)Q(e,¥),  V(s,¢), (t,9) € [0,T] x 8. (IL1.7.1)

Definition I1.1.7.2. W, as introduced in Definition is spatially homogeneous if for
each fized t > 0 the law of W(t) is invariant with respect to all translations 17, : 8" — 8'. This
1s equivalent to assume that

P(W(t) € B(8)) = P(W(t) € ()" Y(B(S)))  heR. (I11.1.7.2)
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It can be shown that (II.1.7.2)) holds iff Q(¢,v) = Q(1he, ) for all p,¢ € § and

h € R2. Moreover, according to [37, Theorem 6], Q is a translation invariant continuous-
positive definite real-valued bilinear form on 8 iff for all ¢, € §

Qe ) = (T, o *xPs)) (I1.1.7.3)

where T' € 8’ (usually called spatial correlation of W) is the Fourier transform of a positive-
symmetric tempered measure p on R?. That means (for more details see e.g. [38, Chapter
2.1]) that, for all p € 8,

C.¢) = [ Bl ),

and there exists an integer m > 1 such that

/ (14 |z|*)™™ p(dz) < oo. (I1.1.7.4)
R2

The measure pu is called the spectral measure of W. The covariance ([1.1.7.3) can also be
rewritten, using elementary properties of Fourier transform, as

Qe.v) = [ 7(e) 3@ uldo) = 2Dz (11.1.75)
where L(25) (p) is the subspace of L?(u) consisting of all ¢ such that ¢ = P(s)-

Summing up, a spatially homogeneous Wiener process W with values in 8’ is a process such
that

e for each p € 8, {{(W(t), ¢) }+>0 is a real-valued Wiener process;
e there exists a I' € 8’ such that for all ¢, € 8 one has
Qe ) == E[(W(1), ) (W(1),9)] = (I, o x (s)),

e T is the Fourier transform of a Borel positive and symmetric measure p on R? satisfying

/ (1+ |2*)™™ u(dz) < oo, for a certain m > 1.
R2

Let us present some examples of spatially homogeneous Wiener processes.
Example I1.1.7.3. Space-time white noise. In this case Q(¢,v) = (p,v). Then T is
equal to the Dirac §y function and its spectral density du/dx is the constant function (2%)7%,

Example 11.1.7.4. Wiener random field. As pointed out in [76], if W is a R-valued
spatially homogeneous Wiener random field on [0,T] x R? (see Definition |[I1.1.6.1)) then

(W(t), ) = / o(z)W(t, x) dz, p €S, (I.1.7.6)
R2
defines a stochastic process in 8" with the covariance form given by
Q(Soa w) = <F7 P * w(s)> = <§/57 $>L?S)(M)’ 12 @ZJ €3. (11177)

Conversely, let W be a spatially homogeneous Wiener process on R? taking values in the space
of distributions. Let &), € 8 be such that [po T'(x —y)dk(y) dy — I'(x) uniformly w.r.t. z € R%
W(t,z) defined as the L*(Q)-limit of the series (W(t), 7.01) is a spatially homogeneous Wiener
random field.
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11.1.7.2 Brzezniak-Peszat-Zabczyk approach

As explained in [76] p. 191, the process W, as introduced in Definition and Definition
can be regarded as a Hilbert-space valued Wiener process and classical integration
theory can be applied (see [25]). Moreover SPDEs driven by a spatially homogeneous Wiener
process on 8 can be rewritten as evolution equations driven by this Hilbert-space valued
Wiener process. The involved Hilbert space is nothing but the reproducing kernel Hilbert
space of the process. Let us recall its definition (for more details see [25, Section 2.2.2.]).

Definition I1.1.7.5. Let p be a symmetric Gaussian measure on a separable Banach space
E. A linear subspace H C E equipped with a Hilbert norm || - || is said to be the reproducing
kernel Hilbert space (RKHS) for u if H is complete, continuously embedded in E and such
that for arbitrary ¢ € Ex, the law of ¢ is given by N(0, [|¢||%)-

The following result holds (see [25, Theorem 2.7]).

Theorem I1.1.7.6. For arbitrary symmetric Gaussian measure i1 on a separable Banach
space, there exists a unique reproducing kernel Hilbert space (H, || - ||m).

Let now see how to introduce and characterize the RKHS of W. Let us introduce the
Hilbert space U as the completion of the set 8§ \ Ker@ with respect to the norm /Q(¢p, ).
From (I1.1.7.5)) this is equivalent to understand U as the completion of the Schwartz space 8

endowed with the semi inner product
(o, )r = (2. 9)r2 (IL.1.7.8)

©, 1 € 8(4) and associated semi-norm |[-[|y. We can give the following explicit characterization
of the Hilbert space U (see [30, Remark 2.3|).

U={g¢€ S'(S) :g = @ where ¢ € L%S)(,u)}, (I1.1.7.9)
with the inner product

(9. flu = (e 02y, Withg=¢,f =14 and p,9 € L, (n).

Let us denote by Hy the dual space of U. As proved in [76, Proposition 1.1] Hyy is the
RKHS of the Gaussian law of W(1). We can give the following characterization of Hyy (see
[T6, Proposition 1.2]):

Hyw={g € 5/(5) : g = pp where ¢ € L%s)(u)}, (I1.1.7.10)
with the inner product
<g7 f)wa = <¢7¢>L?S)(‘u)a with g= @7 f = 717);“ and 30717& € L%s)(”)

It can be proved that the map 8§ 5 ¢ — (p, W(t)) has a unique continuous extension to
Hw. We denote this extension also by W(t). W is a cylindrical Idg,-Wiener process on
Hyw. More precisely, let U be a Hilbert space such that there exists a dense Hilbert-Schmidt
embedding J : Hy — U. Then

W(t) = Brl(t) ] (ex) (IL.1.7.11)
k=1
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where {ej}x is a complete orthonormal basis in Hy and {Sx(t)}x is a sequence of standard
independent one dimensional Brownian motions.

Brzezniak and Peszat in [I2] Theorem 2.2] provide an extension to [0, Proposition 1.1]:
the cylindrical Idg¢,,-Wiener process on Hyy takes values in any Banach space B such that the
embedding Hyy — B is y-radonyfing.

11.1.7.3 Dalang-Frangos approach

Let us now concentrate on the approach used in the works [27], [28], [30], [79] (see also the
therein references). There the noise is understood as an isonormal Gaussian process on a
suitable Hilbert space (which is nothing but the RKHS of the process). This approach turns
out to be more useful if one is interested in the Malliavin analysis of the solution process:
the considered isonormal Gaussian process will be the underlying Gaussian space on which to
perform Malliavin calculus (see also Example .

On a complete probability space (£2,F,P) we consider a family of mean zero Gaussian
random variables W = {W (), ¢ € C§°(R? x [0,7])} with covariance

—_—

T
EWK@WVW%=:A (0, 0 12 d, (111.7.12)

(s)
where 4 is a symmetric non-negative tempered measure on R? and it is called the spectral
measure of W.

Starting from the isonormal Gaussian process W it is possible to construct a cylindrical
Wiener process on a suitable Hilbert space (in the sense of Section . Notice at first that
the space U, introduced in Section is the RKHS of the Gaussian law of W (1 1;),
¢ € 8. Now we fix a time interval [0, 7] and we set Ur := L?([0,7];U), equipped with the
norm

T
nwa=A|Mﬂ%m

W defines a linear isometry from (C§°([0,7] x R2,| - ||u,.) into L*(Q,F,P). Since (see [30,
Lemma 2.4]) C$°([0, T] x R?) is dense in Uz for || - ||y, W () can be extended for all ¢ € Ur
following the standard method for extending an isometry. This establish the following property
(see [30), Proposition 2.5]).

Proposition I1.1.7.7. Fort € [0,T] and ¢ € U, set Wi(p) = W(Ljgy(-)p(e)). Then the
process W = {Wi(p),t € [0,T],p € U} is a standard (i.e. with covariance Idy) cylindrical
Wiener process on U as defined in Definition[A.3.8

Thanks to this proposition we shall prove that the spatially noise introduced above can be
viewed as standard cylindrical Idy-Wiener process in the sense of Da Prato-Zabczyk theory.
As made clear in [30, Remark 3.11|, thanks to Proposition it is possible to associate
the spatially homogeneous noise, viewed as a cylindrical Wiener process with covariance Idy
in Proposition [[I.1.7.7] with a cylindrical Idy-Wiener process as defined in Section [A.3.2] on
the Hilbert space U.

I1.1.7.4 Relation between Brzezniak-Peszat-Zabczyk and Dalang-Frangos
approach

In Sections [[T.1.7.2] and [IT.1.7.3] we have briefly explained how a Wiener process taking values
in the space 8’ and a family of Gaussian random variables indexed by functions in 8 can be




The spatially homogeneous noise on R? in literature 121

understood as Hilbert space-valued Wiener processes. The involved Hilbert spaces Hyy and
U are nothing but the RKHS of the two processes. The relation between the two different
ways of introducing a spatially homogeneous Wiener process is given in terms of an isometry
between the two RKHS.

By means of the characterization of the spaces U and Hyy, respectively given by
and we can write the explicit form of the isometry I : U — Hyy that links the
RKHS of the law of (W(1),p) and W (1o 19), ¢ € 8(s), respectively. Since every element
g € U can be written in the form g = ¢, for ¢ € L%s) (u), then for such g, I(g) € Hyy is defined
by I(g) = @pr. The process W, regarded as a cylindrical Idg¢,,-Wiener process on Hyy can be
written as the serie ([I.1.7.11). Now, let {uy}x be a complete orthonormal basis of the Hilbert
space U such that uy € (4, for all k > 1. Then we can write the process W, regarded as a
cylindrical Idy-Wiener process on U, as

Wy = Zukﬁk(t)'
k=1

At this point we can assume that e, and Si(t) that appear in ([I.1.7.11)) are given by
ep =I(up) and  B(t) = Wi(ug), (I1.1.7.13)

where [ is the isometry defined above.
Summarizing we have

—1
L?S)(u) T v L 3y

o ——g=¢ —— I(9)=pn

with

Pz = (@ = (@D,

In order to fix ideas the following diagram could be useful (by £ we mean the law of the
process).

W L

Cse([0,T) x R?) —— L%(Q,F,P) —— U
119 —— W(lpyye) —— LW(Qpae) =N, [lell)

J[

s@y YW g gp) L Hoyo
v —— (WQ),¢) —— LEW(), ) =N, [[ellF,,)-

From the above considerations it is now clear that for ¢ € [0,7],¢ € 8 it holds

W(py()e() = (W(t), ¢),

where the equality has to be understood in the following sense: both sides of the equality
defines two zero mean Gaussian random variables with equal covariance on isometric spaces.






Chapter 11.2

Existence and uniqueness of solutions
with not regular multiplicative noise

11.2.1 Introduction

Inspired by [16] we consider the vorticity equations (I1.0.0.3) with a multiplicative noise whose
covariance is not regular enough to allow to use the It6 formula in L? spaces, for 1 < g < oo;
in particular, the covariance of the noise is not a trace class operator in the space of finite
energy vorticity and this case has not been considered in previous papers. The aim of this
Chapter is to prove the existence of a martingale solution for the vorticity equation
in R? when vy, & € L?(R?). Moreover, we prove pathwise uniqueness; this implies existence of
a strong solution too. A more regular solution will be found when vy, & € L?(R?) N L(R?) for
q > 2. The results are proved by working directly on the equation for the vorticity
and using suitable estimates on v coming from equations .

As in [16] we shall introduce an approximation system for both the equation (I1.0.0.1)) and
by regularizing the covariance of the noise. In this way we construct two sequence
of approximating processes {v,}, and {£,},. To obtain the existence of a a martingale
solution to ([I.0.0.3), we exploit the tightness of the sequence of the laws of {&,}, and {vy }r.
Uniform estimates in n are obtained working pathwise. The tightness argument is based on
the extension of some compactness criteria proved in [I7] and [16].

As far as the contents of the Chapter are concerned, in Section [[I.2.2] we state the assump-
tions concerning the random forcing term. In Section we are concerned with the study
of the regularity of the velocity solution to equations (IL.0.0.1)). In Section [[I.2.4] we prove the
existence and uniqueness of a strong solution to the vorticity equations @

I1.2.2 Random forcing term

We define the noise forcing term driving equation ([1.0.0.1). Given a real separable Hilbert
space 3, we consider a H-cylindrical Wiener process W defined on a stochastic basis (Q, F, {F: }repo, 77, P),
where {JF;}cj0,7] is a complete right continuous filtration. We can write

W(t) = iﬁk(t)hkv t e [O,T] , (11.2.2.1)
k=1

123
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where {fk }ren is a sequence of standard independent identically distributed Wiener processes
defined on (2, F,{TF }e(0,7), P) and {hy}ren is a complete orthonormal system in 3.

On the covariance operator G appearing in equation we make the following set
of assumptions. We consider ¢ > 2 and assume that there exists g € (0,1) such that

(IG1) The mapping G : L? — Lys(H; H'79?) is well defined and

sup HG(U)”LHs(fH;HI*Qv?) = Cg,2 < 00,
velL?

(IG2) The mapping G : L? — R(H; H'799) is well defined and

sup ||G(U)HR(J{;H1*M) =: Cg,q < 00.
vEL?

(IG3) If assumption (IG1) holds, then for any ¢ € H'792 and any v € L? the mapping
v — G(v)*p € H is continuous when in IL? we consider the Fréchet topology inherited
from the space LIQOC or the weak topology of 2.

(IG4) For all z € C the real valued function v — ||G(v)*z||5 is continuous on H? endowed

with the strong L?-topology.
(IG5) G : H"? — Lys(3;L?) is a Lipschitz continuous map, i.e.
there exists Ly > 0: [|G(v1) — G(v2) |1, 4@c102) < Lgllvr — vall g2,
for any vy, vy € H2.

Remark I1.2.2.1. i. A map G : L% — R(H; H'799) is well defined iff the map J'7IG :
L2 — R(3;1L9) is well defined. Moreover

179G | rpers) = IG@rgem-on < Coq v EL2

ii. From (A.4.4) and (IG1), for any finite m > 1 we have

/0 G(o(s)) dW (s)

m

< Crn(Cyo)™ 2.

E
H1l-9,2

iii. If G(v) € Lys(H; H1=92) with the uniform bound of (IG1), then the same holds for
the adjoint operator, i.e.

sup ||G(U)*||LH5(H1_9’2;9‘C) = 0972‘
vEL?

The noise driving equation ([[1.0.0.3)) is obtained by taking the curl of the noise driving
equation (II.0.0.1). Bearing in mind (II.2.2.1)), it is given by

curl(G(v)W (t)) = Z/Bk(t)curl(G(v)hk), te[0,T]. (I1.2.2.2)
k=1

Let ¢ > 2. Notice that, for all v € L2 and k € N, G(v)hy € H'"92 N H'~94. By taking
the curl of this latter quantity we loose one order of differentiability, namely curl(G(v)hy) €
W92 N W94 Formally, we introduce the operate G in the following way: given v € L2, for
all 1 € H, G(v)(1) := curl(G(v)t). Thus we have that the mapping G is well defined from
L2 to Lus(3; W—92) 0 R(H; W—9:49),

An analogue of Remark [[T.2.2.T] holds.
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Remark I1.2.2.2. Similarly as in Remark [I[I.2.2.1) we have that

i. amap G :1L? — R(I;W=99) is well defined iff the map J~9G : L? — R(3;1L9) is well
defined. Moreover

179G ()| r@eLey = 1GW) | rpew-90) < Cog, vel

ii. From (A.4.4) and (IG1), for any finite m > 1 we have

E‘ / Gy ars)|| < omcyaymts. (11.2.2.3)
0

W—9:2

With a little abuse of notation we shall write G(v)dW (t) instead of curl(G(v)dW (t)),
where G := curlG.
Let us notice that the set of assumptions made on the covariance operator G are rather good
to deal with equation in the spaces L? or LY. On the other hand, when we deal with
the equation for the vorticity, we are concerned with a covariance operator not regular enough
to use the It6 calculus.

_ For the sake of clarity, among the above assumptions made on G, we rewrite in terms of
G those assumptions that we will use in the following. Let 0 < g < 1 and ¢ > 2. Then

(IG1) The mapping G : L2 — Lyg(H; W~92) is well defined and

sup HG(U)HLHS(IH;W—Q’Q) =: Cg2 < 0.
vel?

(IG2) The mapping G : L2 — R(H; W~99) is well defined and

sup [|G(v)|| gaew—oa) =: Cyq < 0.
vel?

(IG3) If assumption (IG1) holds, then for any ¢ € W92 and any v € L? the mapping
v — G(v)*¢ € H is continuous when in IL? we consider the Fréchet topology inherited
from the space ]LlQO . or the weak topology of L2

Example I1.2.2.3. Let G(v)hy = cxo(v)er with {ex}r a complete orthonormal system in
H'792 ¢, € R and 0 : L2 = R such that

sup |o(v)] := CL < oo,

veL?

dL>0: |U(U1) — U(Ug)‘ < LH'Ul — U2||H1,2, VUl,UQ € ];Il’2

o(v1) — o(vy) if vy converges to vy in H'? endowed with the strong L2 topology,

o(v1) — o(vy) if v; converges to vg in L2 or ]leoc.

For instance, the above conditions on o are fulfilled for o(v) = % with a given h € 2.
Condition (IG1) holds if and only if

[e.9]

¢, < 0 (I1.2.2.4)
k=1
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and (IG2) hold if e}, € H*=94 and

)
ZC%HekH%{l*qu < 0. (I1.2.2.5)
k=1

In order to prove (IG8) notice that G(v)*ey = o(v)cphy for any k; therefore, given ¢ € H1 =92
(with ¢ = 33321 (p, ex) m-acer and ||olF-g0 = 3521 {0, k) ri-az )

2
oo
IG(1)* e = Glu2)*l5c = || D [G(01) (@ er)pr-ozer — G(v2)* (@, ex) ri-azer]
k=1 H
o
= (o(v1) — o(v2) QZch,ekm 02|?
k=1

< <||90\12Lp—g,2 ZC%) (o(v1) = o(v2))”
k=1

In a analogous way we can prove that (IG4) holds. Finally, (IG5) follows, because

|G(v1) — G(UQ)H%HS(J{;]L?) = (o(v1) — o(v2)) Z%HekHL?

< (a(v1) = o(v2)) chHekHHl 02 < <ch> L?|lvr = vall3pr -
k=1

k=1

Notice that in this example we have curl(G(v)hy) = cpo(v)curl ey.

11.2.3 Existence of a unique solution to the Navier-Stokes equa-
tions (([1.0.0.1))

In order to prove the existence of a solution of , as well as the desired regularity, we
need a certain regularity on the solution process v of (II.0.0.1). In this Section we remind
an existence and uniqueness result concerning system and then, under stronger
assumptions on the regularity of the initial datum and the covariance operator of the noise,
we prove higher regularity for its solution.

As usual, we project the first equation of onto the space of divergence free vectors.
Thus, we get rid of the pressure and we obtain the abstract form of the Navier-Stokes equations

{dz}é;f) + [Av(t) + B(v(t), v(t))] dt = G(v(t)) dW(t), t€[0,T] (I1.2.3.1)
v = Yo,

We give the following notion of solution.

Definition I1.2.3.1. A martingale solution to the Navier-Stokes problem ([1.2.3.1)) is a triple
consisting of a filtered probability space (2, F,{Ft}iejo,r), P), an {Fi}-adapted cylindrical H-
Wiener process W and an {F;}-adapted measurable process v, such that

v:[0,7T] x Q — L? with P-a.e. path
v(w) € O([0,T):L%) N L*(0, T H'?);
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. for all z € C and t € [0,T] one has P-a.s.

(v(t), 2) —|—/0 (Av(s), z) ds —I—/O (B(v(s),v(s)),z)ds = (vg, z) + </0 G(v(s))dW (s), z).
(11.2.3.2)

Under the above assumptions on the covariance operator, the existence of a martingale
solution, for square summable initial velocity has already been proved (see [17, Theorem 5.1
and Lemma 7.2|). Moreover Lemma 7.3 in [I7] provides the pathwise uniqueness of solutions.

The hypothesis we made on the covariance operator of the noise are stronger than those
made in [I7]. In particular these latter are implied by our assumptions. Thus the following
result holds.

Proposition I1.2.3.2. Assume that vo € L2. If assumptions (IG1) and (IG3) are satisfied,
then there exists a martingale solution to (11.2.3.1)) such that

E

T
sup [lv(t)||22 +/ Vo )3 dt] < 0. (I1.2.3.3)
0<t<T 0

Moreover, under (IG5), pathwise uniqueness holds.

In particular, pathwise uniqueness and existence of martingale solutions implies existence
of a strong solution (see e.g [45]).
Here we improve the regularity of the solution under stronger assumptions on the regularity
of the initial datum and the covariance operator.

Proposition I1.2.3.3. Let ¢ > 2 and assume that conditions (IG1), (IG2), (IG3) and
(IG5) hold. If vg € L2 N4, then the unique strong solution v to ([1.2.3.1)), in addition to
(11.2.3.3)), satisfies for every 1 < p < oo

E sup |lv(t)|f, <C, (I1.2.3.4)
0<t<T

for a positive constant C, depending on q, T, ||vo|lLs and Cy4.

Proof. The proof of existence of solutions requires some Galerkin approximation v™ of v, for
which a priori estimates are proved uniformly in n. Then, by a tightness argument one can
pass to the limit proving the existence of a solution. Bearing in mind the existence and
uniqueness result given by Proposition we just compute the needed LI-estimates in

order to get ([1.2.3.4]).

Let ¢ > 2 and p > ¢. Applying It6 formula to the function || - ||, for all ¢ € [0,T] we get

lv@)lLa < [lvollEe +p/0 lo(s)IIEs “(lo(s)*"*v(s), [ Av(s) = B(v(s), v(s))]) ds
+p/0 l()IIES(lo(s)[*"*v(s), G(v(s)) AW (s))

+ P o) 2166 ey (1235
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Let us estimate separately the various terms appearing in ([I1.2.3.5)). By the integration by
parts formula we get

— q=2
—([v(5)197?0(s), Av(s)) = —[[|v(s)| 2 Vu(s)]72
(=2 [ Jols )T Y i(500)Voys,2) P <0,
J
and by ([1.0.1.14])
(lv(s)19%0(s), B(v(s), v(s))) = 0.
By the Burkholder-Davis-Gundy inequality we get
2
E sup ‘ / [Jv( ()| ?u(s), G(v(s) AW (s)))
0<t<T
< GE / loIFE ™ [[u(s) 1759 NG @ (3) e o) ds
=) Ld La R(3,LL9)
g 2(p-1) 5
=G [ ()G Frcns d.
Therefore, squaring both sides of ([1.2.3.5)) and then taking the expectation of the sup (in

time) norm at first, then using Young inequality we get

2 2
2 2 b (q
E sup [lo(t)]lfh < llvollge + E S ‘/ ()17 *1G (v(8)) o 0y s
0<t<T

T
+GE [ IO DG 8
1 T 2 T 2
< ol + Cha [ IG ) Fiposy A5+ CoaE [ (o) ds

T
< w22 + CLyE / |G 1 ds + C2y / E sup (o)

<s<r

By Proposition [11.2.3.2] v(t) € L for every t € [0,T]; then, by (IG1) and (IG2), we get

T
E [ 1GEE) Fpcan ds < T(Cog)™.

thus

T
2
E sup [[o(t)|[th < [lvollh +Cqu+C§,T/ E sup |v(s)ge dr
0<t<T 0

0<s<r

Using Gronwall lemma we obtain ([1.2.3.4]).

This proves the result for p > ¢g. Therefore it holds also for smaller values, i.e. 1 < p <
q. O
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11.2.4 Existence of a unique solution to the vorticity equations
(11.0.0.3)

We aim at proving that there exists a martingale solution to ([I1.0.0.3), in the sense of the
following definition.

Definition I1.2.4.1. A martingale solution to equation ([1.0.0.3) is a triple consisting of a
filtered probability space (2, F,{Ft}ic0,11:P), an {Fi}-adapted cylindrical Wiener process W
on H and an {F;}-adapted measurable process € such that & : [0,T] x Q — L? with P-a.a.

paths
g(‘? w) € O([07 T] ; L2)7

and such that for all z € C2 and t € [0,T]

(E(0),2) = (€0, 2) + /0 (€(s), A=) ds + /0 (0(s)&(s), V=) ds + ( /O Go(s))dW(s), =) (I12.4.1)
P-a.s., where v is the solution to .

The regularity of the paths of this solution and the regularity of v proved in Proposition
11.2.3.3make all the terms in ([1.2.4.1]) well defined. The well posedness of the stochastic term
follows from ([1.2.2.3]). As regard the well posedness of the non linear term, from (I1.0.1.19))

and the Gagliardo-Nirenberg inequality we get that

[{v(s)€(s), V)| < [lv(s)llLallE(s)llz2l[ V2]l za < CHU(S)H]%aHVU(S)HEz|!§(S)HL2HVZ||L4

and the r.h.s. is bounded thanks to and the regularity required for &.

In order to prove the existence of a martingale solution to problem we cannot
use It6 calculus in the spaces L2 N L4, ¢ > 2, since the covariance of the noise is not regular
enough. Following the idea of [I6] we introduce an approximation system by regularizing
the covariance of the noise: we shall use the Hille-Yosida approximations. In this way we
construct a sequence of approximating processes {{,}, and {v,},. In order to pass to the
limit, as n — oo, we shall exploit the tightness of the sequence of their laws. This is obtained
working pathwise with two auxiliary processes 3, and (, with &, = B, + Ca.

Thus, we introduce the smoother problems which approximate (11.0.0.1)) and (I1.0.0.3)), then
we prove the tightness of the sequence of the laws and finally we show the convergence. In
this way we prove the existence of a martingale solution to (I1.0.0.3]).

11.2.4.1 The approximating equation
Let us introduce the Hille-Yosida approximations
R, =n(nl+ AL, n=12,..
and let us define the approximation sequence
G, = R,G, n=12 ..

Every R, is a contraction operator in H*? and it converges strongly to the identity operator,
i.e. (see |75l Section 1.3])

|Rallp(roamoay <1 and  lim Ryh=h, Vhe H™. (11.2.4.2)
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Moreover, each R, is a bounded operator from H*9 to H*t %4 for any ¢ < 2, but the operator
norm is not uniformly bounded in n for ¢t > 0 (for the details see [16, Section 3.1]). From the
above and [5]

1Ga ()l rstitrt-oa) < NG rpgii-say.  ¥n (11.2.4.3)
and
nh_{glo |Gr(v) — G(U)HR(}C;Hlfg,q) =0. (I1.2.4.4)

The operator Gp(v) is more regular than G(v). Indeed, assuming (IG1) and (IG2) (or
(IG3)), G,(v) is a y-radonifying operator in H%4, ¢ > 2. In fact, for g € (0,1)
1Gn ()| r@caray < 1Rl e,z TG 0) || R e
< N Rullg(ara,mi+oa) |G (0) || Re a1-0.0)- (I1.2.4.5)

For every n € N we consider the approximating problem

{dzjé;e) +[Av(t) + B(o(t),v(t))] dt = Gp(v(t)) dW(t), t€[0,T] (11.2.4.6)
v =1

By taking the curl on both sides of the first equation we obtain the approximating equation
for the vorticity:
dE(t) + [AE(H) + u(t) - VE®)] dt = G (u(t)) AW (t),  t€[0,T]
£=V+-v (I1.2.4.7)
5(0,33) = 60(1‘)
With the same abuse of notation used above, for every n € N, we write G (v)dW (t) instead of
curl(Gy,(v)dW (t)), where G,, := curlG,,. This is the vorticity equation (II.0.0.3) with a more
regular noise.

The next result provides the existence of a unique strong solution to system ([1.2.4.7), for
any fixed n € N. We recall that by strong solution to (I1.2.4.7) we mean an {JF;}-adapted
measurable process £ such that & : [0,7] x Q — L? with P-a.s. paths £(+,w) € C([0,T] L),
that satisfies ([1.2.4.1]), where the last term is replaced by <f0t Gn(v(s))dW (s), z). Here the

stochastic basis (€2, F, {Fi}iepo, ), P) is given in advance and it is not constructed as a part of

the solution. The proof of Proposition [[T.2.4.2] is based on Theorem [[T.1.3:2]

Proposition I1.2.4.2. Assume conditions (IG1), (IG4) and (IG5). Let & € L? and
vo € L2. Then, for eachn € N, there exists a unique strong solution &, to (I1.2.4.7). Moreover,

&n € LP(Q; L°(0,T5 L2) N L2 (Q; L(0, T; WH?)),  Vp>1

and there exists a constant C,, such that

T
+E [/ 1€ () 1312 dt] < C,. (11.2.4.8)
0

E [ sup {|&n (£) (17
0<t<T

Proof. Thanks to ([1.2.4.5)), the operator G, is regular enough to apply Theorem [[1.1.3.2

In particular, for ¢ = 2 and for any n € N, we infer the existence of a martingale solution
(in the sense of Definition [II.1.3.1]) to (II.2.4.6)), with the stated regularity. Moreover, under
assumption (IG5), the solution is pathwise unique (this follows from [I7, Lemma 7.3|). Thus
(11.2.4.6) admits a unique strong solution. As a consequence we infer that, for any n € N,
there exists a strong solution of the approximating problem . This is obtained by
taking the curl of the solution to equation (I1.2.4.6)). O
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I1.2.4.2 Tightness of the law of {v,},

In this Section we provide the tightness of the sequence of the laws of {v,}, in proper spaces.
The crucial point is to obtain uniform estimates in n € N.

Proposition I1.2.4.3. Assume (IG1), (IG8) and (IG5). If vy € L2, then there exists a
unique strong solution to ([1.2.4.6)) for each n € N.

Moreover,

supE
neN

T
sup ||vn(t)||]%2+/ [Vun ()32 dt] < 0. (I1.2.4.9)
0<t<T 0

In particular, for any € > 0 there exist positive constants «;, 1 = 1,2,3 such that

sup P (|| || o (0,7102) > o) <e, (1I1.2.4.10)
n

sup P (anHL?(O,T;Hlﬂ) > ag) <e. (I1.2.4.11)
n

sup P ([lvnll Lo, riney > as) <e. (I1.2.4.12)
n

Moreover, there exists u > 0 such that for any € > 0 there exists a positive constant oy such
that

sup P ([|vnll oo,y m-12) > ) <e. (1I1.2.4.13)
n

Proof. The proof of immediately follows from the results of Section . Indeed, by
(11.2.4.3) we get a uniform estimate on G, (v). From this we infer the estimates in probability
(11.2.4.10)) and , which in turn imply thanks to the Gagliardo-Nirenberg
inequality [[un (s)lLs < Clloa ()12 Von ()"

Finally, estimate ([I.2.4.13]) comes from Proposition 3.5 of [16]. Indeed, all the assumptions
of that Proposition are fulfilled; in particular the continuous embedding H'=92 c H~94
implies assumption (G2) of Proposition 3.5 in [16]. O

In the same way, from Proposition we get

Proposition I1.2.4.4. Let ¢ > 2 and assume (IG1), (IG2), (IG3) and (IG5). Let vy €

L2 N LY. Let {v,} be the solution to ([1.2.4.6) as given in Proposition |I1.2.4.5 Then, in
addition to (11.2.4.9)-(11.2.4.13), for any 1 < p < oo it holds,

sup E sup [lvn()[|f, < oo. (11.2.4.14)
neN  0<t<T

In particular, for any € > 0 there exists a positive constant ay, such that

sup P (||on || o (0.7500) > a4) <e. (11.2.4.15)
n
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11.2.4.3 Tightness of the law of &,

The present Section is devoted to the proof of the tightness of the sequence of the laws of
{&}n. Let us start by noticing that estimate is not uniform with respect to n:
shows that the y-radonifying norms of the G, (v) (and thus of the G,(v)) are not
uniformly bounded in n. Therefore, from ([I.2.4.8) we cannot obtain the tightness of the
sequence of the laws of the &,’s. In order to get uniform estimates in n for the sequence {&, }n,
we follow the idea of [16], splitting our problem in two subproblems in the unknowns (, and
Brn with &, = (, + Bn-
We define the process (,, as the solution of the Ornstein-Uhlenbeck equation

AGa(t) + AGa(t) dt = Gn(va (1)) AW (2), ¢ € [0,T] (I1.2.4.16)
¢n(0) = 0.
Therefore, the process 5, = &, — (, solves
GE() + ABa(t) + va(t) - VEu(t) =0, £ €[0,T] (I1.2.4.17)
571(0) = §0~

We shall first analyze the Ornstein-Uhlenbeck processes; the solution (,, is given by

Cnlt) = /0 S(t = 8)Con(vn(s)) AW (5). (I1.2.4.18)

With a slight modification of the proofs of [16, Lemma 3.2] and [16, Lemma 3.3] respectively,
we have the following regularity results. Recall that assumptions (IG1)-(1G2) reads as (IG1)-
(IG2) when we deal with the equation for the vorticity.

Lemma I1.2.4.5. Let ¢ > 2. Assume conditions (IG1) and (IG2). Take any go € [g,1) and
put € = go — g > 0. Then, for any integer m > 2 there exists a constant C' independent of n
(but depending on m, T, q, go and Cy4) such that

EllGnllzm 0, 75wea) < C-
In particular, ¢, € L™(0,T; W) P-a.s.

Lemma I1.2.4.6. Let ¢ > 2, assume (IG1) and let

l—g
0< —_—.
<B<—
Then for any p > 2 and 6 > 0 such that
6 1 1-—g
B+ B + » < —
there exists a modification G, of Cn such that
E(I¢n G o pswoay < € (11.2.4.19)

for some constant C independent of n (but depending on T, (3,0, p and q).
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As a consequence of Lemma [[1.2:4.5] and Lemma [[.2.4.6] we have that there exist finite
constants K, 4 and Kg 5, such that

sup E||¢n H?m(O,T;WE»q) = (Km,g)™
n

and

SUPE”Cn”Iéﬁ([QT];Wé,q) = (Kﬁ,t?,q)p‘
n
Therefore, by Chebychev’s inequality, for any 1 > 0

(Kmﬂ)

sup P ([[Cull Lm0, 7swe0) > 1) < p (I1.2.4.20)
n
and
Kgs
sup P (Hgn”cﬁ([07T];W5,q) > 77) < (ﬂnq) (I1.2.4.21)
n

Thanks to these two last inequalities we get uniform estimates in probability for the sequence
Bn (see Propositions |[1.2.4.7 and [[1.2.4.8]), and consequently for &, = 5, + (, (see Proposition
219,

Let us now turn to the analysis of equation . We shall analyze it pathwise, proving
the following result.

Proposition 11.2.4.7. Let ¢ = 4 and assume (IG1) and (IG2). Let & € L? and vy € L2.
Then for every n € N the paths of the process B, = &y — (n solving (11.2.4.17)) are such that

By € C([0,T]; L*) 0 L}0,T; L*) 0 L*(0,T; W) N C2 ([0, T); W'2)

P-a.s., and for any € > 0 there exist constants C; = C;(€), i = 1,...4 such that

SupP (H/BHHLOO(O,T;Lz) > Cl) S g (112422)
sup P (|| Bull 20, 7w12) > Ca) < e (11.2.4.23)
supIF’ (HB’/LHL4(07T;L4) > C3) <e (112424)

sup P (“Bn"c%([ > C4> <e. (11.2.4.25)

0,T);W—12)

Proof. By definition and merging the regularity of &, and ¢, we have that 3, € L>(0,T; L?).
Let us prove estimates ([1.2.4.22)-(11.2.4.25). We begin with the usual energy estimate

1d

§&Ilﬁn(t)|@2 +VBa(t)ll72 = —(va(t) - VEa(t), Bu(t)). (11.2.4.26)
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Let us focus on the trilinear term. By means of ([1.0.1.16]), Gagliardo-Nirenberg and Young’s
inequalities, we get

—(Un(t) - VEu(2), Bn(t)) = (vn(t) - VBa(t), &n(?))
= (Un(t) - VBu(t), Bu(t)) + (vn(t) - VB (L), Ca(t))
= (v

n(t) - VBn(t), Cn(t))

IA

9 8Ol fen Bl o0
< CITAOLG Ol O O
< CIT ANl Olls (Glon®lis + 51T e2 )

< T8Ol 2 Ien s (3len(Oln + an(t)Hm)

1
< FIVB s + ClG O lon(®IZ + 7 IVBa (A3
+ ClIG OI8O 72 + cu<n<t>HL4u<n< )72
1
= SIVB.DIZ2 + CillGaIZs (loa ()22 + 1Ga(B)]172)
C
e (SOl ENOL

Let us set

Unlt) = 201 Ga (O34 (lon (1122 + 1Ga()]32) - (I1.2.4.27)

Using Holder’s inequality, by Lemma and Proposition we have that 1, €
LY(0,T).

Then from (I1.2.4.26|) we get
d
18O + VBBl < Wnlt) + CollGa) T4l Bn(®) 1 72- (11.2.4.28)

Hence from Gronwall’s lemma applied to inequality

d
18Oz < alt) + CollGn®) a1 Bu (172

we infer that
2 2
sup (B (02 < [golac® 1 Nieor g (O I 0 / bals)ds. (11.2.4.20)

Then, integrating in time estimate ([1.2.4.28]) we infer that for all n

T

T
/0 IVBa(®)I172 dt < [|€olI7 +/0 (¥ (t) + CallGa(®)I74]18n () [172) dt

T T
Slléolliﬁ@(sup IIﬁn(t)lliz>/ IICn(t)Ili4dt+/ Un(t) dt
0<t<T 0 0
(11.2.4.30)
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Recalling ([1.2.4.10) and (I1.2.4.20)), we infer that for any € > 0 there exists a constant Cr

such that .
sup P </ Py (t) dt > C’7> <e.
n 0

Therefore, from ([[1.2.4.29) and ([1.2.4.30)) we get that, for any € > 0 there exist suitable
constants R, Ry > 0 such that

sup P (HIBnHLoo(O,T;Lﬂ) > Ry) <e, sup P (||VBnHL2(07T;L2) > Ry) <e

From these two last inequalities it is straightforward to see that, for any € > 0, there exists a
suitable constant Rg > 0 such that

sup P (||5n||L2(0,T;W1»2) > R3) <e.
n

These estimates prove ([1.2.4.22)) and (1.2.4.23]).
Now, as done in Proposition [[1.2.4.3| we obtain (11.2.4.24) from (II1.2.4.22)) and ([II.2.4.23))
by means of Gagliardo-Nirenberg inequality.

Finally, from (I1.2.4.17) we infer
[

< HAﬁNHLQ(QT;W*L?) + llvn - v&ﬂHLZ(O,T;W*L?)-

L2(0,T;W—1,2)

Bearing in mind ([1.0.1.19)) we get

1
T 2
[on - Vénll L2075 -12) < (/0 lon ()1 l1€x ()17 dt)

< an||L4(0,T;L4)”§nHL4(0,T;L4)
< an”%‘l(O,T;L‘l) + H/BNH%‘l(O,T;L‘l) + HCnH%‘l(O,T;L‘l)
Thus,
H dBy

< HBnHLz(O,T;WLQ) + HUnH%4(o,T;1L4) + ”571”%4(0,T;L4) + ”Gﬂ”%‘l(O,T;L‘l)'

L2(0,T;W—1,2)

From (I11.2.4.23)), (I1.2.4.12), (I1.2.4.23)) and (11.2.4.20)) we find that for any € > 0, there exists
a suitable constant R4 > 0 such that

supIP’ (Hdﬁn > R4> <e.
L2(0,T;Ww—12)

Now we recall the Sobolev’s embedding Theorem H?(0,7) = {u € L*(0,T) : u/ €
L?(0,T)} C C%([O, T)). Hence, there exists a constant Rs > 0 such that

supP (8] . > Rs) <,

O3 ([0,T);W-1.2)

which proves ([1.2.4.25|).

We conclude proving the continuity in time. From the previous estimates we have that
% € L2(0,T;W=12) and B, € L*(0,T; Wh2). Therefore (see [87, Theorem III.1.2]) we get
B € C([0,T]; L). -
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Proposition I1.2.4.8. Assume that conditions of Proposition [II.2.7.7 hold. In addition as-
sume that condition (IG2) holds also for a ¢ > 2. Let & € L> N LY and vg € L2 N1L4. Then

for every n € N the paths of the process By, = &, — (, solving ([1.2.4.17)) are such that

B, € C([0,T]; L*) N L*(0, T; L) N L*(0, T; L*) N L*(0, T; W %) 0 C2 ([0, 7] ; W~ 12)

P-a.s., and, in addition to ([1.2.4.22)-(11.2.4.25)), for any € > 0 there exist a constant Cs, such
that

sup P (|| Bnll Lo (07500 > C5) < e. (11.2.4.31)

Proof. Let us estimate the L9-norm for ¢ > 2. Let z € R? and ¢ € [0, T]. We get

gt’ﬁn(t, )|" = qlBa(t, 2)| 772 Bu(t, x) (ABn(t,2) — va(t, @) - VE(t,2)).

Integrating on R?, by means of the integration by parts formula we get

%Hﬁn(t)Hqu = ¢{|Bn(t)|72Ba(t), AB (1)) — ¢{|Bu(®)|"2Bu(t)on(t), VEn (D))
= —qq = DB (O]"F Va2 — a(18n(B)|7 2Ba(t)vn(2), Vén(#). (11.2.4.32)

Let us estimate the nonlinear term. Thanks to (I1.0.1.17))-(11.0.1.18)) we get

~a{|Ba (12 Ba(t)vn(t), VEa(t)
= —q{|Ba |2 Ba(t)vn(?), VBa (1)) — a{|Bu(t)|*™*Bn(t)vn(t), VEn(1))
= (g = 1){|Ba(D)""*Ca(t)vn(t), VBa(?))

By means of Young’s inequality and (I1.0.1.8)), recalling (I1.0.1.5) we get

1Ba ()] Cu)on(t), VBa(1))]
< B2V Bu ()| 2 1Gn (E) ]2 [0m (8) | 12

1 C
< SBT3 + 5 1O Eallvn )
1 C
= SIBOI2V BB + S U@ (lon ()0 + 160(2)]34)

1
< SIBOI 2V B2 + Clla®IIZ2 (lon@)IEs + 18n @I + 1Ca (D7)

2q

1 =9
< SMIBa®ITVBa 72 + CallBa(B)lIF0 + C2lla ()1 127
+ 16 ®1Z2 (len®Ea + 1Sn(®)70)

Let us set ,
49
en(t) = Coll G127 + 16 D172 (lon(®)Ee + 1621 Za) -
then from (I1.2.4.32)) we get

q(q—1)
2

Bt % + 1B DIV Ba (D22 < ala — 1) (nl0) + CrllBu(D%,) - (1:2.4.33)
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Using Holder’s inequality, by Lemma [[1.2.4.5 and Proposition [[I.2.4.4] we have that ¢, €
L'(0,T) uniformly in n. Hence from Gronwall’s lemma applied to inequality

%Ilﬁn(t)lliq < qlg—1) (en(t) + CLlIB()174)

we infer that for all n
. T
sup 1B ()90 < [1ol|%,e1 VN + g(g — 1)/ on(s)ds. (I1.2.4.34)
0<t<T 0

Recalling (I1.2.4.15)) and ([I1.2.4.20f), we infer that for any € > 0 there exists a constant Cy

such that T
sup P </ on(t)dt > Co> <e.
n 0

Therefore, from ([1.2.4.34) we get that, for any € > 0 there exist suitable constant Ry > 0
such that

sup P (|| Bl o (0,7509) > Ra) < e

This proves ([1.2.4.24]). O

In order to pass to the limit we shall now apply a tightness argument. Merging the
estimates ([1.2.4.20)-(11.2.4.21)) for (, and those for /3, in Proposition |I1.2.4.7] we get the

estimates of &, = (, + Bn. These estimates in probability are uniform with respect to n.

Proposition 11.2.4.9. i) Let ¢ = 4 and assume conditions (IG1), (IG2), (IG4) and
(IG5). Let & € L? and vy € L2. Let &, be the solution to ([1.2.4.7) as given in
Proposition [IT.2.4.2

Then there exist v,6 > 0 such that for any € > 0 there exist positive constants n;,
1=1,...,4 such that
sup P (||fn||L°°(0,T;L2) >m) <e
n

sup P (H&LHL“(O,T;L“) > 772) <e
n

sup P (annLQ(O,T;W‘W) > 773) <e
n

supP (”gn”Cv([QT};W—Lz) > 774) <e.

i) If in addition we assume that condition (IG2) holds also for a ¢ > 2 and if & € LN LY,
vo € L2 N 1LY, then for any e > 0 there exist positive constants 15, such that

sup P (anHLoo(o,T;Lq) > ?75) <e.
n

Let us notice that v = min(g, %), with 8 and v fulfilling hypothesis in Lemma [[1.2.4.6
thusO<’y<%andO<5<1.
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11.2.4.4 Convergence and existence of a unique strong solution

In order to pass to the limit we exploit a tightness argument. This requires some technical
results. If we proceed as in [I7, Lemma 3.3.] and [I6, Lemma 5.3|, we get the following
compactness result.

Lemma 11.2.4.10. Let a,q > 1 and define
Z = L0, T; LY N C([0,T]; V)N L*(0,T; L},) N C([0,T]; L2).

Let T be the supremum of the corresponding topologies. Then a set K C Z is T-relatively
compact if the following conditions hold:

i. suprege | fll oo, miney < 00
. 3> 0:supreg |flleviorpw—12) < 00
ii. 36> 0:supseg ||l p20,mwo2) < 00
w. Supseg || flloo(o,m;12) < 00
From this Lemma we also get the following tightness criterion.

Lemma I1.2.4.11. We are given parameters v > 0, 6 > 0, a,q > 1 and a sequence { fn}nen
of adapted processes in C([0,T];V’).
Assume that for any e > 0 there exist positive constants R; = R;(¢) (i = 1,...,4) such that

SUP]P | full Loo,r;00y > R1) < e

SUPP (Ifnllevormw 12y > Ra) <€
sup P (| fulliaoravss) > Rs) < ¢
SUPP (I1fnll Looo,7502) > Ra) < e

Let py, be the law of f, on Z = L%(0,T;L%) N C([0,T); V') N L*0,T; L% ,.) N C([0,T]; L2).
Then the sequence {pin }nen s tight in Z.

Remark I1.2.4.12. Lemma holds true also for the case of divergence free vector
field spaces.

The results of Sections[[1.2.4.2] and [[T.2.4.3] Lemma and Remark provide
the tightness to pass to the limit. Proceeding similarly as in the proof of [16, Theorem 3.6.]

we get the following result.

Theorem I1.2.4.13. i) Let ¢ = 4 and assume conditions (IG1), (1G2), (IG3) and
(IG4). Let& € L? and vy € 2. Then there exists a martingale solution (2, F,P), W, ¢€)
(in the sense of Definition |I1.2.4.1]) to (I1.0.0.3). In addition € € L*(0,T; L*) P-a.s..

i) If, in addition, we assume that condition (IG2) holds also for a q¢ > 2, and &y € L?’NL9,
vo € L2 N 1LY, then also € € L°°(0,T; L%) P-a.s..
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Proof. Let us prove (i). One proceeds as in [I6]. We fix 0 < v < 3 and 0 < § < 1 appearing
in Proposition and define the spaces

Z = Ly(0,T; L*) N C([0,T]; V') N L*(0,T; Li,.) N C([0, T L7,),

Z = Ly, (0, ;L) N C([0,T];U") N L*(0, T Lf,,.) N C([0, T]; L),

loc

with the topology T and 7 respectively, given by the supremum of the corresponding topologies.

According to Lemma [[1.2.4.11] (with o = 4, ¢ = 4), Proposition [I1.2.4.9(i) provides that the
sequence of laws of the processes &, is tight in Z. Moreover, according to Lemma

(with @« = ¢ = 4) and Remark [[1.2.4.12] Propositions [[1.2.4.3| provide that the sequence of

laws of the processes v, is tight in Z. So the pair (&, v,) is tight in Z x Z.

By the Jakubowski’s generalization of the Skorokhod Theorem in non metric spaces (see [17],
[47] and [46]) there exist subsequences {{,, }72; and {vy, }32,, a stochastic basis (Q,F,P),
Z-valued Borel measurable variables ¢ and {{;}72,, Z-valued Borel measurable variables v
and {0}, such that

e the laws of §,, and &, are the same and &, converges to £ P-a.s. with the topology T

e the laws of v,, and 7) are the same and v, converges to v with the topology .

Since each §~k. has the same law as &, , it is a martingale solution to (I1.2.4.7)); therefore each
process

V(1) = () — £(0) + /0 Agy(s) ds + /0 3x(s) - Véi(s) ds

is a martingale with quadratic variation
~ t ~ ~
< Mg, > (t) = / Gk(ﬁk(s))Gk(”Dk(s))*ds
0

Proceeding as in [I6] we can prove that
(My(t) — M(t), ) = 0 P—a.s.
for any ¢ € H®2, with s > 2, with compact support, and every t € [0, T], where

M(t) = £(t) — £(0) + /0 A&(s)ds + /0 (s) - VE(s) ds.

In particular, the convergence of the non linear term

</0 O(s) - VEr(s) ds, ) — </O o(s) - VE(s)ds, @)

is obtained with a slightly modification of the proof of [I7, Lemma B1], exploiting the conver-
gence of ¥y, in C([0,T);L2,) and of & in C([0,T]; L2 ,.).
For the convergence of the quadratic variation process

/0 (Gu(50(5))" 01, Cn (58(5))* 02 ¢ ds — /0 (G(5(5)) 1, G(B(3))"pa)ox ds,
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for any 1,2 € H™9, we proceed exactly as in [16, Theorem 3.6].

Similar convergence results show that the limit is a martingale. Therefore, we conclude ap-
pealing to the usual martingale representation Theorem: there exists a cylindrical H-Wiener
process w such that

WT(1), ¢) = (. /0 G0 (s) dii(s)) = /0 (G(5(5)) i, di(s)).

Therefore, gis a martingale solution to (II.0.0.3]) and §~ € L*(0,T; L*) P-as..
From Proposition|I1.2.4.9((ii) and Proposition [II.2.4.4/immediately follows £ € L*°(0,T"; LY)
and thus statement (ii) follows. O

From the pathwise uniqueness for v, stated in Proposition we infer pathwise
uniqueness for £. In particular, pathwise uniqueness and existence of martingale solutions
implies existence of strong a solution.

Corollary 11.2.4.14. Assume that the same assumptions as Theorem|[1.2.4.15(i) hold, more-
over assume (IG5). Then there erxists a unique strong solution of (11.0.0.3).

As a byproduct result of Theorem we gain more regularity for the solution v to
equation ([1.2.3.1)).

Corollary 11.2.4.15. Under the same assumptions of Theorem |I1.2.4.15(i) the solution pro-
cess v of (1.2.3.1)) has P-a.s. paths in C([0,T]; HY?). Moreover, under the same assumptions
of Theorem |I1.2.4.19(ii), v has also P-a.s. paths in L>=(0,T; HY9).
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Appendix A

Stochastic Integration

A.1 Introduction

The theory of stochastic partial differential equations is developed on the one hand, from the
work of J.B. Walsh, and on the other hand, through work on stochastic evolution equations
in Hilbert spaces, for which a fundamental reference is the book of Da Prato and Zabczyk
[25]. The latter theory has been lately extended to cover more general classes of Banach space
valued processes. These two approaches led to the development of two distinct schools of study
for stochastic partial differential equations (SPDEs), based on different theories of stochastic
integration.

The Walsh theory emphasizes integration with respect to worthy martingale measures.

The developed theory is used in [90] to give rigorous meaning to SPDEs, primarily parabolic
equations driven by space-time white noise, though Walsh also considered the wave equation
in one spatial dimension, and various linear equations in higher dimensions. Solutions are
random fields, that is real-valued processes, that are defined for every fixed ¢ and x in the
domain. These are written as the convolution with the Green function associated to the partial
differential operator driving the equation. Walsh theory covers the case of SPDEs whose Green
function is a function. In [27] Dalang extended the definition of Walsh martingale measure
stochastic integral to be able to solve SPDEs whose Green function is a Schwartz distribution.
This in particular covers the case of the wave equation in dimension greater than two.
Even when the integrands is a distribution the value of the stochastic integral process is
a real-valued martingale. Dalang’s extension theory is not needed dealing with parabolic
equations (the case we consider in the thesis) since the Green function associated to the
Laplacian is very smooth in all dimensions. Nevertheless, in the parabolic case too, as the
dimension increases, the Green function becomes less regular. Space-time white noise does
not have enough regularity to make the stochastic convolution well defined as a real-valued
process. One way to achieve this is to consider random noises that are smoother than white
noise, namely a Gaussian noise that is white in time but has a smooth spatial covariance.
The formulation of solution in the Walsh sense turns out to be useful if one is interested in
the study of the sample path regularity properties. For instance, establish properties of the
probability law of the solution, for every fixed ¢ and .

The theory of integration with respect to Hilbert-space-valued processes centers around
solutions in Hilbert spaces of functions: equations are converted into abstract Cauchy prob-
lems, that can be seen as evolution equations in a suitable Hilbert space, driven by a given
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operator. From the point of view of SPDEs the limitation to the Hilbert space framework is
rather restricting, and in the last years the theory of stochastic integration in a more general
class of Banach spaces has been developed. For general Banach spaces there are difficulties
in defining a meaning stochastic It6 integral. However a theory of stochastic integration has
been developed for M-type 2 Banach spaces.

Main aim of this Appendix is to give an idea of these two approaches (we consider stochastic

integration in Banach spaces as an extension of the Hilbert space-valued theory) and each
theory is presented rather succinctly. We present both the stochastic integration theories since
in the thesis both are needed. In particular, in Part I (the flat torus case) Walsh stochastic
theory provides the underlying context where to study both the existence of a solution and
its regularity in the Malliavin sense. As regards the case on the whole space, some technical
problems related to the fact that the domain is unbounded, lead us to use the Hilbert and
Banach space integration theory in order to prove the existence and uniqueness of solutions
with the desired regularity.
It is well known that in certain cases, the Hilbert-space valued integral is equivalent to a
martingale-measure stochastic integral. In [30] authors proved that in the case of a spatially
homogeneous noise white in time with a correlation in space, the Walsh stochastic integral is
equivalent to an infinite dimensional stochastic integral as in [25]. The (spatially homogeneous)
noise we consider in Part I has similar features to the noise considered in the above mentioned
paper (is in a sense its "discrete counterpart"). Thus in the present Appendix we shall also
provide the tools needed in Sction [.1.3.4] where we focus on the particular case of a spatially
homogeneous noise on the flat torus and show how, in that context, the Hilbert space-valued
integral and the martingale measure stochastic integral turns out to be equivalent.

For the first approach we remand to [90] for a complete and detailed discussion; see also
[26] and [27] for the Dalang’s extension of Walsh theory. For the Hilbert space-valued approach
our main references are [25], [78] and [30]. It should be mentioned that the general theory
of integration with respect to Hilbert-space-valued processes and its generalizations was well-
developed several years before [90] and before reference [25] appeared: see, for instance, the
book of Métivier and Pellaumail [62]. See [30] and [48] for a comparison of the two stochastic
integration theories. Finally, see [69], [34] and [6] for the part concerning stochastic integration
in Banach spaces.

The present Appendix is organized as follows. In Section we present Walsh integration
theory (J90]): we recall the concept of worthy martingale measure, we define the class of
predictable process and briefly show how to define the stochastic integral of such processes
w.r.t. worthy martingale measures. In Section[A-3]we present the stochastic integration theory
in Hilbert spaces. In particular, in Section we sketch the construction of the infinite
dimensional stochastic integral in the setup of Da Prato and Zabczyk ([25]). In Section
we recall the notion of cylindrical Wiener process and the stochastic integral with respect
to such processes. Then Section gives the relationship between a Hilbert-space-valued
Wiener process and a cylindrical Wiener process, in the case where the covariance operator
has finite and infinite trace. Moreover it is showed how the integrals of Section can be
interpreted in the infinite-dimensional context. In particular the results of this latter Section
shall be used in Section to show the equivalence between Walsh stochastic integral and
Hilbert-valued stochastic integral in the case of the spatially homogeneous noise we consider
on the flat torus. Finally, in Section[A.4]we briefly present the extension of the previous theory
to the Banach-spaces case.
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A.2 Walsh stochastic integration theory

The theory of stochastic integration developed by Walsh is based on the concept of (worthy)
martingale measure. Like the classical It6 integral, the stochastic integral of a process X
w.r.t. a worthy martingale measure is defined when X is in the completion of a suitable space
of elementary functions. In this Section we recall the definition of martingale measure and
worthy martingale measure. Then we briefly explain the Walsh construction of the stochastic
integral.

A.2.1 Worthy martingale measures

Fix a probability space (€2, F,P). Assume that (L, L) is a Lusin space, i.e. a measurable space
homeomorphic to a Borel subset of the line (this space includes all Euclidean spaces and, more
generally, all Polish spaces). Suppose A C £ is an algebra. By B we shall denote the Borel
sets on [0, 7.

Definition A.2.1. Let M : A — L?(Q,F,P) We say that M is a o-finite L?-valued measure
if the measure induced by M on the space L*(Q0,F,P), given by ||M(A)||%2(Q) =E [M(A)?],
for any A € A, is a o-finite additive measure.

Definition A.2.2. Let {F:}: be a right continuous filtration. A process {wi(A),{Fi},t €
[0,T],A € A} is a martingale measure if

1. wo(A) = 0,
2. ift >0, wy is a o-finite L?-valued measure,
3. {wi(A),{Ft},t € [0,T]} is a martingale.

It is not possible to construct a stochastic integral with respect to all martingale measures.
We need a technical condition called "worthiness" on the martingale measure. This requires
a little background.

Definition A.2.3. Let w be a martingale measure. The covariance functional of w is

Ri(A,B) = (w.(A),w.(B)), Wel0,T], A BEcA. (A.2.1)

Given A, B € A, notice that R; is symmetric in A and B and biadditive: for fixed A,
Ry(A,-) and Ry(-, A) are additive set functions.
Now we define a random set function as follows. For all t > s > 0 and A, B € £ define

R(A x B x (s,t]) = Ri(A, B) — Rs(A, B).

If A; x B; x (si,t], (1 <i<n) are disjoint, then we can define

n n
R (U Az X Bz X (81',152']) = ZR(AZ X Bl X (Si,ti]).

i=1 i=1
This extends the definition of R to rectangles (see [90, Chapter 2|).
It turns out that, in general, one cannot go beyond this, namely is not always possible to
extend R to a measure on £ x £ x B. This will be make it impossible to define a completely
general theory of stochastic integration in this setting. However all work fine if w is "worthy".
To introduce this concept the following definition is needed.
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Definition A.2.4. A signed measure K(dx,dy,ds) on £ x £ x B is positive defined if for
each bounded measurable function f for which the integral makes sense,

/ f(z,8)f(y,s) K(dz,dy,ds) > 0.
LxLxRt

For such a positive definite signed measure K, define

(R = [ f(es)aly.s) K(do,dy.ds).

We are lead to the following definition.

Definition A.2.5. A martingale measure w is worthy if there exists a random o -finite measure
K(Ax B xC,w), where A;B € L, C € B and w € 2, such that

1. Ax B~ K(A x B x C,w) is positive defined and symmetric,

2. {K(A x B x(0,t]),t € [0, T]} is a predictable process, for any A,B € L,

3. for all compact sets A,B € L andt >0, E[K(A x B x (0,t])] < oo,

4. forall A,B€ L andt >0, |R(Ax B x (0,t])] < K(Ax B x (0,t]) a.s..
If and when such a K exists, then we call K the dominating measure of w.

Remark A.2.6. If w is a worthy martingale measure, then R can be extended to a measure
on LxLxB. By Ry and K, we denote its covariation and dominating measure, respectively.

A.2.2 Integration with respect to a worthy martingale measure

The construction of the stochastic integral w.r.t. the worthy martingale measure w follows
It6’s construction in a different setting. In the classical case, one constructs the stochastic
integral as a process rather than as a random variable, i.e. one constructs { fg fdBs,t > 0}
simultaneously for all ¢; one can then say that the integral is a martingale. The analogue of
"martingale" in this setting is a "martingale measure". Accordingly, the stochastic integral
will be defined as a martingale measure. As usual, the integral is defined first for elementary
functions, then for simple functions, and then for all functions in a certain class by a functional
completion argument.

Let us start constructing the stochastic integral for elementary and simple functions.

Definition A.2.7. A function f: L x [0,T] x Q — R is elementary if it is of the form

f(z,8,w) = X(w)l(gp(s)Lla(z), (A.2.2)

where 0 < a < t, X is bounded and F,-measurable, and A € L. Finite linear combinations of

elementary functions are called simple functions. We denote the class of simple functions by
Z.

The right class of integrands are functions f that are "predictable". That is, they are
measurable w.r.t. the predictable o-algebra P that is defined next.
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Definition A.2.8. The predictable o-field P on Q x L x [0,T] is the o-field generated by Z.
A function is predictable if it is P-measurable.

We define a norm || - ||+ on the predictable functions by

I+ =EAf] £k

Let P4 be the class of all predictable f for which ||f]+ < oo. It can be proved (see [90),
Proposition 2.3]) that (P4, || - ||+) is a Banach space and Z is dense in P.

We have all the ingredients to sketch the construction of the stochastic integral.
If w is a worthy martingale measure and f is an elementary function of the form , we
define the stochastic integral process of f as

frwy(B) = X (w)(wipp(AN B) — wipng (AN B)). (A.2.3)
The following result holds

Proposition A.2.9. If w is a worthy martingale measure and f is an elementary function,
then f - w is a worthy martingale measure. If Ry, and K, respectively define the covariance
and dominating measure of w, then the covariance and dominating measure Ry., and K., of
f-w are given by

Ry.(dz,dy,ds) = f(x,s)f(y,s)Ry(dx,dy,ds), (A.2.4)
Kf'w(dx’ dyv dS) = |f(:E, S)f(ya S)|Kw(dl‘, dy’ dS) (A25)
Moreover,
E[(f-w(B)?] <|fl}, VBeLt<T. (A.2.6)
Proof. See [90, Lemma 2.4]. O

We can define f-w for f € Z by linearity. Then it can be proved that — hold
for f € Z.

Now let us see how to extend the definition of stochastic integral to a larger class of
functions. Suppose that f € P,. Since Z is dense in P, there exists f, € Z such that

If = fally = 0. By (A2:6),if Ac L andt<T,
E[(fm - wi(A) ~ fu - wi(A)] < 1fim— fulll =0

as m,n — oco. It follows that (f, -w;(A)) is a Cauchy sequence in L?(Q2,F,P), so that it
converges in L? to a martingale which we shall call f - w;(A). The limit is independent of the
chosen sequence {f, }n.

Thus we obtain the following.

Theorem A.2.10. Let w be a worthy martingale measure. Then for oll f € Py, f-w is a
worthy martingale measure that satisfies (A.2.4) and (A.2.5). Moreover, for all t € (0,T],
A Be L,

(f - w(A),g - w(B)) = / / /A oy T 5) B . )

E[(f - wi(B)] < 13- (A2.7)
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Proof. See [90, Theorem 2.5|. O

Notation: Now that the stochastic integral is defined as a martingale measure, we define

the usual stochastic integrals by
Ax[0,t]

/A /Ot f(z,s) w(dz, ds).

To conclude, we recall that in this context the Burkholder-Davis-Gundy inequality reads as
follows.

We shall use also the notation

Theorem A.2.11. For all p > 2 there exists ¢, € (0,00) such that for all predictable f and
allt > 0,

[S4S]

E[If - wi(B)P] < E ( i / o DTG0 Kw<dx,dy,dt>)

A.3 Stochastic integration in Hilbert spaces

In this Section we briefly present the theory of stochastic integration developed by Da Prato
and Zabezyk in [25]. The stochastic integral presented in [25] is defined w.r.t. a class of
Hilbert-space valued processes, namely Q)-Wiener processes. For the following part we refer
to [30], for more details see the therein references. Let us point out that we shall use the
terminology used in [30] which is different from that used in [25].

We shall recall also the notion of cylindrical Wiener process and the stochastic integral with
respect to such process; we explain the relationship between a Hilbert-space-valued Wiener
process and a cylindrical Wiener process, in the case where the covariance operator has finite
and infinite trace. To conclude, we show how the integral w.r.t. a cylindrical Wiener process
can be interpreted in the infinite-dimensional context.

A.3.1 Notation and analytic preliminaries

In order to introduce the general concept of Hilbert-space-valued processes, we begin by re-
calling some facts concerning nuclear and Hilbert-Schmidt operators on Hilbert spaces.

By (H,(-,-)) and (V,(-,-)) we shall denote separable Hilbert spaces; by E and F' Banach
spaces.
As usual, with L(E, F) we denote the vector space of all linear bounded operators from E
into F. If we consider an Hilbert space H with £(H) we denote the space L(H,H). An
important class of elements of £L(H) is the class of all linear operators @) from H into H that
are symmetric and non-negative defined, i.e. they satisfy

(Qx,y) = (x,Qy) and (Qz,z)>0 Vz,y € H.
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Definition A.3.1. An element T € L(E, F) is said to be a nuclear operator if there exist two
sequences {ay}, C F and {¢r}, C E* such that

T(x) =Y adp(x), YoeBE, and Y |lallpllér]le < +oo. (A.3.1)
k=1 k=1

The space of all nuclear operators from E into F is denoted by Li(E,F). It turns to be a
Banach space when endowed with the norm

Ty = inf {Z llar|[Pllgrlle : T(z) = ardr(z), = € E} :
h=1

k=1

Definition A.3.2. Let V' be a separable Hilbert space and let {vy}, be a complete ortonormal
basis in V. For T € Li(V) := L1(V,V), the trace of T is defined as

Tr T = (T(vr),ve)v- (A.3.2)
k=1

It can be proved that if T € Li(V), then Tr T is a well defined real number and its value
does not depend on the choice of the orthonormal basis (see[25] Proposition C.1). Moreover,
(|25] Proposition C.3) a non-negative definite operator 7' € £(V) is nuclear if and only if, for
an orthonormal basis {vg}; on V', 3772 (T'(vg), vg)v < +o00.

Definition A.3.3. Let V' and H be two separable Hilbert spaces and {vy}, a complete or-
thonormal basis of V. A bounded linear operator T : V. — H 1is said to be Hilbert-Schmidt

if
oo
DT ()3 < +oo
k=1

(and it turns out that this property is independent of the choice of the basis in V). We will
denote the set of all Hilbert-Schmidt operators from V into H by Lys(V, H). The norm in
this space is defined by

1T 2s = <ZIIT(vk)H?q> : (A.3.3)
k=1

and defines a Hilbert space with inner product (S, TVp 6 = > ey (S(vk), T (vk)) H-

Definition A.3.4. Let T € L(V,H) and Ker T := {x € V : T(x) = 0}. The pseudo-inverse
of the operator T is defined by

1
-1 ._ . 1
771 .= (T‘(Kw)l) . T(V) — (Ker T)*.

Notice that T is one-to-one on (Ker T)+ and T~ is linear and bijective.
Let us conclude this Section by stating some notation we shall use in what follows.
Let Q) be a linealr, symmetric, non negative defined and bounded operator on the Hilbert space
V. Set Vo = Q2 (V) and denote by LY%q the space Lus(Vo, H). By {ex}r we shall denote an
orthonormal basis of V' that consists of eigenfunctions of @ with corresponding eigenvalues
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wi, k € Nog. Let e = Q%ek, {ér}x is an orthonormal basis of ;. We denote by Vj, the Hilbert
space V endowed with the inner product

<h7.g>VQ = <Qhag>V7 h,Q eV (A34)

_1
Let ¢, = Qfé(ek) =y, *eg, for k € Ng with py, # 0. {€x}x is a complete orthonormal basis
of the space V. By {Bi}r we denote a sequence of standard independent one-dimensional
Brownian motions on a probability space (2, F, P).

A.3.2 Da Prato-Zabczyk stochastic integration theory

In the definition of )-Wiener processes and in the construction of the Hilbert-space valued
stochastic integral, we shall consider a linear, symmetric (self-adjoint) non-negative defined
and bounded operator ) on an Hilbert space V. First we shall consider () such that TrQ) < oo
and then we shall extend the obtained results to the case Tr@Q = co.

The finite trace class case

Let us fix a stochastic basis (Q, F, {F; }+, P) and let us consider a linear, symmetric (self-adjoint)
non-negative defined and bounded operator ) on V such that TrQ) < co.

Definition A.3.5. A V-valued stochastic process {Wy,t > 0} is called a Q-Wiener process
if (1) Wo =0, (2) W has continuous trajectories, (3) W has independent increments, and
(4) the law of Wy — W; is Gaussian with mean zero and covariance operator (t — s)Q, for all
0<s<t.

In |25 Proposition 4.1, Proposition 4.3 and Theorem 4.4] it is proved that the V-valued
process

Wt = Z w/MkBk(t)ek (A.3.5)
k=1
(the series converges in L2(€;C (0,7];V))), defines a Q-Wiener process on V. We denote by
{F:}+ the (completed) filtration generated by W.
Let us fix T" > 0 and let X be a Hilbert space. Let us denote by N%V(O, T; X) the Hilbert
space of all {F;};-predictable processes such that

1
T 2
I#he, 0 = [E( [ 121 ) |

is finite. In [25] authors define the stochastic integral w.r.t. W of any element in N?(0, ¢; LY),
namely they define the H-valued stochastic integral fg O (s)dWs, for t € [0, 7.

We shall give only an idea of the construction of the integral. For a detailed analysis see |25,
Chapter 4].

The integral is defined at first for simple processes, defined as follows.

Definition A.3.6. An L(V, H)-valued process ®(t), t € [0,T] on (Q,F,{Ft}+,P) is said to
be simple if there exists a partition 0 = tg < ... < t, = T, n € N, such that ®(t) =

o Drly 0,0 (t), for t € [0,T], where for all 0 < k < n —1, & are L(V, H)-valued
Ft, -mesurable w.r.t. the strong Borel o-algebra on L(V, H), and ®y, takes only a finite number
of values in L(V, H).
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For such processes, the stochastic integral takes value in H and is defined by the formula

n—1

Itw@)) = Z Dy, (WtkHAt — Wtk/\t) , t e [O,T] .
k=0
Then, it is proved that the map ® +— I(®) is an isometry between the set of elementary
processes, equipped with the norm ||- ||N$A7 (0.T510)> and the space of square-integrable H-valued
(F;)-martingales X = {X,t € [0, T]} endowed with the norm (E [|| Xr||%] )% (see Proposition
4.5 in [25]). This isometry property for simple processes reads as

W
E[I5° @)1} = 1913 0718, (A.3.6)

Once the isometry property is established, a completion argument is used to extend the
above definition to all elements in N%V(O, T L%S) and the isometry property is preserved for
such processes. More precisely, it can be proved (see Proposition 4.7 in [25]) that elementary
processes form a dense set in N%,(0,T; LY). Thanks to the isometric transformation (A.3.6)
and using a density argument the definition of the integral can be immediately extended to all
elements of N2,(0,T; LY). We denote the value of the extension of I}V at ® € N2,(0,T; LYq)
by [1 ®(s) dW,.

The infinite trace class case

The above definition of H-valued stochastic integral required the assumption Tr@Q) < oo.
However it can be extended in order to consider also operators ) such that TrQ) = co. We
shall recall here the needed main ingredients; we refer to [30, Section 3.5| (for more details see
the therein references).

Let us consider a symmetric non-negative definite and bounded operator on V such that
Tr@ = oo. It is always possible to find a Hilbert space Vi and a bounded linear injective
operator J : (V,[| - [lv) = (Va, ]| - [vy) such that the restriction Jo = Jjy;, : (Vo, || - lvy) —
(Vi, | - [lwy) is Hilbert-Schmidt. Let us define Q1 = JoJg : Vi = Im(Jy) — Vi. Then @ is a
symmetric (self-adjoint), non-negative definite and Tr(); < oo. Then

Wy =Y Be(t)Jo(ér),  te€[0,T] (A.3.7)
k=1

is a Q1-Wiener process in Vj. Moreover, it can be proved that

1
Jo: Vo = Q7 (V1) is an isometry (A.3.8)

(for the detailed proofs of this statements see |25, Proposition 4.11] and [78, Proposition
2.5.2]). The Q1-Wiener process {W;,t > 0} is usually called cylindrical Q-Wiener process.
Now, let {W;,¢ > 0} be as in (A.3.7). A predictable stochastic process {®(¢),t € [0, T]} will
be integrable w.r.t. W if it takes values in LHS(Q%(Vl), H) and

T
E [/ le@®)?> . dt| < oo.
0 Lus(Q2 (V1),H)
By (A.3.8) we have
1
® € LYs = Lus(Vo, H) <= ®o J;* € Lus(Q} (V1), H).
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Definition A.3.7. For every square integrable predictable process ® with values in L?LIS such

that .
2
E [/0 H<I>(t)HL%S dt} < 00,

the H-valued stochastic integral ® - W is defined by

T T
/ ®(s) dW, := / ®(s) o Jy L dW,.
0 0
Notice that the class of integrable processes w.r.t. W does not depend on the choice of V7.

A.3.3 Stochastic integration w.r.t. cylindrical Wiener processes

In this section, we recall the notion of cylindrical Wiener process and the stochastic integral
with respect to such processes.

Definition A.3.8. Let Q be a symmetric (self-adjoint) and non-negative definite bounded
linear operator on' V. A family of random variables W = {Wy(h),t > 0,h € V'} is a cylindrical
Wiener process on V if the following two conditions are fulfilled.

o for any h € V, {W;(h),t > 0} defines a Brownian motion with variance t(Qh,h)y;

o foralls,t cR", and h,g €V,

E(Ws(h)Wi(g)) = (s At)(Qh, g)v-

If Q = Idy is the identity operator in V', then W will be called a standard cylindrical Wiener
process. We will refer to Q) as the covariance of W.

Let {F;}; be the o-field generated by the random variables {Ws(h),h € V,0 < s < t} and

the P-null sets. We define the predictable o-field as the o-field in [0, 7] x Q generated by the
sets {(s,t] x A, A€ F;,0< s <t <T}.
We can define the stochastic integral of any predictable square-integrable process with values
in Vg (see (A.3.4)). Recall that by {é}r we denote a complete orthonormal basis of the
Hilbert space Vg. For any predictable process g € L*(Q x [0,7];Vg) it can be proved that
the series

T
g-W= Z/ (95 €x) vy AWs(eg) (A.3.9)
—Jo

is convergent in L2(2, F,P) and the sum does not depend on the chosen orthonormal system.
Fach summand in the series is a classical It6 integral with respect to a standard Brownian mo-
tion, and the resulting stochastic integral is a real-valued random variable. The independence
of the terms in the series leads to the isometry property

Bfo W] =& [ [ ot 0]

Notice that it is possible to define this integral in an alternative way: one can start by defining
the stochastic integral in for a class of simple predictable Vp-valued processes, and
then use the isometry property to extend the integral to elements of L(2 x [0,T];Vg) by
checking that these simple processes are dense in this set.



Stochastic integration in Hilbert spaces 155

A.3.4 Interpreting the stochastic integration theory w.r.t. a cylindrical
Wiener process in the Da Prato-Zabczyk setting

Let us explain the relationship between (Q-Wiener processes and cylindrical Wiener processes
with covariance operator () (considering both the cases Tr @ < oo and Tr @) = co0) and relate
the corresponding notion of integrals in the particular case in which the involved Hilbert space,
where the Da Prato-Zabczyk integral takes value, is H = R.

Relation between ()-Wiener processes and cylindrical Wiener processes with co-
variance () (the case Tr@Q < )

If {Wy,t > 0} is a Q-Wiener process on V', there is a natural way to associate to it a cylindrical
Wiener process in the sense of Definition [A.3.8; for any h € V| t € [0,T] we set

Wt(h) = <Wt, h>V
One checks that {W(h),t € [0,T],h € V} is a cylindrical Wiener process on V' with covariance

operator (). Since {€;}y is a complete orthonormal basis of Vi and so {W;(éj)}; defines a
sequence of standard one-dimensional Brownian motions, one can write

Wy = Z Vi Wi(é)ex.
k=1

However, it is not true in general that any cylindrical Wiener process is associated to a Q-
Wiener process on a Hilbert space. Indeed the following result holds (see [30, Theorem 3.2]).

Theorem A.3.9. Let V' be a separable Hilbert space and W a cylindrical Wiener process on
V' with covariance Q. Then, the following three conditions are equivalent:

1. W is associated to a V -valued Q-Wiener process W, in the sense that (Wy, hyy = Wy(h),
forallh e V.

2. for anyt >0, h — Wy(h) defines a Hilbert-Schmidt operator from V into L*(Q, F,P)
3. TrQ < oo.

As a consequence, if dimV = +oo and if W is a standard cylindrical Wiener process on
V', that is () = Idy, then there is non Q-Wiener process W associated to W. However, as we
shall explain next, it will possible to find a Hilbert-space-valued Wiener process with values
in a larger Hilbert space V; which will correspond to W in a certain sense.

Equivalence of integrals in the case H = R

Now let us see how the stochastic integral w.r.t. W constructed in Subsection is equal
to an integral w.r.t. W constructed in [25] when the Hilbert space in which the integral takes
values is H = R.

Let us consider a cylindrical Wiener process W on V' with covariance ) such that Tr@) < oc.
By Theorem[A.3.9) W is associated to a V-valued Q-Wiener process W. Let ¢ be a predictable
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process in L?(Q2 x [0,7]; V) as introduced in Subsection m For any s € [0,7] we define
the operator

®Y:V =R (A.3.10)
®l(n) == (gs»mv, meV. (A.3.11)

The following result holds (see [30, Proposition 3.5]).

Proposition A.3.10. 9 = {®J,s € [0,T]} defines a predictable process with values in LY

such that
r 2 T 2
9 =
|12y as= [ ol s

Therefore the stochastic integral of ®9 w.r.t. W can be defined as in Subsection[A.3.5, namely

it holds
T T
/ I AW, = / gs AW,
0 0

Relation between cylindrical Q-Wiener processes and cylindrical Wiener processes
with covariance ) (the case TrQQ = ) and equivalence of integrals in the case
H=R

Let us consider the case Tr @ = oo. Let {W4,t € [0,7]} be a cylindrical Wiener process with
covariance @ on the Hilbert space V and let g € L2(Q x [0,T];Vg) be a predictable process
such that g - W is well defined as in Subsection [A-3:3] Then we can consider the cylindrical
Q-Wiener process {Wy,t € [0,T]} defined by

Wy = Wi(ér)Jo(ér).
k=1

This process takes values in some Hilbert space V.
For g € L*(Q x [0,T]; Vi) we define, as in (A.3.10), the operator

®(n) == (gssmv,  neV,
which takes values in H = R. Then the following result holds (see [30, Proposition 3.10]).

Proposition A.3.11. The process {®7,s € [0,T]} defines a predictable process with values in

Lys(Vo;R), such that
r 2 r 2
E [ [ 10z, ds} _E [ [ tauli ds] ,

T T
/@gdwsz/ g5 AW,
0 0

Proposition [A:3.11] allows us to associate a cylindrical Wiener process W with covariance
Q, with a cylindrical Q-Wiener process, as described in Subsection and to relate the
associated stochastic integrals.

and
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A.4 Stochastic integration in M-type 2 Banach spaces

In this Section we present basic facts concerning stochastic integration in M-type 2 Banach
spaces. We briefly outline the construction of the Ito integral in this context. Then we recall
some technical results as the Burkholder-Davis-Gundy inequality and the It6 formula. For
this last result we shall focus in particular on the case of Li-spaces. We mainly refer to [10]
and [I2] where the basic facts useful for our needs are well exposed in a succinctly and clear
way. For a more detailed and complete discussion of the topic see the therein references.

Let us fix some notations. Let (Q,F,{F;};,P) be a fixed filtered probability space. By
(V,{(-,-)) we shall denote again a real separable Hilbert space and by {ex}r we denote a fixed
orthonormal basis of V. Let (E,|-|) be a Banach space.

We denote by ~ the standard Gaussian cylindrical distribution on V.

A.4.1 ~-radonifying operators

Definition A.4.1. A bounded linear operator K : V — E is called vy-radonifying iff the image
K(v) :=v0 K~ of v under K is o-additive on the algebra of cylindrical sets in E. We set

R(V,E):={K:V - E:K € L(V,E) and K s y-radonifying}.

The algebra of cylindrical sets in E generates the Borel o-algebra B(E) on E (see [50]).
Thus K (7) extends to a Borel measure on B(E) which we denote by g . In particular, yx is
a Gaussian measure on B(FE), i.e., for each f € E* the image measure f(yx) is a Gaussian
measure on B(R) (see e.g. |25, Chapter 2.2|). For K € R(V, E) we put

1K 12y 5 = /E 22 doc (a). (A1)

As 7, is Gaussian, then by the Fernique-Landau-Shepp Theorem (see [50]), || K[| (v, g) is finite.
Moreover, see (see [69]), R(V, E) is a separable Banach space endowed with the norm (A.4.1)).
It is a well known fact that, if F is a Hilbert space, then K : V — FE is «-radonifying means
that K is Hilbert-Schmidt. In this case it holds || K|z, ¢v:r) = K| rev;E)-

We have the following characterization of y-radonifying operators when F = L4, see [88|
Proposition 13.7] and [I3, Theorem 2.3].

Proposition A.4.2. Let 1 < ¢ < oo and {h;}32, a complete orthonormal system in V. For
an operator K € L(V; LY) the following two conditions are equivalent:

o K € R(V,LY);
1
o (330, |Khy?)? € Lo,
1
Moreover, the norms || K ||gey.ey and || (332, [Khe|?)? ||La are equivalent.

A.4.2 Construction of the stochastic integral

Let W be a cylindrical )-Wiener process on V in the sense of Section defined on
(0, F,{F¢}+,P). Let us fix T > 0 and let Y be a Banach space. Let us denote by M%,(0,7;Y")
the Banach space of all {JF;}4-predictable Y-valued processes ® such that

1
T P
[l = (B [ el a)
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is finite. The stochastic integral I}V (®) is defined at first for simple processes ® in M2,(0, T; R(V, E)).
In general, I'Y can not be extended continuously to the whole M2,(0,T; R(V, E)). This requires

some additional assumptions on the Banach space E, namely we have to consider M-type 2
Banach spaces.

Definition A.4.3. A Banach space E is called M-type 2 iff there is a constant C' > 0 such
that for any finite E-valued martingale { My} the following inequality holds

sup E[[Milli; < O(E) > B [[Mg — My [*]. (A4.2)
k

For the proof of the following theorem below see [69] or [15].

Theorem A.4.4. Assume that E is a M-type 2 Banach space. Then the class of sim-
ple processes in M%,(0,T; R(V, E)) is a dense subspace of M3,(0,T; R(V, E)), and for every
t € [0,T] there ewists a unique extension of I}V to a linear bounded operator acting from
M2,(0,T; R(V, E)) into L*(Q, F,{F+}+,P; E). Moreover, there exists C > 0 such that for any
T >0 and ® € M%,(0,T; R(V, E)) one has

T
BIR @)l < CE [ 190,z 4t (A4.3)

We denote value of the extension of I}V at ® € M2,(0,T; R(V, E)) by f(f D (s) dWs.

Remark A.4.5. Any Hilbert space is a M-type 2 Banach space. In such a case we have the
equality in (A.4.2) with C(E) = 1. The spaces LY and W™, q > 2, r > 1 are examples of
M -type 2 Banach spaces which are not Hilbert spaces.

A.4.3 Burkholder-Davis-Gundy inequality and It6 formula

A Burkholder-Davis-Gundy type inequality holds in M-type 2 Banach spaces (see [34, Theorem
2.4, Theorem 3.3].

Theorem A.4.6. Assume that E is a M-type 2 Banach space. Then for every ® € M%V(O, T;R(V, E)),

fot ®(s)dW(s), t € [0,T] is an E-valued square integrable martingale with continuous modifi-
cation and zero mean. Moreover, for every p € [2,00) there is a constant C' independent of T
and ® such that

p

E sup
0<t<T

t T ) £
/0 ®(s)dW(s)| < CE [ /0 19(5) 2y ds| - (A.4.4)

E

Next we state the [t6 lemma. We do this at first for an [t6 process with values in an abstract
M-type 2 Banach space E and for a Fréchet differentiable mapping ¥ : [0,7] x £ — R. Then
we derive It0’s lemma for an L9-valued process, and ¥ = |- |7,, p > ¢. Before formulating
the theorem we need to introduce some notation. For any Banach space Y and any bounded
linear map L : E x EE — Y we define

trKL:/EL(;U,x) dyk ().
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Denote by L£(E,Y) the space of all bounded bilinear operators acting from E into Y. By
the Fernique-Landau-Shepp theorem trg is a bounded linear operator from L(E,Y") into Y.
Moreover,

trcLly < | Lllz ey 1K 2wp), ¥ K € R(V,E), LeL(E,Y). (A4.5)

Let us dente by CZ(E) the class of all Fréchet differentiable functions ¥ : £ — R with bounded
derivatives. For the proof of the following Theorem see [69].

Theorem A.4.7. Assume that E is a M-type 2 Banach space. Let V € CE(E). Letb €
MY (0,T; E) and o € M3,(0,T; R(V, E)). Let

X(t):X(O)+/O b(s)ds+/0 o(s)dW(s),  tel0,T].

Then, for all t € [0,T],

t t 1 rt

V(X (t)) =T(X(0)) —i—/ U'(X(s))b(s) d3+/ V(X (s))o(s)dW(s)+ 2/ try()P" (X (s)) ds.
0 0 0

Let us now formulate the result in the particular case in which ¥ = |- |7,. Let u € L9(D),

where D C R% notice that |u|9"2u € LY = (L9)*. Below, (-,-) denotes the duality form on
L9 x L9,

Theorem A.4.8. Let q € [2,00), and p > q. Assume that
t t
X(t) = X(0) —I—/ b(s)ds + / a(s)dW(s), te (0,77,
0 0

with b € M3,(0,T; L1) and o € My, (0, T; R(V, L9)). Then for all t € [0, T
IX (@7 = [1X(0) +P/ X (s) X ()72 X (s), b(s)) ds
+p/ X ()17 /(1 X ()72 X (5), 0 (s)AW(s))
0

1/t "
+ 2/0 tTU(s)\I/ (X(S)) ds.
Notice that V 3 ¢ — (| X (s)|772X (s), 0 (s)1) belongs to R(V,R), so the It6 integral above
is well defined.
Remark A.4.9. Notice that for u,vy,ve € LY we have

1"

U (u)(vi, v2) = plg — Dllull /u )71 (x)v2 () do

+p(p — @)|ul, 2q/|u )9 2u(z)vy (z dxx/\u )97 2u(z ) v () daz.
(A.4.6)

Hence combining (A.4.5) with (A.4.6), we obtain

1 _2
tro @ (u) < p(p = Dllullpy "ol ;Lo






Appendix B

Malliavin calculus and the problem of
the existence of a density

B.1 Introduction

Malliavin calculus was conceived in the 70’s and in the following years a huge amount of
research has been done in this field. Nowadays several monographs on this subject are available
and we mainly refer to Nualart [72]. In his initial papers Malliavin used the absolute continuity
criterion in order to prove that under Hérmander’s condition, the law of the diffusion process
has a smooth density and in this way he gave a probabilistic proof of Hérmander’s theorem.

One of the main application to Malliavin calculus is to give sufficient conditions in order
that the law of a random variable has a smooth density with respect to the Lebesgue measure.
In particular, there has been a lot of activity in the last years studying the regularity in the
Malliavin sense for solutions to stochastic partial differential equations. One is interested in
looking for the existence (and smoothness) of a density for the law of the random variable
given by the solution process at fixed points in time and space. This property is important in
the analysis of hitting probabilities (see |29, [31]) and concentration inequalities (see [71]).

In the present Chapter, we briefly introduce the Gaussian framework where to perform
Malliavin calculus and recall the definitions of Malliavin derivative and divergence operator.
Then we briefly recall the Bouleau-Hirsh criterium which provides sufficient conditions for
existence of densities of finite measures on R and therefore for densities of probability laws.
To conclude we recall some useful rules of calculus for the derivative and divergence operators.
All the results are stated without proof. We remand to [72] for a complete exposition of what
briefly recalled here. See also [81] and [3].

B.2 Isonormal gaussian processes, derivative and divergence
operators

Let (2,3,P) be a complete probability space. Consider a real separable Hilbert space H
endowed with inner product (-, -) .

Definition B.2.1. We say that a stochastic process W = {W (h),h € H} defined on (Q, F,P)
is a isonormal gaussian process (or a gaussian process on H) if W is a centered Gaussian
family of random variables, namely a closed subset of L*(Q, F,P) whose elements zero-mean
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Gaussian random variables, such that
E(W(h)W(g)) - <hag>H7 fOT‘ all h,g € H.

This map provides a linear isometry of H onto a closed subspace of L2(Q, F,P) that we
denoted by O. The elements W (h) of O, are zero mean Gaussian random variables with vari-
ance ||h||%. Note that by Kolmogorov’s Theorem, given the Hilbert space H we can always
construct a probability space and a Gaussian process {W(h),h € H} verifying the above con-
ditions.

In the sequel we will replace F by the filtration generated by W. The fact that we work
with the o-algebra generated by the isonormal Gaussian process W is central: all the objects
involved in Malliavin calculus are "functionals " of that process and so we work in the universe
generated by W.

In the study of SPDEs the (Gaussian) noise driving the equation can be introduced as an
isonormal Gaussian process on a proper Hilbert space. This process provides the underly-
ing Gaussian context where to study the equation and, in particular, perform its Malliavin
analysis. A well known example is given by the time-space white noise; another important
class of examples are based on noises white in time and weighted in space. We have already
encountered these kind of noises troughout the thesis. Let us recall them here, in the context
of isonormal Gaussian processes.

Example B.2.2. Gaussian noise white in time correlated in space In Section[II.1.7.3
we introduced, on the complete probability space (2, F,P) the Gaussian family W = {W (p), ¢ €
CS°(R? x [0,T])} and we showed how it is possible to associate the Hilbert space Up :=
L2(0,T;U) to W. W = {W(h),h € Ur} defines an isonormal Gaussian process; its elements
are zero-mean Gaussian random variables with covariance

T/‘\/\

T
EW W) = [ 0000 0= [ [ (c0vo0) @raa. @21

where we recall p is the spectral measure of W and I' = [i the correlation function.

In particular, for every A € By(R?), W(l[oyT]lA), defined by an approximation procedure, is
called Gaussian noise white in time and correlated in space. Notice that, for I' = §g, we obtain
the famous time-space white noise.

Example B.2.3. Gaussian noise white in time weighted in space In Section [[.1.5.]]
we considered, on a complete probability space (2, F,P), the isonormal Gaussian process W =
{W(h) : h € Hr}, where Hy = L*(0,T; Lé) Its elements are zero-mean Gaussian random
variables with covariance

T
EW W) = [ (h(s).a(5)15 s

For every A € B(D), W(ljo1a), defines a Gaussian noise white in time and weighted in
space. Notice that, for QQ = Id, we obtain the time-space white noise.

Now that the general Gaussian framework is clear, let us introduce the Malliavin derivative
operator. Let (Q, F,P) and W be respectively the compete probability space and the isonormal
Gaussian process introduced above. To start with, let us denote by € the set of smooth
cylindrical random variables of the following form

F = f(W(hy), ... W(ha)), (B.2.2)
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where d > 1, h; € H and f € C° (R9), which is the set of all infinitely continuously differen-
tiable functions from R? to R such that f and all its derivatives have polynomial growth.
We define the Malliavin derivative of F' € € as the H-valued random variable given by

d

af
DF = Wi(hi),.... W(hg))h;.
;8%( (7). ees W (ha)
We introduce the Sobolev norm of F' as
1
IFllp = [(E[FP) + E(|DF|5)] 7 . (B.2.3)

It is possible to prove that the derivative operator D is closable and take the extension of
D in the standard way. We can now define in the obvious way DF for any F in the closure
of € with respect to this norm and denote the domain of D in LP(Q) by D!?. That means
that D' is the closure of € w.r.t. the norm . Notice that, by definition, D14 C D'
for p < q. By convention, D%? = LP(Q). The above procedure can be iterated to define the
operator D¥, k € N, for more details see [72, Section 1.2]. We can localize the domain of the
operator D as follows: we will dente by Dll(;’g , p > 1, the set of random variables F' such that
there exists a sequence {(Qy, Fx), N > 1} C F x DY such that Qy 1 Q, P-a.s. and F = Fy
P-a.s. on Qy. We say that (Qy, Fiy) localizes F in DY and DF is defined without ambiguity
by DF = DFy on Qpn, N > 1.

Remark B.2.4. Let us consider the Hilbert space H of the particular form H = L?*(0,T;U),
with W an Hilbert space endowed with the scalar product (-, ). Consider the isonormal Gaus-
stan process W on H. Notice that, respectively for U = U and U = L% we obtain the isonormal
Gaussian processes of examples[B.2.9 and[B.2.3

Let X € DY, for a certain p > 1; for h € H set D, X = (DX, h)y. Since H = L*(0,T;U),
forr €[0,T], DX (r) defines an element in U, which will be denoted by D, ¢X. Then, clearly,
for any h € H,

T
DpX :/ (Dye X, h(r))y dr.
0
We shall write Dy , X = (Do X, o0, 7 € [0,T], p € U.

We now introduce the divergence operator, defined as the adjoint of the Malliavin deriva-
tive. Let us recall that the Malliavin derivative is an unbounded operator from L?({2) into
L?(; H) and its domain D2 is dense in L?(Q2). Then, by a standard procedure (see [91]) one
can define the adjoint of D, that we shall denote by §. The domain of the adjoint, denoted
by Domé, is the set of random variables u € L?(Q; H) such that for any F € D2,

E[(DF,w)ull < cl|Fllrz0),

where c is a constant depending on u. If u € Domd, then du is the element of L?(§) charac-
terized by the identity

E[F§(u)] = E[(DF,u) g, (B.2.4)

for all ' € D2, Equation (B.2.4) expresses the duality between D and § and it is called the
integration by parts formula.
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B.3 The Bouleau-Hirsch criterium for the existence of a density
and some calculus results

Let us present here the Bouleau-Hirsch criterium for the existence of the density of random
vectors defined on a Gaussian probability space. We recall the results formulated for a one-
dimensional random variable (for the case of d-dimensional random vector see [72, Theorem
2.1.2]). Let us recall that there are other criteria regarding existence of densities for random
vectors; we use the Bouleau-Hirsch criterium since its requirements are weaker. Moreover
under stronger requirements there exists some criteria concerning the smoothness of the density
(see [72, Chapter 2|).

Proposition B.3.1. Bouleau-Hirsch criterium Let (Q,F,P) be a complete probability
space and let F' be a random variable of the space ]Dll(;i. Suppose that

|DFE|z >0 (B.3.1)

P-a.s., then the law of F is absolutely continuous with respect to the Lebesque measure on R.

To conclude, let us recall some basic useful rules of calculus for the derivative and diver-
gence operators defined so far. The first result is a chain rule.

Proposition B.3.2. Let ¢ : R? — R be a continuously differentiable function with bounded
partial derivatives. Let F = (FY, ..., Fy) be a random vector whose components belong to DP
for some p > 1. Then o(F) € D' and

d
D(p(F)) = dip(F)DF;.
i=1
The following result is an essential approximation procedure to study the Malliavin differ-
entiability of solutions to SPDEs.

Proposition B.3.3. Let p € (1,00) and let {F,,,n > 1} be a sequence of random variables in
DY converging to F in LP(Q) and such that

supE [|| DE,|[%;] < oc.
n
Then F belongs to DYP and the sequence of derivatives { DF,,n > 1} converges weakly in DP
to DF.

To conclude we recall the commutativity relation between Malliavin derivative and diver-
gence operator. Recall that for any v € D%? and h € H we set Dpu = (Du, h)y.

Proposition B.3.4. Suppose that h € H, u € D2 and Dyu € Doms. Then

Dy (8(w)) = {u, h) gy + 5(Dyu). (B.3.2)
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