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Abstract

The aim of this dissertation is to study stochastic Navier-Stokes equations (SNSE) on 2D rotating
spheres in Hilbert space perturbed by pure jump Lévy noise of p-stable type. The first goal
is to establish the well-posedness of solutions to this class of equations. The second goal is to
investigate qualitative questions on ergodicity, asymptotic behaviour and random dynamics. In
Chapter 2, we review the analytic and probabilistic preliminary required to present the main
results of the thesis. Then we introduce the background material on Hilbert space valued
cylindrical Lévy noise via subordination of S-stable type. In Chapter 3, we prove the existence
and uniqueness of solutions to the SNSE under suitable assumptions of noise and forcing and,
in the second part, we deduce the existence of an invariant measure with measure support.
Chapter 4 is devoted to the study of random dynamical systems generated by our SNSE. In
particular, we prove that, with sufficient regularity, there exists a finite-dimensional random
attractor for our SNSE. Moreover, such a random attractor supports a Feller Markov Invariant
measure.
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Preface

This thesis is concerned with stochastic Navier-Stokes equations on the 2D rotating unit sphere,
with external force perturbed by an additive stable Lévy noise. (It is called SNSE in short.)
The goal is to perform a systematic analysis of rotating stochastic fluid with Lévy noise on
spheres, in attempting to extend the work initiated by Goldys et al. [14, 20] under Wiener
noise.

The approach taken here is functional analytic and measure-theoretic. This means that the
-]). We do not address
in this thesis any computational aspects, despite the presence of this problem in our thoughts;

SNSE is interpreted as a random nonlinear PDE in a Hilbert space (H,

neither do we address control-theoretic questions or fluid mechanical problems.

In Chapter 1, we provide a comprehensive survey of Stochastic Navier-Stokes equations with
Lévy noise. We aim to summarise, using a homogeneous notation, the main ideas, and ap-
proaches in the literature of SNSE which relates to our studies.

In Chapter 2, we start with a collection of some known definitions and theorems that we will
make use of in the rest of the thesis. This material is necessary for the development in later
chapters. Then we give an overview of the theory of Cylindrical Lévy processes, then we
investigate their stochastic Integrals and present a new integration (Fubini) theorem.
Chapter 3 was devoted to the issue of well-posedness and invariant measure. Namely, the
existence and uniqueness of the solution and its continuous dependence on the initial data.
In particular, we prove the existence of a weak solution via Galerkin approximation, then
following standard arguments in the classical theory of NSE in the spirit of Lion and Prodi
[74], Temam [10], the weak solution is proved to be unique. Moreover, the solution is shown
to depend continuously on the initial datum. Furthermore, following a semigroup method in
Brzezniak and Capinski [19], the solution is shown to be strong indeed. Finally, we deduce the
existence of invariant measures and establish that an invariant measure is supported in V.
The results deduced in Chapter 3 allow us to study the random dynamics of our SNSE in
Chapter 4. Under suitable conditions, we prove that our stochastic Navier-Stokes system gen-
erates a random dynamical system. Moreover, we prove that the generated random dynamical
system has a finite-dimensional compact random attractor. Finally, we show that the attractor
carries an invariant Markov measure.

In Chapter 5 we provide a conclusion and discuss a summary of our contribution and limitation
of our work. We also discuss possible future extensions of the line of research in this thesis.



CHAPTER 1

Introduction

1.1 Motivation

In this thesis, we initiate a systematic study of well-posedness, invariant measures and asymp-
totic behaviour for stochastic Navier-Stokes with Lévy Noise of stable-type on a 2D rotating
sphere. This thesis is motivated by the existing studies of the following five areas:

e Navier-Stokes Equations on spheres

e Stochastic Navier-Stokes Equations (SNSE) in 2D bounded smooth domain
e Stochastic PDE perturbed by Lévy Noise

e SNSE perturbed by Lévy Noise in 2D bounded smooth domain

e Asymptotic behaviour of SNSE and the notion of random attractor

Why would one study Navier-Stokes equations on spheres?
Problems arising in meteorology naturally reduce to fluid equations on a 2D manifold. The
deterministic Navier-stokes equations (NSE) on the sphere serves as a powerful tool in mod-
eling geophysical flow ([82, 83]) and has been an object of intensive study since 1990. Many
authors have studied the NSE on the unit sphere. Notably, II'in and Filatov [64, 66] considered
the existence and uniqueness of solutions to these equations and the estimation of the Haus-
dorff dimension of their global attractors [65]. Teman and Wang studied the inertial forms of
NSEs on the sphere while Teman and Ziane proved that the NSE on a 2D sphere is a limit
of NSE defined a spherical cell [104]. In another direction, Cao, Rammaha and Titi proved
the Gevrey regularity of the solution and found an upper bound on the asymptotic degrees of
freedom for the long-time dynamics [24].
Why Stochastic Navier-Stokes Equations?
The Navier-Stokes equations subject to random perturbation, such as white noise, can be used
as a model to explain the random fluctuations observed in the velocity profile of viscous in-
compressible fluid flow. Such a perturbed system is described as a nonlinear stochastic system
known as stochastic Navier-Stokes equations (SNSE). Stochastic analysis of such equations al-
lows one to answer certain difficult problems in hydrodynamics and provides insights into the
3



modeling of turbulence. Stochastic Navier-Stokes equations, as statistical models for turbu-
lent fluid motion, have been intensively studied in the last 20 years. For instance, existence,
uniqueness and ergodicity have been studied by many authors under perturbation with Wiener
noise. It is well known in deterministic theory that there exists a unique global (in time) strong
solution in dimension two. (See Kiselev and Ladyzhenskaya [67] for bounded domain, [71]).
Much of the results in deterministic theory have been generalized to the stochastic case with
Wiener perturbation and now it is well known that SNSE has a unique global strong solution
in dimension two, comparable to the deterministic case.

Why Lévy Processes?

Lévy motions, particularly non-Gaussian process, have been widely applied to Biology, Image
processing, Climate forecast and certainly in Finance and Physics [56, 59, 87, 98, 117]. From a
fluid modeling point of view, although continuous models are good enough in a macroscopic
scale, at an atomic scale, the model breaks down, and the use of a Lévy process is compelling
as fluid is not continuous at a microscopic scale [76]. As a special non-Gaussian stochastic
process, the stable-type process attracts more and more mathematical interests due to the
properties which the Gaussian process does not possess. The tail of Gaussian random variable
decays exponentially which does not fit well for modeling processes with high variability or
some extreme events, such as earthquakes or stock market crashes. In contrast, the stable
Lévy motion has a ‘heavy tail’ that decays polynomially and can be useful for these applica-
tions. For instance, when heavier tails (relative to a Gaussian distribution) of asset returns are
more pronounced, the asymmetric a-stable distribution becomes an appropriate alternative in
modeling [88].

In recent years, stochastic equations driven by Lévy type noise have attracted much attention.
The study of SNSE is now trending toward perturbation with Lévy noise. The study is moti-
vated greatly by engineering applications. For instance, modeling aerodynamical flow subject
to abrupt disturbance due to climate change [93]. It was proved in [41] that there exists an
invariant measure for the 2D SNSE with Lévy noises of square integrable type. Most publi-
cations up to date rule out the interesting a-stable case. To our knowledge there is only one
publication that discusses SNSE with Lévy noise of stable type (see [41]).

The study of the asymptotic behaviour of dynamical system is one of the central problems in
Mathematical Physics. One way to attack the problem for deterministic dynamical systems is
to find conditions for the existence of an attractor, which is a compact set in the phase space
which determines the long-time behavior of the dynamical system. The theory of attractors
for the deterministic infinite dynamical systems is well established. This line of research
was first introduced by [68] and the theory has now been generalised to the stochastic case
with Gaussian noise. In this direction, the notion of random attractors was first introduced



for random PDE by Brzezniak, Capiniski and Flandoli [19]. Later, it was generalised to the
case of [t6 equations (stochastic PDE) by Crauel and Flandoli [34]. In their work, the authors
proved the existence of a global attractor for the SNSE in a 2D bounded domain with sufficient
regular noise. Following this major breakthrough, the study of random attractors has gained
considerable attention during the past decade. A comprehensive survey is presented in [7]. In
this thesis, we generalise the line of research of random attractors in the spirit of Crauel and
Flandoli to the case of discontinuous noise.

1.2 A short introduction to stochastic Navier-Stokes equa-
tions with Lévy noise

In this thesis, we consider the following stochastic Navier-Stokes equations (SNSE) describe
the motion of an incompressible rotating fluid on a 2D unit sphere subject to random external
force:

ou+Vyu—-vbu+wxu+Vp=f+nx,t), divu=0, ulx,0) =ug (1.1)

where L is the stress tensor, w is the Coriolis acceleration, p(t, x) is the pressure of the fluid,
f stands for the deterministic external force and 7 is the Lévy white noise which can be
informally viewed as the derivative of an H-valued Lévy process. The vector field u(t, x) =
(ug(t, x), uy(t, x)) is the velocity, v is the viscosity. The differential operators V and div are
the surface gradient and surface divergence. Rigorous definitions of all the quantities in this
equation are given in in Chapter 3.

The nonlinear term V ,u(x) is defined as

. ((alx) - Vyalx)) x €8

3
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where 7, : R® — T,S? of x onto T,S? is the orthogonal projection. The vector field i relates
tou as

t=u+ut, ueTS’, u'=@- x0x.
By adding a Lévy white noise term, we obtain the SNSE on the sphere:
ou+Vyu—-vhu+wxu+ Vp =f+nx,t),

where n = G%, G : H — H is a bounded linear operator.
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We introduce the spaces
H:={uecl?S”:V u=0]}
V:= HnH'(S?

where H'(S?) is the Sobolev space of vector fields on S?. The inner product of H is the same
as L?(S?) and is denoted as (-, -) and the corresponding norm is | - |.

Applying the Leray-Helmholz projection, (1.1) can be recasted into an abstract evolution equa-
tion in H = L*(S?) without the pressure term:

du(t) + Au(t)dt + Blu(t), u(t))dt + Cu = fdt + GdL(t), u(0) = uy, (1.2)
where f is the deterministic forcing and uy is the initial velocity. The operator A is defined as
A:DA)cH—H, A=-P(A+2Ric), D(A) =HXS*)nV. (1.3)
We set
B(u,v) = mt(u, Vv), B(u) = B(u, u).

The operator C = PC; is well defined and bounded in H and C; is the Coriolis operator
C; : L%(S?) — L(S?) is defined by the formula

(Cyv)(x) = 2QcosO(x x v(x)), x e S

1.21 The linear equation

In the linear case and in the absence of deterministic external force, the equation has the form
dz + Az + Cz = GdL(t), z(0)=0. (1.4)

Using classical argument (See [29]), one can show there exists unique solution to (1.4), given
by

t
z(t) = / e (=sIA+CIGAL(1).
0

Using Lemma 3.2.7 in Chapter 4, one can show

z e L*0, T;L*S?) P as.

1.3 Literature, outline of Chapters and Contributions

In this thesis, we answer the following questions:

e Existence and uniqueness of (weak and strong) solutions of (1.1) and continuous depen-
dence on initial data;



e Existence of invariant measures of (1.1);
e Existence of a finite dimensional random attractor of (1.1).

By removing the noise term n(x, t) in (1.1), one obtains the deterministic Navier-Stokes equa-
tions describing the incompressible flow past a 2D sphere. These equations are extensively
studied dates back to the 90’s. Notably, [I'in and Filatove[64] proved there exists unique gener-
alised solutions using the Galerkin method. By letting viscosity v tends to O, they obtain the
solution of the Euler equation in the limit. Moreover, the Hausdorff dimension of the global
attractor is estimated. Temam and Wang [106] established the existence of an inertial form of
the equations. They also studied the associated reaction-diffusion system and found conditions
for the spectral gap. For the stochastic counterpart, the questions of existence and uniqueness,
and continuous dependence on initial data have been thoroughly investigated in Goldys et al.
[14] where n(x, t) is a Gaussian white noise. In the same publication, the existence of invariant
measures is also deduced from the well-posedness result. The existence of random attractor
for (1.1) is proved in a recent publication [15]. In particular, they assume the driving noise is
given as an infinite dimensional Wiener process. In contrast, most existing works on random
attractors assume finite dimensional noise.

SNSE with Wiener noise has been intensively studied. See for instance the classical publica-
tions, Bensoussan and Temam [10], Bensoussan [9], Flandoli and Gatarek [53] , Sritharan and
Menaldi [78]. For books, readers are referred to Vishik and Fursikovn [112], Capinski and
Cutland [25].

SNSE driven by Lévy noise attracts much attention in recent years. The question of existence
and uniqueness of solutions to the SNSE has been thoroughly investigated in 2D domain
(bounded and unbounded). For strong solution, see [39, 50]. For Mild solutions, see [49]. For
Martingale solutions, see [43, 93].

Dong and Xie [39] study the following two forms of SNSE driven by additive Poisson noise:

%X(t) + vAX(t) + BX(t) = [, f(X u)N(dt, du), 15
X(0) = x,
and additive Poisson and nondegenerate Wiener noise on 2D Torus:
LX(t) + vAX(t) + BX(t) = [, f(X w)N(dt, du) + /OdW(t), 6
X(0) = x,

where U is a cylindrical Wiener process with covariance operator I, W; is a cylindrical Wiener

process with covariance operator I, Q is a nuclear operator on the space H. The term N :=

N(ds,du) —Aldu)ds is a compensated Poisson random measure, where A(du) is a o-finite Lévy
7



measure with an associated Poisson random measure N(ds,du) such that
EN(ds,du) = Aldu)ds.

Moreover, the process W(t) and N(ds, du) are mutually independent.
By fixing some measurable subset U, of U with U,, T U and A(U,,) < co. Under the hypothesis
Hypothesis 1 There exists positive constants C, K such that

e [, |f(0,u)]*Aldu) = C < oo;
o Jy Ifle,u) — fly, wPAldu) < KJx -y
® SUpP|, <y ng |f (x, u)|?A(du) | O as k T oo

Dong and Xie proved that there exists a unique global strong (pathwise) solution for the
equation (1.5) and a unique weak solution to (1.6), using the Galerkin approximation argument.
Existence of invariant measures is also established for both equations. More precisely, this
existence theorem states that,

Theorem 3.3 [39] Suppose that Hypothesis 1 holds.

(i) For the initial value x € H, both (1.5) and (1.6) have unique weak solutions X in H.
(ii) Moreover, if f € V x U — V is measurable, then, if the initial value x € V, (1.5) has a
unique strong (pathwise) solution in D(A) after the first jump time of N(ds, du).
(iii) There exists an invariant probability measure for X(t) which is the solution of (1.5) and
(1.6) which is loaded on V.

In comparison to our studies, we use cylindrical stable noise as the noise term, so all three
assumptions in Hypothesis 1 cannot be satisfied as |, U u?A(du) could be infinite. Hence we have
to use a different argument to tackle well-posedness, which will be detailed in Chapter 3.
The existence and uniqueness result in [39] is further generalised to 2D unbounded domain
case. In particular, Fernando and Sritharan [50] consider the SNSE with jump noise and mul-
tiplicative white noise. They proved existence and uniqueness of a strong (pathwise) solution.
The difficulty in unbounded domain is the lack of compactness. To overcome this difficulty,
they use a method developed in Sritharan and Menaldi [78] for unbounded domain in Gauss-
ian case|[78], which exploits the local monotonicity of stokes operator and nonlinear term, and
used a modified Minty-Browder technique.

Sritharan et al.[49] study mild solutions of the SNSE with additive noise given as a compensated
Poisson random measure of the following form:

dult) = —[Aulf) + Blu(f)] + / olx, s)N(dt, dx)
Z
u(0) = uy.

in LP space, for p > m, m > 2. Where Z is a separable Banach space and ¢ belongs to the set
of progressively measurable functions, which are square integrable w.rt. the Lévy measure
8



v. The main result in [49] is Theorem 3.2, which proves the existence and uniqueness of a
local mild solution to a stochastic Navier-Stokes equation with jump noise in the function space
L>([0, T], ],,). Here ], is a separable Banach space with LP(R") norm. The crux of the proof is
an estimate of the nonlinear term (u- V)u which derived using the properties of the fractional
power of the Stoke operator (See Giga and Miyakawa [58]) and the rich mathematical proper-
ties of the compensated Poisson random measure. Theorem 3.2 generalises the earlier results
of LP theory of local solutions for deterministic NSE. This work is subsequently generalised
to the case p > m, p € [m, 00). See the recent publication [79].

Under the same framework in [39], Dong and Xie [40] proved the ergodicity of the two-
dimensional Navier-Stokes equation perturbed by Lévy noise with Wiener term: (1.6), under
the nondegeneracy assumption of noise covariance operator Q:

e Q: H — H is a bounded linear operator, injective, with range R(Q) dense in D(A%%)
and D(A%) c R(Q) C D(Ai*§+¢),

The main contribution of the publication [40] is the proof of strong Feller property, which
relies on some a priori estimates on D(A%), a € [1/4,1/2), a stopping time technique (These
were used in [51]), and the Bismut-Elworthy-Li formula.

Sritharan and Mohan [79] consider the controlled stochastic Navier-Stokes equation with jump
noise and multiplicative white noise in a two-dimensional bounded domain. Using a semi-
martingale formulation, the authors seek to find a solution to the martingale problem as well
as the associated probability law. The existence and uniqueness of invariant measures follow
closely to the ergodic results of the uncontrolled counterpart, which already been studied in
[40]. Then it is established that, for the controlled SNSE driven by Lévy noise, it is possible
to choose a stationary control corresponds to a statistically stationary turbulent state at the
minimum cost functionals.

One must point out that, the method to prove ergodicity in [40] is not applicable in our case
in this thesis in obtaining strong Feller and irreducibility, as the three conditions outlined in
Hypthesis 1 are not satisfied in the case of stable noise.

Regarding the study of SNSE with stable type Lévy noise, the only result to our knowledge is the
work [41] due to Dong, Xu and Zhang. The authors consider the stochastic 2D Navier-Stokes
equations on the torus driven by an infinite-dimensional cylindrical Lévy process (in particular
the stable process). Under some assumptions on the Lévy measure of the noise, the well-
posedness of the problem is established. In more detail, they constructed weak solution using
Galerkin approximation, and deduced moment a priori estimate and the existence of probability
law using a version of [td foruma for Lévy process (see p.226 in [5]). Pathwise uniqueness was
proved using classical method of the 2D NSE. Then, invoking the famous Yamada-Watanabe
theorem, the uniqueness of weak solution (in probabilistic sense) is established. Morever, the

9



authors proved the existence of invariant measures by using the classical Krylov-Bogolyubov
argument. But the uniqueness of the invariant measure has remained open.

In comparison to our result of weak solutions in Chapter 3, we also use Galerkin method to
construct a weak (pathwise) solution. However our approach is functional analytic and the ex-
istence result is global indeed. Based on our specific assumption on noise z € L*([0, T]; L*(S*)n
H), we deduce a priori estimates (using standard PDE argument) which yields global existence.
The Navier-Stokes equations driven by the compensated Poisson random measure in 3D
bounded domains were also studied. Dong and Zhai [43] consider the martingale problem
associated to the SNSE, ie., a solution defined as a probability measure satisfying suitable con-
ditions. In 2013, the existence results on Lévy noise were generalised to the critical case of
2D and 3D unbounded domains by Motyl [80].

Finally, it worth mentioning that there is one publication (due to Varner [109], see also his
PhD thesis [110]) discuss the ergodicity of SNSE on the sphere under Gaussian kick-force. In
particular, the author proved the existence and uniqueness of an invariant measure for the
kick-forced Navier-Stokes system on the 2D sphere, first without deterministic force and then
with a time-independent deterministic force. The analogous result for the white noise forced
Navier-Stokes system on the 2D sphere without a deterministic forcing is also shown. Fur-
thermore, it was shown the measure is supported in the full space of admissible vector fields
of the sphere. One must point out that this approach is quite different from the approach we
have taken in this thesis, as we will see in subsubsection 1.3.3.

In the case where noise is given by stable Lévy noise on the sphere, all three questions have
remained open. These questions will be addressed in this thesis. In other words, this is the
first thesis on stochastic Navier-Stokes equations with Lévy noise on the rotating sphere. There
has been a few recent contributions (see for instance [14, 15, 109]) concerned with the similar
equations on the 2D rotating sphere but perturbed by Gaussian noise. We review some of these
which inspire our study of weak solutions, invariant measures and the Random dynamical
system generated by the stochastic Navier-Stokes equations with Lévy noise in Chapter 3 and
4.

Our plan in the remainder of this section is to sketch the main ideas and approaches in some
related studies relate to this thesis. We do not enter too much detail and refer readers to the
original publication if further clarification is required.

1.3.1 H-valued Lévy Process and its Stochastic Calculus

In Chapter 2, we review the basic properties of Lévy processes in Hilbert space. We begin

with a few well-known theorems describing the structure of Lévy processes. Then we study

stochastic integrals w.r.t. Hilbert space-valued Lévy processes not necessarily square integrable.
10



In section 2.3, we present a new version of stochastic Fubini theorem for Lévy process, which
is developed in attempting to recover the Da Prato-Kwapien-Zabczyk’s factorization technique
which is used for p > 2 moments. The precise result we prove is the following.

Theorem 3.3.4. Let U and E be separable Hilbert spaces. Let (2, F,P) be a probability
space and let T > 0 be fixed. Assume that the mapping [0, T] x [0,T] x Q 3 (s,0,w) >
d(s,0,w) € LIU,E) is a strongly measurable with respect to the o-algebra ([0, T]) ® Pr,
where Pr stands for the predictable o-algebra in [0, T| x Q. More precisely, we assume that
for every y € U the mapping [0, T] x [0, T] x Q 3 (s,0,w) +— P(s,0,w)y € E is measurable
with respect to the o-algebra 9([0, T|) @ Pr. Furthermore, assume that L is a U-valued Lévy
process defined as L(t) := W(Z(t)), Z(t) is a subordinator process belonging to Sub(p), i.e.
Z(t) has intensity measure satisfying

00 1 1
plio =0, [ plat)+ /O £pldE) < oo /O £bplde) < oo

where p and v are respectively the intensity measure on R and Lévy measure on U, One
relates p and v as

W(T) = /0 T edDplds), T e BY),

/OT </05 q;(s,O)dL<O)> ds = /OT </OT ¢(S,O)ds> dL(o)

One must also point out that we were not able to recover the Da Prato-Kwapien-Zabczyk’s fac-

Then

torization technique, due to the contradiction between the fractional parameter of the Riemann
Liouville operator and the stability index of stable process. Nevertheless, the stochastic Fubini
theorem is quite new compare to other versions in the literature which were developed for
stochastic integrals with respect to the compensated Poisson random measure in martingale
type spaces [118]. One must point out that there are different versions of stochastic Fubini
theorems that have been studied by many authors, see the books [37, 87] and also the PhD
thesis [118]. However, these versions do not cover the interesting stable process case which
we do.

In section 2.4, we review the theory of subordinators and H-valued subordinated processes,
based on the publication [23], and complete some missing proofs of several important results.
In view of the above, the main contribution of Chapter 3 is

e A new stochastic Fubini theorem (Theorem 2.4.4) covering a broad class of functions
with respect to Poisson random measure.
11



Notation Let (2, F,P) be a complete probability space in which an increasing and right con-
tinuous family of complete o-algebras {7, t > 0} of F is defined. Let u(t, x), v and p(t, x) be
respectively the velocity, viscosity parameter and pressure of an incompressible fluid. More-
over, Let W, be a Q-Wiener process. The distributional derivative of Wq(t), t > O represents
one source of external force acting on the fluid. When Q = I, we have the cylindrical Wiener
process. Let (-, ) denotes the inner product in Hilbert space and denote the induced duality by
(-,-). The space D(]0, T]; H) is the space of all right-continuous with left-hand limits functions
endowed with the usual Skorohod topology maps from [0, T] to H. The element of D([0, T]; H)
is defined on [0, T] and takes value in H.

1.3.2 Well-posedness

It is well accepted fact that SPDE do not possess exact solutions, but rather probability distri-
bution. Hence, the first question came into our mind is: in what sense can we solve SNSE with
stable Lévy noise. In 2D, as mentioned earlier, it is now well known that the SNSE with both
Gaussian and certain Lévy noise has unique global strong solution [40, 50, 78]. The fundamen-
tal idea for establishing well-posedness is to find conditions to ensure existence and uniqueness
of solutions. In the first part of Chapter 4, we will prove the global existence (and uniqueness)
of a weak and strong solution of (1.2). Let us now summarise the key well-posedness results
obtained in this thesis.

1.3.2.1 Weak solutions

It is a well known fact in the theory of SPDE (or PDE) that, many equations do not have
classical solutions and have to be solved in some weaker sense. Heuristically speaking, when
seeking for solutions, one often starts with finding the so-called weak solution. Let us consider
the SNSE as an abstract It0 equation in variational form

d(u(t), v) + ((Au(t) + B(u(t)) + Cult), v)dt = (f, v)dt + (GdL(t), v)
with initial condition
(u(0), v) = (uo, v)
for any v in the space V. This requires the following assumptions on the initial data
feV, zecLi (0,c0;L*NH), ucH

and the solution is expected to be an adapted (and measurable) stochastic process u = u(t, x, w)
satisfying

u e D0, T;H)n L0, T; V)

12



In Chapter 3 we study existence and uniqueness of solutions to (1.2) and the existence of an
invariant measure. We prove six new theorems, in which we gain a complete understanding
of the well-posedness of (1.2). One must point out that our proof of existence and uniqueness
of a weak solution (See Theorem 3.2.11 ) is inspired from the Gaussian counterpart which has
been thoroughly investigated in Goldys et al. [14].

In Theorem 3.2.11, we prove the existence and uniqueness of a weak solution (or the pathwise
variational solution) to the SNSE on the rotating sphere for a H-valued Cylindrical stable noise.
Theorem 3.2.11 states that,

For any a > 0, z € L ([0, 00); L4S?) N H), vy € H and f € V', there exists a unique solution v
of equation (3.75).

Let us point out here that Theorem 3.2.11 mimics Theorem 3.2 in Gaussian case [14], given
the suitable conditions of noise are assumed. Here we sketch some main lines of the proof
of 3.2.11. Using the Leray-Helmholtz projection, we recast (1.2) into a functional equation in
H = L*(S?):

du(t) + Au(t)dt + Blu(t), u(t))dt + Cu = fdt + GdL(t), u(0) = uo.

Then for any a > 0, by introducing a stationary Ornstein Uhlenbeck process z, which satisfies
the linear equation (the auxiliary Ornstein Uhlenbeck process)

dze + (WA + C + a)z,dt = GdL(t), teR,

where G : H — H is a bounded linear operator, L(t), t € R is a two-sided Lévy process as
defined in (1.2). Let us remark that a > 0 is arbitrary in the proof of existence and uniqueness
but one would have to choose cautiously for the proof of existence of random attractors. As
we will show in section 3.3 the process v(t) = u(t) — z,(t) is a solution to the deterministic
nonlinear PDE for each fixed trajectory of the process z,

%v(t) + (VA + C)v(t) = f — B(v(t) + z4(t)) + az(t)

(1.7)
v(0) = vy

where % denotes the right hand derivative at f. From this point onward, the existence and
uniqueness of (1.2) reduces to the existence and uniqueness of solutions to the classical Navier-
Stokes equations on the sphere with Coriolis force. This question has been extensively studied
as mentioned earlier. See, for instance, IlI'in and Filatov [65]. Thereby one can still use the
classical Galerkin approximation based on expansion into series of vector spherical harmonics.
Thanks to theorem 8.1 in [23], the solution to the auxiliary Ornstein Uhlenbeck (OU) equations
has a L*-solution. Hence, based on this hypothesis, the proof of existence and uniqueness of
(1.2), continuous dependence on initial data, forcing and driving noise follows the same lines as
in Goldys et al.[14], which was achieved in a similar fashion as in the 2D bounded domain case.
This is because, the equations are considered on the surface of the sphere, and the presence
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of the Coriolis force leads to minor modifications in the proof. Let us review the proof in [14].
The existence of weak solutions is proved via the Galerkin approximation argument. The basic
idea that underpins this method is to approximate v : [0, T] — H by functions v;, : [0, T] — Py,
that take values in a finite-dimensional subspace H; C H of dimension L. More precisely, the
existence of weak solutions is proved in three steps [47]:

e Construction of approximate solutions;
e Derivation of energy estimates for approximation solutions;
e Convergence of approximate solutions to a solution;

Step 1 To construct an approximation, for any L € N, take
H;, =linspan{Z;,, :l=1,--- ,L;|m| <1}

as the linear space spanned by the first L eigenfunctions in an orthonormal basis {Z;,, : | =
1,---,L;|m| <1} of H, which may be assumed to be orthogonal in V. In other words, Hj, is
an L-dimensional subspace of V and Pj, is the orthogonal projection from H onto H; defined

as
L l

PLV = Z Z (V, Zlm)Zlm

=1 m—-I

One projects the evolution equation (1.7) onto L*([0, T]; H;) and considers the following ap-
proximate problem for (1.7) on the finite dimensional space H; (From now on we will write
0y for %):

0ivy(t) = P [—vAv, — B(v) — B(v,z) — Blz,v) — Cv(t) + F],

138
v(0) = Prwo, )

where F = —B(z) + az + f and operators A, B and C are defined in (1.2). The solution vy, is said
to be the Galerkin approximation. In this way, v;, is required to satisfy (1.7) up to a residual
which is orthogonal to H;. Notice that the system (1.8) is essentially a system of ODE for v;,
which has the equivalent form
d*vy
dt
where the function G(t, v) is an H;-valued locally Lipschitz continuous with respect to v € H,

= Gl(t, v (t), t=>0,

and measurable with respect to t. It follows from the theory of ODE that the above system of

nonlinear differential equations has a unique solution defined on some maximum time interval

[0, Ty,).

Step 2 Extend the solution v; globally in time. Toward this end, one derives some energy

estimates in form of uniform a priori estimates (uniformly in L) and check if the solution is
14



bounded for all time. Take the inner product of (1.8) in H with v, (t) one obtains
(Orvi(t), vi(t)) = —v(PLAvy, vi) — (PLB(vy), vi) — (PLB(vy, z), vi) — (PLBlz, v), vi) — (PLCvy, vi) + (F, v)

Using the identities

1d*
(Orvi(t), vilt)) = 2dt| L )|2
—”I)(PLAVL,VL) = —D(AVL,VL) = —”l)|VL]%/,

(PLB(vy,), v) = (Blvg),vi) = blvy, v, v) =0, (P,Bl(z,vy),vi) = blz, vy, v,) =0,

(pLCVL, VL) = (CVL, VL) = 0.

One obtains for all t > 0

1d*
5 e P = =V} = blww(6), walth, vult) + (FtL wi(6) €€ [0, Ty)
Now one estimates the term EEIVL )|2 by estimating the right hand side of the above equality.

Using a basic trilinear estimate combine with the Young inequality one has that,
C v
by, v, z)| < ﬁlVLIQIZ]?/ + Z'VL|2V'
and

(F(t),w) < |Fllvlwaly < SFOR + 2wl

Therefore one obtains
C 2
Bt[vL(t)|2 + v[vL\% < §|VL|2|Z|?/ + ;[F(l‘) % t [0, Ty). (1.9)

Invoking Gronwall Lemma, one has

lvi(1)]? < [v(0)]? exp < / |z(T [Vdr> / Z|F(s)[3 exp <% /St |z(T) édr> ds, te]0,Ty).

Integrating (1.9) in time from 0 to T and using the above inequality we obtain

T T T
TP v [ ntofde + 5 [ ltORlnoPacs 2[R

In view of the above it is shown that vy is uniformly bounded (in L ) in the norm L>(0, oo; H)
and L%(0, oo; V).

In order to pass to the limit (See Step 3), one also has to show that v; converges to v in the
strong topology L?(0, T; H). For this one needs an a priori estimate on a fractional derivative
in time of the approximate solution. By taking Fourier transforms (in the time variable t), one
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proves that
the sequence {9, L € N} is bounded in H”(0, T; H'(S?), L%(S?)). (1.10)
where the space (7 is defined as
FCY(R; Xo, X1) = {v € L2(R; Xo): DIv € L*(R; X4)} 7 > 0.

Step 3 Here one uses a compactness argument prove that a subsequence of approximate
solutions converges to a weak solution to (1.7). In this case, using the Banach-Alaogu theorem,
the existence of uniform bounds in L>(0, oo; H) and L?(0, T; V) allows one to assert the existence
of an element v € L?(0, T; V) N L*(0, oo; H) such that

v, — v, weakly in L*(0, T; V),
L y ( ) (1.11)
v, — v, weakly*in L*(0, T;H) as L — oo.

Now one needs the following compactness theorem (for fractional derivative ).

Theorem 1.3.1 (Chapter III, Theorem 2.2 [105]). Suppose that X, C X C X; is a Gelfand triple
of Hilbert spaces and the injection of X, into X is compact. Then for any bounded set K C R
and y > 0, the injection of 9C.(R; X, X1) into L*(R; X) is compact.

Using this result and the estimate (1.10), we deduce that

v, — v strong in L2(0, T;L%(S?)). (1.12)

The convergence results (1.11) and (1.12) allow one to pass to the limit. Now one claims that
the weak limit v is indeed a weak solution to the evolution equation (1.7). Toward this end,
it suffices to check that for any differentiable function ¥ : [0, T] — R such that ¥(T) = 0 and
¢ € H, C H, for some | € N* the following approximate equation

_ / (vu(t), ' (t)d)dt = —v / (DL AV (1), V(1)d)dt
0 0
- / (PLBlvy (1)), Bt)d)dt / D, Blw,(f), 2, ¥l1)d)dt
0 0

- ]0 DBz, vy (1), ()6)dt — ]0 (PLE(H), Blt)d)dt + (v,(0), Y(O)$) (113
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converges to

T T
- / (1), W (1))t = —v / (v(t), vlt)6)dt
0

/b dt—/szw<>¢>
- /O Blz, v(t), (t)o)dt — /0 (F,9(0o)dt + (v(0), 0(O)8) (114

Passing to the limit with the sequence L is easy for the linear terms in (1.13): —v jOT(PLAVL(t), Y(t)p)dt
and — fOT(PLF (t), ¥(t)p)dt + (v,(0), P(0)¢), since the arguments under the integral are clearly
bounded. The other three nonlinear terms can also be shown to be bounded using the fol-
lowing Lemma.

Lemma (Lemma 4.3[14]). Suppose u : [0, T] xS* — R? is a C! function and all first derivatives
of components of u are bounded on S* x [0, T]. Suppose v,, — v weakly in L?(0, T; V) and
strongly in L?(0, T;1L*(S?)). Then

/bvm , Vit dte/ b(v ,ult))dt

In the same situation as in other similar compactness arguments, one has existence but not
uniqueness since the subsequences of approximate solutions v;, could converge to a different
weak solutions. Nevertheless, the uniqueness of the solution to (1.7) can be established using
the classical argument of Lion and Prodi [74] with slight modification due to the additional
noise term. Using a similar argument to the proof of uniqueness, the continuous dependence
on the deterministic force and the driving noise is also established.

1.3.2.2 Strong solutions

By imposing higher regularity on the forcing term, we then prove a new existence theorem
for the strong solution

Theorem 3.2.16. If
zc Lloc([O' OO);L4<SQ) N H); f € H, Vo € H,

then u(t) € V for all t > 0 almost surely. Moreover, if
Y oAl < oo,

[=1
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then the theorem holds.

Our methodology to prove Theorem 3.2.16 is motivated by a fixed point argument used in
Brzeniak, Capinski and Flandoli [19] in their study of the existence of random dynamical
system (stochastic flow) ¢. The authors were mainly interested in the existence of global
(random) attractors. In more detail, the authors in [19] study the following 2D abstract Navier-
Stokes equations with real noise in a Hilbert space:

Wil 4 Ault) = Blult), &) +f, t>0 1.15)

u(0) = uy, ‘
where £(t) is a continuous stationary process on (2, 7, P) with values in E and is defined as
£(t, w) == w(t), w € Q. Here, E is a closed non-empty subset of R™ and 2 = Dg([0, 00)) is the
space of all RCLL functions endowed with the usual skorohod topology (See Chapter 4 for
definition.) The mild form of (1.15) is

ult) = S(t)ug + /O S(t — s)(Bluls), £(s)) + f)ds. 1.16)

They prove the following theorem, via a fixed point argument, which contains two important
results: existence and uniqueness of a strong solution and the existence of a stochastic flow .

Theorem 3.1 [19]. For all uy, f € H and w € Q there exists a unique solution u € C(0, co; H)N
L?,.(0,00; V) of the mild solution (1.16), which belongs to C(e,o0; V) N L2 (e, 00; D(A)) for all

e > 0. Moreover, if up € V, then u € C(0,00; V) N L .(0,00; D(A)). Finally, if we define
¢:TxQLxH— Has

plwuy = ultwuy), teT,weQuyeH

where u(-; w, ug) is the solution to (1.16) corresponding to given w € Q and uy € H, then ¢
satisfies the assumptions (1)-(4).

The proof of Theorem 3.1 in Brzeniak, Capinski and Flandoli [19] follows three main steps.
The first step is to establish local existence and uniqueness of a solution of (1.16) with initial data
up € V, using the classical contraction mapping theorem. One proves that a strong solution
at least exists locally in time whenever the initial condition uy € V. Next, one constructs a
global solution with initial data ug € V. This is achieved by proving a a priori estimate in
V with initial condition ug € V. The Last step is to construct a global solution with initial
data ug € H. This is achieved by approximation. Using the fact V is dense in L? one takes
a sequence of solutions {u, } of (1.16) in the space Y7 := C(0, T; V) n L2(0, T; D(A)) with initial
data {up,} C V converging to uy in H, and u, can be shown to be Cauchy. Moreover, the limit
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function is shown to satisfy (1.16). This concludes the claim of the global existence of strong
solution. Under this fixed point argument, we are able to prove the existence (and uniqueness)
of strong solution in our case. Following the same strategy in the weak solution case, we make
change of variable v(t) = u(t) — z(t), prove Theorem 3.2.16 by first studying the well-posedness
of a strong solution to the transformed problem. In section 3.4, using the usual contraction
mapping principle, we prove a strong solution exists at least locally in time whenever the initial
condition ug belongs to space V. Then following the same steps as described above in [19] we
show the solution exists globally in time via a successive approximation of contractions.
Finally, Let us point out that our proof of the existence theorem (Theorem 3.2.16) can also be
accomplished under the classical Galerkin approximation argument.

1.3.3 Invariant Measures

Invariant measures of stochastic Navier-Stokes equations with Lévy noise has been studied
in the paper [11, 41]. In the final section of chapter 3, we prove the existence of invariant
measure of (1.2) by establishing the three usual criteria: Markov property, Feller property, and
tightness of the probability law. The first two properties follow naturally from our study of well-
posedness in Chapter 3 (see subsections 3.5.1). Tightness is given by the Krylov-Bogoliubov
argument for Markov processes, which requires some a priori estimates. In obtaining these
a priori estimates, we initially attempted to mimic the arguments in Chapter 15.4 of the book
[36]. A major difficulty arised when analyzing the estimate %[V(t)[Q: the usual estimates for
the nonlinear term b(v(t), z(t), v(t)) vield a term |v(t)|?|z(t)|}, so when averaging over time, we
were not able to deduce any bound in H for |v(t)|? under classical lines as the Birkhoff ergodic
theorem fails. Let us now analyse the argument in [36] and see why this classical method fails
to be applicable, that is, when the noise process does not have a finite second moment (our
case).

Flandoli [52] considers the following initial-boundary value problem where the stochastic

Navier-Stokes equation has additive Gaussian white noise in 2D bounded domain D C R*:
(& — Au+ (u- V)u+ Vp+dWolt), on [0,00)x D,

u(t,x) =0, on [0, 00) x 0D,

divu(t,x) =0, on [0,00) x D,

| u(0,x) = uplx) onD.

Notation: Let H be the closure of the set {u € C(D,R?) : V -u = 0} in the L?norm,
lu| = (u,u)'” and (u,v) = Z?:o uw(x)v/(x)dx.
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Let V be the closure of the set {fu € C°(D,R?): V - u = 0} in the norm |u| + |u|y where

uly = /D(|Dxu(r)|)dx.

More generally, for any p > 2, with slight abuse of notation, denote by LP the closure of the
set {u € C°(D,R?): V - u = 0} with respect to the norm

lul, - </D|u(x)|de>Up.

Using the Leray-Helmholz projection, the equation is reformulated in a standard way as an
abstract stochastic evolution equation

du(t) = Au(t)dt + Blu(t), u(t))dt + dWo(t) (1.17)

in a Hilbert space H which is the closure of the space of compactly supported solenoidal
C*-smooth 2D vector fields on D in the [L?(D)]? topology. The process W is defined as

W(t) = aBgr
=

where {B;] is a sequence of mutually independent real Brownian motions defined on a filtered
probability space. Moreover, {0} is a sequence of positive numbers and {g; } is an orthonormal
basis in H. Following the general way to construct solutions in the additive noise case, set

v =u-— Wxlt).
Then (1.17) becomes,
{g—y = Av(t) + Do (v(t) + Walt))(v(t) + Walt)dt + f(t), t>0, v(0)=x (1.18)

where

WA(t)=/OS(t—s)dW(s).

The local existence and uniqueness of the solution to the stochastic Navier-Stokes equations
is obtained via a simple fixed point method based on the assumption that the stochastic con-
volution W;(t) is L* trajectories integrable, i.e.

</OTIWA<t>|i> < 00,

Then via the a priori estimates in H and V, the solution is shown to exist globally in time.
A third useful a priori estimate, which plays an important role in the proof of existence of
invariant measure is the following

2
7 VO + V(05 < (e + Kilo(t) [ v(t)]” + Ksl(t)] + %Icp(f)IQ' t=0, (1.19)
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where a > 0, € > 0. ¢(t) = Wi(t, w) and y is a mild solution of
dv

7 = Av() + De(v(t) + ¢(t)) - (v(t) + ¢(t)) + aoplt)

1+26

With this estimate, together with the hypothesis that W,(:) is continuous in D((—A) %) for

some 6 € (0,1/2), the existence of invariant measures is established in [36]:

Theorem 15.4.1. Under the hypothesis Wa(-) is continuous in D((—A)"7") for some 0 € (0,1/2),
there exists at least one invariant measure for equation (1.2).

The proof of tightness relies on a dissipativity condition. Roughly speaking, one needs to find
an almost surely finite real random variable r(w) such that

sup [(—A)"u4 (0, w)] < r(w).

—00<1r<0

It is a well known fact that D(A°) can be compactly embedded into the space H. If uy is
denoted as the solution of (1.17) satistying uy (n) = 0; and if one can show that the random
variables (uy,(0), —oo < A < 0) are bounded in probability in the space D((—A)?) for a certain
0 € (0,1/2), then one concludes immediately that the laws £(X(t,0)), t > 1 are tight on H.
The proof of Theorem 15.4.1 is in the book [36]. Let us sketch briefly the main steps as we
use the same argument for a similar result in Chapter 3. The proof can be established by
verifying the following two claims.

Claim 1

There exists a > 0 and a random variable £ such that P almost surely

|Vo(t,s)| <& Vte[-1,0] andall s < -1, (1.20)
0
/ [vao(t,s)[tds <& Vte[-1,0and all s < —1. (1.21)
-1

Proof. Let (W(t), t > 0) be a Lévy process that is an independent copy of W. Denote by W a
Lévy process on the whole real line by

T ] Wit =0
(t)y . (1.22)
W(—t), t<0

and by %, the filtration
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First, Let z, be the stationary solution of the equation
dz, = (A — a)z,dt + dW(t).

Since z is assumed to be D((—A)%) continuous, z, is also D((—A)%) continuous as z, relates to
z in the following manner,

Zo = z(t) + e =Sz 7(s)) — a/t e-adli=9z(5)do, t > s.
Moreover, Let
Volt,s) = ult,s) — z4(t), t > s.
Then for any t > s, v4(t) = v,(t, s) is the mild solution of the equation

d

ava(t) = Ava(t) + Di(va(t) + 2o () - (va(t) + zo (1))t > s,
v(s) = —zal(s).

Taking into account of the a priori estimate (1.19) and the classical estimate

V|peape) > Mlv|?

one has

4o

t
Pult, )P < Moy (s)2 4 [ bl KI Ky 7, (o) + 5 zafo))do.

It is well known that the Ornstein-Uhlenbeck processes z, has a unique invariant (and Gauss-
ian) measure. So Let 1, be the unique invariant measure for z, supported by D((—A)"%") C
L*(D), and therefore, by the strong law of large numbers, one has P almost surely that

S5——00

lim ]za )ido = / 2|} pe(dz).
Moreover,
hm ]z]4ua(dz) = 0.

Consequently one can find a > 0 and € > O such that

Mt e+ K / 2 paldz) = —7 < 0. (1.9%)
\%

Remark. In view of (1.23), the strong law of large number does not apply in our case, as the
stable process does not even possess a finite second moment.
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Claim 2
Assume that z is a continuous and stationary Gaussian process on a separable Banach space
L. Then for arbitrary 6 > O, there exist random variables & and &, such that P-almost surely,

z(1)], < & + &|t]° vt 0.

Proof. The proof uses the Chebychev inequality and Borel-Cantelli Lemma; we refer readers
to p.288-289 in [36]. O

The proof of Proposition 15.4.3 is completed once the proofs of Claim 1 and Claim 2 are
established.

To overcome the difficulty demonstrated in the above Remark, we assume finite dimensional
noise, which was inspired by an argument proposed by Flandoli and Crauel [34], who in-
troduced it when studying global random attractors for the RDS generated by a SNSE with
additive noise. Let us present our results on tightness. We consider

du(t) = [-Au(t) — Blu(t), u(t)) + Cult) + fldt + > cieidLi(t) (1.24)
-1
where operators A, B, C are defined in (1.2), f € H, Ly, Ly --- L; are iid. R-valued symmetric
B-stable processes on a common probability space (2, F,P), 0 is a bounded sequence of real
numbers and e; is the complete orthonormal system of eigenfunction on H.
We work based on the change of variable v = u — z where z(t) = Y ", e;z(t) is the solution
to the Ornstein-Uhlenbeck equation

dz + (A + al)zdt =) _ gielLy(t)
1=1

and v satisfies
dv™*
dt
A key estimate (which is analogous to (1.19)) is given as the following.

= —vAvy(t) — Cv(t) — Blu,u) + f + az.

Proposition 3.5.7. Let a > 0, v be a mild solution of (3.187), there exist constants c,c’ > 0
depending only on Ay such that

SOvP ool < <—% +2n) lzl|> VP el + calal + 20l Yl 125
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The proof of Proposition 3.5.7 relies on the following nonlinear estimate, (which was motivated
from Crauel and Flandoli [34]),

(B(u,z),u) = Z(B(u,el),u)zl < n|u[22 |z)|

[=1

<onlv” |zl + 2nlzP Y Ja

and the fact z(t) is an ergodic process which is supported by D(A®) c L*(S?).

With the aid of the finite dimensional estimate of a nonlinear term and the ergodic property
of z(t) in Lévy case. We now can use the classical argument in Chapter 15 [36] to deduce
the boundedness of the solution. Moreover, provided the noise does not degenerate (Lemma
45.9), the tightness of the probability law in H is established.

Proposition 3.5.8. There exists a > 0 and a random variable £ such that P-a.s.

lvo(t,s)] <& Vte[-1,0] andall s < -1,

0
/1 |vo(t,s)[bds <& Vte[-1,0and all s < —1.

Lemma 3.5.9. Assume that X is a stationary process taking values in a Banach space B.
Moreover, assume that for a certain p > 0 we have

E sup |X(f)|5 < 0.
te[-1,0]

Then for every k > 0 such that kp > 1 there exists a random variable &£ such that P a.s.
(Xt < & + 27|t
forall t <O0.

Finally using the Chebyshev inquality we deduce that the family of probability measures lie in
a compact set up to some small €. Hence the existence of invariant measures is established.

Theorem. Assume additionally, that there exists m > 1 such that o, = 0 for all | > m. Then
the solution u to (3.61) admits at least one invariant measure.

Moreover, we established the measure support in D(A), § € [0,1/2].
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Proposition. For any 6 € [0, %], there exists C = C(6) such that for any mild solution v(-) of
(3.187), one has

t 1 t t 1 4
|A6V(l‘)[2 < eC Jo IV(s)‘Q[AQV(S)‘QdS]Aév(O)IQ + C/ eC [O|V(5)‘2[A2V(s)‘2d5(|A6+%f|2 + |Z(O)|2 + |A%Z(O)I4)d6.
0
(1.26)

1.3.3.1 Contributions

In view of the above, the main contributions of Chapter 4 are

e A new theorem on the existence, uniqueness and continuous dependence on initial data
for a pathwise variational weak solutions to the SNSE on the rotating sphere forced by
cylindrical stable noise. Our results (See Theorems 3.2.11, 3212, 3.2.13, 3.2.14) can be
viewed as a generalisation of the existence and uniqueness results (Theorem 3.2 and
3.3) in Gaussian case in [14];

e Existence and uniqueness of a strong solution to the SNSE on the rotating sphere forced
by cylindrical stable noise; (See Theorem 3.2.16)

e Existence of Invariant Measures to the SNSE on the rotating sphere forced by cylin-
drical stable noise.

1.3.4 Random Dynamical Systems

There are two types of attractors in teh theory of SDE (or SPDE) are worth distinguishable.
One is the measure attractor w.rt. the Markov semigroup generated by a SDE (SPDE). The
second kind is the so-called random attractors which meant to be understood w.rt. each
trajectory of the random equation. To our awareness, the notion of measure attractor first
appears in the paper [96], while random attractor were first defined in Crauel and Flandoli
[34, 54]. The two notions of attractors were further unified in the paper [97].

The studies of attractors for random dynamical systems are In Chapter 4, we study the as-
ymptotic behaviour of the functional NSE with force by an additive cylindrical stable noise

m
du(t) = [—Aul(t) — Blu(t), u(t)) + Cul(t) + fldt + ZoleldLl(t), (1.27)

-1
where L(t), (1 <1 < m) are mutually independent two-sided Lévy processes, u = u(t, x, w) is
now a random velocity of the fluid, and e; (1 < I < m) the corresponding eigenfunctions of the
stokes operator A form an orthonormal basis in H. It is well known that the theory of random
dynamical systems (RDS) permits one to study the qualitative behaviour of stochastic systems
that are driven by many kinds of noise: from white noise, Markov processes, semimartingales
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to non-Markov process or fractional Brownian motion [45]. This motivates us to study the
random dynamical system defined by the SNSE.

1.3.4.1 Concepts of RDS

In section 4.2 we recall several key concepts in the theory of continuous RDS and convert to
the jump case, such as random dynamical systems, double sided filtration. In section 4.2.4 we
recall the concepts of invariant measures in RDS.

The first paper on random attractors is due to Brzezniak and Capinski [19]. The authors
investigate the asymtotic behaviour of a general random dynamical system in a Polish space
X with some certain Borel o-field. The Random Dynamical System ¢ : R* x Q2 x X 3 (t,w, x) —
¢(t, w)x € X is defined over ¥:

ot +s,w)x = @(t, wes,w)x V t,seR",xeX
P a.s. if and only

@(t) is strongly measurable for all t € R", (1.28)

¢(t,w): X — X 1is continuous for all t € R", P as. (1.29)

The trajectories ¢(t, w)x are right-continuous with left limits for every x € X, P as.

It turns out here that the above definition of cadlag RDS can be applied to this thesis (See
Chapter 4.2.1). The difference in our case is that the time set T is chosen to be the whole of
R.

The notion of global attractors has drawn much attention in the theory of infinite dimensional
dynamical systems over the last 50 years. This provides new insights into turbulence, see for
instance Constantin and Foias [31], Constantin, Foias and Temam [30]. The basic framework of
random dynamical systems (RDS) was developed mainly by Crauel, Debussche and Flandoli
[33, 34]. See the monograph Arnold [7] for a comprehensive survey of RDS theory. The
generalisation of this theory to the stochastic case has just been well developed in the last
decade. The notion of a random attractor was first introduced by the earlier mentioned
publication [19] to study random PDE of the form (1.15). It was later generalised to the context
of stochastic PDE by Crauel and Flandoli [34]. The theory of random attractors plays an
important role in the study of asymtotic behaviour of infinite dimensional dynamical systems.
In contrast to the earlier work [19], Crauel and Flandoli [34] developed the basic theory of
global random attractors for random dynamical systems. The random attractor is introduced
as a random invariant set which is the Q-limit set at time t = 0 of the trajectories “starting in
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bounded sets at time { = —o0”. Symbolically, the random Q2 limit set of a bounded set B ¢ X
at time t is defined as

Alt,w) = UgcxA(B, t, w)

and is called the random attractor. This notion of an attractor applies to RDS generated by
evolution systems perturbed by white noise, in which case the classical notion of an attractor
in deterministic case does not yield meaningful results. In this thesis, we adopt the notion
introduced in Crauel and Flandoli [34] to define the abstract object random attractor, the
existence of which is generated by the following result

Theorem 5.3.9. Let ¢ be an continuous in space, but cadlag in time RDS on X and assume
the existence of a compact random set K absorbing every deterministic bounded set B C H.
Then there exists a random attractor A given by

Alw) = U Qplw), we Q.

BCX,B bounded

1.3.4.2 Existence of stochastic flow ¢

In section 4.3 we study the random dynamics generated by the SNSE, which is the core part of
this chapter. In subsubsection 4.3.1, we construct the probility space for which the coordinate
process Li(w, l) = w(ly) is a two-sided Lévy process of B-stable type, 1 < B < 2. In subsubsection
4.3.2 using property of analytic semigroups, and the fact L;(w) = @(t) has stationary increment,
we show the flow 2(t) is a.s. well defined. Moreover, using boundedness of noise, we show the
map 2 is well defined, linear and bounded. In subsection 4.3.3, we prove that the SNSE (1.27)
generates a RDS (see Theorem 4.3.5).

To prove our SNSE indeed defines a RDS, we proceed with three steps.

Step 1 Identify a suitable canonical sample probability space for

du(t) = [~Au(t) - Blu(t), u(t)) + Cult) + fldt + > _ cieidLy(t).
11
First, the state space is chosen as E, which is the completion of A=°(X) with respect to the
image norm

[V|E = IA_6V|X, veX

where L*(S?) is the space of Lebesgue measurable and fourth integrable vector fields on S* and
X = L*S?) N H. The canonical sample space is chosen to be Q = D(R, E) of cadlag functions,
that is, functions that are right-continuous with left limits, defined on R and taking values in
E.
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Remark. The space D(R, E) is called the Skorohod space. It cannot be separable under the
commonly used compact—open metric, that is,

211 1 Lw]iwl - wg(f,?!t)]' |wi(t) — wolt)[n = jg};n lw (t) — wat)|

(1)1 LL)Q

cannot make D(R, E) separable. However, it can be made complete and separable when en-
dowed with Skorohod metric [12] defined as the following

(o.¢]

dily, ) =Y (U Ad7(l, 1) Vil eD

i=1

where [i(t) := g;(t)ly(t) and I5(t) := g;(t)ly(t) with

1, if |t <i—1
gilt)i=qi—t, ifi—1<|t|<i
0, if |t <i
S Alt) = Als
ittt =t (sup 1092 9=2E0 )y sup ute) - Liate)] ).
AN \ _i<s<it<i t —i<t<i

where A denotes the set of strictly increasing, continuous functions A(t) from R to itself with
A0) = 0.

The Borel o-algebra under this topology is denoted as . Moreover, for every t € R, a
stochastic process is also a random variable in the following sense,

Liw):w— DR,E) w— L(t), teR.

Definition. The probability measure, P in (D(R, E), F) that makes every element in D(R, E)
a sample Lévy path is called the Lévy probability measure. Note, this measure shall not be
confused with the Lévy measure for jumps.

Now define the flow U = (J;, t € R) on this canonical sample space Q2 by the shift
(w)(-) = wlt+-) —w(t) teR we Q.
The Lévy probability measure P is invariant under this flow, that is,
P (T)) = P(T)

for all T € 9. This flow is an ergodic dynamical system with respect to P. Thus (2, F, P, (0)cr)
is a metric DS.
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Step 2 Prove that the Ornstein Uhlenbeck process in the metric dynamical system is also well
defined.

Proposition 4.3.1. Assume that L is a Lévy process taking value in E, such that for any T > 0

T
/ IL(t)|pdt < oo
0

Then the solution of the differential equation

V(t)+ aV(t) = L(t), V() =0,

has the form

V(t) = /Ote(ts)AL(s)ds.

Using the above expression, combine with the integration by part technique from Xu[113], one
can represent the Ornstein Uhlenbeck process in the metric dynamical system as
t

z(Vw) = 2(t) = / Ae A Gt — w(r))dr, teR.

—00

We show 2(t) is a well defined element in X := L*(S?) N H by establishing Proposition 4.3.2

Proposition 4.3.2. Assume 0 < 6 < % Be(1,2),pel(0,B) and

Y oAl < oo
-1
Then
t A
E / Ae~mA(G(1) — alr))Pdr < co.

o

Moreover, for P almost every @ € D(R, X), t € R the function

2(t) = 2(@)(t) = / AlttSe~ A o(f) — (r))dr, t e R.

is well defined and cadlag in X. Furthermore, there exists a constant C depending on f5, p,
o, 6, w such that

2(@)(t)] < C(B,p, 0,6, @)1 +[t]°).

The proof is quite involved, we refer readers to 4.3.2.2.
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Theorem 4.3.3. Under the assumption of Proposition 4.3.2, for P-a.e. w € D(R, X),

2(0,w)(t) = z(w)(t +s), t,seRR.

Proposition 4.3.4. We define

t ~
Za(f) _ / e—(t—s)(AJral)dL(S)

where the integral is intepreted in the sense of [23] is well defined and is identified as a
solution to the equation

dzy(t) + (A + al)z.dt = dL(t), teR.

The process z,, t € R is a stationary OU process.

Under Proposion 4.3.4, we define
Zo(w) = 2(A + al; (A + al)w) € DR, X).

It follows from Proposition 4.3.1 that for any f > 0

Zo(W)(t) := /_t (A + aI)“‘Se"“*”)(A“"D[(A +al)w(t) — (A + al)w(s)]ds = L(t). (1.30)

oo

Moreover, by the fundamental theorem of calculus, one has,

dt

Therefore z,(t) satisfies

dzg | (A + al) ] t (A + al)t e t-rArali( A 1 aI)Cw(t) — (A + al)Pw(r)dr = w(t).

—00

d+
dt
where n(t) := n(t, x) is the Lévy white noise defined in Chapter 3. Hence Theorem 4.3.3 yields

zo(t) = (A + al)zg = (t), t € R (1.31)

2(0,w)(t) = z(w)(t+s), t,seR we DR, X), t,seR.
Similar to our definition of Lévy process
Liw) = w(t), weQ.

The formula (1.30) defines the process z,(t), t € R on the probability space (2, 7, P), equation
(1.31) suggests z, is a Qrnstein Uhlenbeck process.

Step 3 Prove that (¢, U) defines a RDS.

The proof of step 3 is accomplished by checking measurability, continuous dependence on
initial data, and the Cocycle property. The argument follows the same lines as the Wiener
case [18].
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Theorem 4.3.5. (¢, ¥) is a random dynamical system.

1.3.4.3 Existence of Random Attractors

The last subsection 4.3.4 is devoted to the existence of a random attractor which supports a
markov invariant measures.

Having found a suitable sample probability space which ensures the linear stochastic Stokes
equation remains stationary, in subsection 4.3.4 we prove the existence of random attractors.
Our methodology was inspired by Flandoli and Crauel[34]. In brief, we use the following a
priori estimates for a strong solution (bounded in V, compact in H).

Lemma 4.3.6. Suppose that v is a solution to problem (3.75) on the time interval [a, co) with
zc Li (R, LYS?)NLE (R, V) and a > 0. Then, for any t > T > a, one has

loc loc

V(L) < [olr)Pel 7ios 4 / 7 (5)ds, (1.32)

to

where
p(t) = c|f|” + calz|* + nlz|*) |z(t)], (1.33)
k=1

M -
W)= =5 +4B) |zl (134)

k=1

for all ty < T < t and ¢ depends only on A4.

Using this result, we prove, respectively the existence of an absorbing balls in H at t = —1
(Lemma 4.3.9) and in V at t = 0 (Lemma 4.3.10). Then with the use of the compact embedding
of Sobolev spaces, we identified a compact absorbing set and consequently deduce the existence
of a random afttractor.

Finally, it follows from the following corollary 4.4 Flandoli and Crauel [34],

Corollary. If a cadlag time and space continuous RDS ¢ has an invariant compact random
set, then there exists a feller invariant probability measure p for .

that the random attractor supports a random invariant measure.
In relation to the literature of random attractors, on the one hand our study generalises to the
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case of Lévy noise, several earlier results on random attractors in the case of Gaussian noise
[15, 21, 34]. It also generalises to the case of 2D sphere with rotation, the results [21, 34] for
the case of bounded or unbounded domain in R?.

1.3.4.4 Contributions

In view of the above, the main contributions of Chapter 5 are:
e Construction of a new canonical sample space for the SNSE with Lévy noise;

e A new regularity result on the dynamics of the driving noise (Proposition 5.3.2);
e Existence of a RDS ¢ (Theorem 5.3.5);

e Existence of a random attractor (See section 5.3.4);
e Existence of a Feller Markov Invariant Measure (See section 5.3.5).
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CHAPTER 2

Subordinated H-cylindrical Wiener processes and Stochastic

Integration

Summary

In this chapter, we start with a review of probability and analytic facts. Then we introduce the
concept of infinite divisibility of probability distribution and random variables which underpins
the whole subject of Lévy Processes. The Lévy [td decomposition describes the structure of
their sample paths while the Lévy Khintchine formula prepares one to study distributional
properties of Lévy process. Lévy processes are introduced in Section 2.3. In particular we re-
visit the concepts of real-valued Wiener process, then the Hilbert space-valued Wiener process
and and the cylindrical Wiener process. The notion of Reproducing Kernel Hilbert Space is
introduced as well. Finally, the Hilbert space valued (or H- valued) Lévy process and LP-valued
Lévy process are defined. In section 2.4 we review stochastic integration in Hilbert space. In
particular, we present a version of the stochastic Fubini theorem for general Lévy process
which seems to be new. Section 2.5 introduces concepts of subordinators and subordinated
processes that are naturally defined via convolution semigroups of probability measures. In the
final subsubsection, we define cylindrical stable process as a subordinated cylindrical Wiener
process.

2.1 Preliminaries

In this section we review some basic probabilistic and analytic tools to aid the core discussion
in Chapter 3 and 4.

2.1.1 Probabilistic preliminaries

In this section we recall some basic facts from probability theory in the context of random
dynamical systems. The discussion follows closely to the material in [32, 37, 95].
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Let E be a non-empty set and & a collection of subsets of E. We call & a o-algebra if the
following hold

e £ cé&.
e AcHB&=A°cH
e A, c &= Uy A, € 6.

The pair (E, &) is called a measurable space. A measure on (E, &) is a mapping p1: & — [0, 00]
that satisfies

o (@) =0,

for every sequence (A,,n € N) of mutually disjoint sets in &.

The triple (E, &, u) is called a measure space. We will frequently use the notation E = Q
and will interpret Q2 as the set of outcomes of some random experiments. Elements of & are
called events and any measure on (22, &) of total mass 1 is called a probability measure will
be denoted as P.

Le E be a Polish space. The Borel o-algebra of E is the smallest o-algebra containing all
closed (or open) subsets of E and it is denoted as $B(E). A function YV : (R, F) — (E, &) is said
to be F-measurable if for any set B ¢ &

VIB)= {w:Viw)eB}={VYeB}eF

So, any E-valued r.v. Y is a measurable function V: (R, F) — (E, &). Now, Let I € R* be some
set of indices, then an E-valued stochastic process is a family {Y(t)}c; of random variables on
a probability space (2, F,P). A collection of probabilities {P(Y € B); B € $B(E)} is called the
probability law, denoted as L(V).
Let I be a time interval. In general, [ can be taken as the set of non-negative real number
R*, or a finite interval [0, T|] or, in the discrete-time case, a subset of non-negative integers
Z, = {0,1,---}. On I we consider the Borel o-field 93(I). Any family ¥V = (Y(t),t € I) of
random variables in E is called a stochastic process in E or E-valued stochastic process.
There are several form of continuity one shall keep in mind. We say that X is continuous
(respectively cadlag) if for P-a.e. w € 2, the sample-paths t+— Y(t,w) € E of ¥ are continuous.
X is said to be cadlag if X is right-continuous with left limits (RCLL). That is, for every t € I,
the limit limgc; s X(s) = X(t—) exists.
Let (2, 9, P) be a probability space. A filtration is any non-decreasing family of o-fields, that
is, s C Fyforany 0 < s <t < T. F¢ C F, t € I. The filtration (F)s~¢ is abbreviated as F.
A probability space is said to be filtered if it is equipped with a filtration F. A filtration (%) is
34



said to be right-continuous if

Fi = Fo = \Fs

s>t

We will use standard notation

F, = vgcs

s<t
This is the o-field of events strictly prior to time t. The quadruple (2, F, (F¢-0), P) is called
a filtered probability space. We say that an E-valued stochastic process VY is adapted fo the
filtration (F) if, for every t € I, Y(t) is ;-measurable.

The Dirac measure on E for a given x € E will be denoted by &, and is defined by 6,(A) =
1a(x), for any A C E.

Let Pr(E) be the space of all Borel probability measures on E endowed with the topology of
weak convergence of measures.

The notion of tightness plays an important role in this thesis. Denote Pr(E) as the set of
probability measures on E. Recall, a set G C Pr(E) is said to be tight if for every € > 0 there
exists compact set K. C E such that p(K.) > 1 — € for all p € G (This is also called “uniformly
tight”).

The Prohorov's Theorem gives a criterion for a sequence probability distribution to possess a
weakly convergent subsequence.

Theorem 2.1.1. Let E be a Polish space and Let G be a subset of Pr(E). Then G is compact'
in Pr(X) if and only if G is tight.

Proof. See Parthasarathy [85]. O

Definition 2.1.2 (Modification). Let X := (X{);»0 and VY := (V{)s»0 be two E-valued stochastic
processes defined on the same probability space. We say that X is a modification of Y if
P({X; = V;})=1forall t > 0.

In what follows we will need a convolution of two probability measures defined as

(s # ) (A) = / (A — X)poldx)

for each A € B(E), where A —x = {y — x,y € A}. Denote by v = vx---x v (n-times) with
v*o = (S().

IThat is, for any {un} C G, there is a weakly convergent subsequence.
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2.1.1.1 Random Probability Measures

Let us quote some standard facts from measure theory. The discussion in this subsection
follows closely the book [32].

Let X be a Polish space with a metric d. The o-field of Borel sets of X is denoted by 93. The
product space X x Q is understood as a measurable space with the product o-field B ® F,
which is the smallest o-field on 2 x X with respect to which both the canonical projection
Ty Q2 x X — X and 7o : Q2 x X — Q are measurable.

Definition 2.1.3 (Random Probability Measure). A map

9B x Q—[0,1],
(B, w) — po(B)

satisfying

(i) for every B € 9B, w +— p,(B) is measurable,

(ii) for P-almost every w € @, B+ p,(B) is a Borel probability measure on X.
is said to be a random probability measure on X, and is denoted by w +— .
Random probability meausre are also called transition probabilities or Markov kernels. Let
u.(-) be a transition probability from Q to X, i.e., p, is a Borel probability measure on X and
w +— 1,(B) is measurable for every Borel set B ¢ X. Denote by Pro(X) the set of transition
probabilities with p- and v- identified if P(w : g, #: v,) = 0.
Let us now consider the space of all probability measures on (2 x X, 9 x ) with marginal
mopt = P on Q. The following proposition about disintegration relates random measure w — 1,
with its associated marginal P measure on the product space 2 x X.

Proposition 2.1.4 (Existence and Uniqueness of a Disintegration, p.19[32]). For every prob-
ability measure p on Q2 x X with mou = P there exists a random measure w +— 1, such
that

/Qxxh(w,x)d;l(w,x) = /X/Qh(u),x)dp(w)duw(x)

for every bounded measurable h : Q2 x X — R. The random measure w + 1, is unique P-a.s..

The two random measures w +— 1, and w +— v, coincide if pu, = v, for P almost all w. Put
Pro(X) = {n: B x Q2 —[0,1]: w+ p, random measure |
with two random measures identified if they coincide P-a.s., and
Pre(Q x X) = {1 € Pr(Q x X) : mop = P}.
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In view of the above Proposition 2.1.4, suppose u is a probability measure on Q2 x X with
marginal P on Q. Then for any p € Prp(Q2 x X) there is a disintegration p- € Prg(X) uniquely
determined by

u(B x F) = L Ho(BIAP(w)

for all B € 3 and F € &%. With this one can identify probability measures on Q2 x X with
marginal P with their disintegration w +— p1,,.

Definition 2.1.5. A probability measure p on Q2 x X with marginal P on Q2 is said to be supported
by a measurable random set w+ A(w), if p(A) = 1, where A = {(w, x): x € A(w)} is the graph
of the mapping w +— A(w). Equivalently, u1,(A(w)) = 1 P-as..
Denote by Co(X) the set of function f : X xQ — R such that f(-, x) is measurable for each x € X,
f(w, ) is continuous and bounded for each w € ©Q, and w+ sup{|f(w, x)| : x € X} is integrable
wrt. P, where two such functions f and g are identified if P({w : f(w, ) # glw,-)}) = O
(measurable by continuity of f and g together with separability of X). Define the narrow
topology on Prq(X) to be the coarest topology such that

P flw, x)dp(w, x) = plf)

QxX

is continuous for all f € Cq(X). The skew product flow {©;}i.r acts as a flow of continuous
transformations on Prg(X).
A generalisation of the Prohorov theorem for random measures is the following.

Definition 2.1.6 (Tightness for random measures). A subset I' of Prg(X) is said to be tight, if
for every € > 0 there exists a compact set C. C X such that (7ry7)(C.) > 1 — € for every v € T,
where sy : X x Q — X is the canonical projection (see p.31 [32]).

Theorem 2.1.7 ([108]). Suppose I' C Pro(X) is tight. Then
e [ is relatively compact in Pro(X).
e I" is relatively sequentially compact (ie. if {u" }nen is a sequence in I', then there
exists a convergent subsequence {p" }pcn)

2.1.1.2 Skorohod space and Skorohod metric

In this subsection we recall some basic terminology on Skorohod space and Skorohod metric
given in section 12 of the book [12].
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Let E be a separable Banach space with the norm |-|. Let us denote by D(R, E) the space of all
functions defined on R with values in E that are right continuous and have left limits (cadlag
paths). Let A denote the class of strictly increasing, continuous mappings A(t) of R into itself
with A(0) = 0. One introduces a topology on D(R, E) by defining the Skorokhod metric as

o0 1 .
le 5 (1 Adi(f,q))
where
. At) — Als
att.gys=int | sw Jog =Ty s (110 - gtai)
el | i<s<t<i t—s _i<<t<i

The space D((—o0, 00), E) endowed with the metric d is complete and separable.

2.1.2 Analytic preliminary

In this subsection we recall some basic facts in the theory of analytic semigroup.

2.1.21 Semigroups and analytic Semigroups

Let X be a Banach space. The space of bounded linear operators is denoted as £(X). A family
of operators S(t) € £(X) with t > 0 is a one-parameter semigroup if S(t; + t;) = S(t;)S(t,) for
ti, t, > 0 and S(0) = I. Moreover, if

t— S(t)x

is continuous for every x, then (S(t))s~¢ is said to be strongly continuous or shortly a Cy-
semigroup. In particular, every A € £(X) generates a strongly continuous semigroup S(t) =
e " where e~ := I —tA+ 1t?A? — ... In general, the infinitesimal generator of a semigroup
(S(t))¢>0 is defined as the operator
Ax = lim S(t)r——r
t10 t

whose domain D(A) is defined as

(S(t) = I)x

D(A) .= {x € X :lim
£10

exists }

The resovent set of A is the set p(A) consisting of all A € C for which there exists a unique
bounded linear operator R(A, A) on X such that
e R(A,A)AI — A)x = x for all x € D(A);
e R(A,A)x € D(A) and (AI — A)R(A, A)x = x forall x € X
38



Explicitly, the resolvent set of A is defined as
p(A):= A€ C;AI —A:D(A) — X bijective, (Al —A)™' € L(X)}
The operator R(A, A) := (Al — A)~! is called the resolvent of A at A, and the mapping
R(%,A) : plA) - £(X)
is called the resolvent of A at A, and the mapping
R(-, A):p(A) — L(X)
is called the resolvent of A. The set
o(A):=C\p(4)

is said to be the spectrum of A.
For o € (0, ;r] we define the open sector

Yo ={zeC\{0}:l|arg(z)| < o}

where the argument is taken in (-, r]. A Cy semigroup (S(t),t > 0) is called analytic on X,
if

e S extends to an analytic function S: ¥, — L(X);

e S(zy + zy) = S(z1)S(zy) for zy,zy € Xy

e lim, ,o,cx, S(z)x = x for all x € X.
An equivalent definition in [87] is the following

Definition 2.1.8. A Cy-semigroup on a Banach space X is analytic if, for every t > 0, S(t)(X) C
D(A) and sup;cg 4 [tAS(f)|Lix x) < 00

2.1.2.2 Fractional powers of operators

To study the regularity properties of solutions to equations with a linear part A, that is, the
generator of an analytic semigroup S on a Banach space X, it is convenient to introduce the
concept of fractional power of A. Roughly speaking, for any infinitesimal generator where its
spectrum does not contain zero and does not surround it, A“ is defined by a Cauchy integral
along a contour around the spectrum does not containing 0.

Assume that there exists € > 0 and 0 < M < oo such that

M
I—A) e < ——, o1
|(A ) sz(><)_€M VA>0 (2.1)
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Then we can define a semigroup S(:) of bounded linear operator in X by setting S(0) = I and
1
S(1)

- —_/G)LR()\,,A)d)\,, t>0
2711 Jg
For any y > 0, the bounded linear operator A~7 is defined by

A7 = L,/)C?/R()L,A)dk
2711 Jg

where 3 is a piecewise smooth path in p(A) from ocoe™ to coe'? for some ¥ > 0. The integral
above converges in the uniform operator topology for every 7 > 0 and thus defines a bounded
linear operator A~7. For 0 < 7 < 1 one can deform the path of integration G into the upper
and lower sides of the negative real axis and obtain

1 — e—Qnig/ 00
A7 = —/ A7V — A) LA
27ti 0

One can check that A~7 is injective for every y > 0 (See Nigel [46], Prop 5.30). We are now
ready to define the fractional power of A.

Definition 2.1.9. Let v > 0. Then the operator A? defined as the inverse of A~? with domain
D(A”) = ran(A~7) is called the y-power of A.

Let U, H and K be three real separable Hilbert spaces. We denote by L(U, H) the space of all
bounded linear operators from U to H.

Definition 2.1.10. A Linear operator R € L(U, H) is called Hilbert-Schmidt if
Y " |Replf; < 00
k
for any (or equivalently for a certain) orthonormal basis {e} in U.
It is often convenient to introduce the concept of so-called y-radonifying operators. To do this,
fix an orthonormal basis {e;} of some Hilbert space K. Let {0} be a sequence of independent

standard Gaussian distributed real-valued random variables defined on a probability space
(Q, F,P).

Definition 2.1.11. A bounded linear operator ¥ : K — X is called y-radonifying if the series
Y20 0;¥e; converges in L*(Q, F,P; X)

Finally, in the following we recall some well known probabilistic and analytic facts from the
seminal paper [14]. Let 9 and & be respectively real separable Hilbert and Banach spaces.
Let {e,} be a fixed orthonormal basis of H. Let $B3y(K) denotes the class of all subsets U of K
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having the form
U ={veK:(v, hi), . (v.hy)) € Uo}

for a certain n, an orthonormal system hy,--- , h, in K, and Uy € $B(R"). Let yx be a standard
cylindrical Gaussian measure on a real separable Hilbert space K. ? A bounded linear operator
U : K — X is y-radonifying iff the image U(yx) of the canonical Gaussian distribution yx on K
extends to a Borel (Gaussian) Probability measure on X which will be denoted by vy = yxoU~.
Set

R(K,X):={U:K — X such that U is vy radonifying}

By the Fernique theorem (which asserts that for any U € R(K, X) there exists a ¢ > 0 such
that [, el*"vy(dx) < 0o ), one can equip the space R(K, X) with the norm

[Ulrik x) = </X|f|§<vz<(dr)>1/2 :

Let S? be the 2D unit sphere. We denote [ fdS the integration with respect to the surface
measure dS = sin 0d6d ¢.

Let B: H — H be a selfadjoint operator with the complete orthonormal system of eigenfunc-
tions (e;) C LP(S?) and the corresponding set of eigenvalues (4;). It follows from from Theorem
2.3 [22] that if further B has compact inverse B~! then the operator U= : H — LP(S?) is well
defined and y-radonifying iff

p/2
/S 2 <Z x125|el<x)12> dS(x) < oo (2.2)

2.2 Basic properties: Infinite divisibility

Let p™ denotes the n-fold convolution of probability measure p with itself. A probability
measure 1 on a separable Hilbert space H is called infinitely divisible if for every n > 1 there
exists a probability measure p1,, such that p = p;".

Every infinitely divisible distribution can be uniquely determined in term of characteristic
function. Let g be an infinitely divisible distribution on H. Then, its characteristic function f1
is given for every x € H by

Alx) = exp {iu, b) = L(x, Ox) + /H (s g — i<x,y>xlm<y>>v<dy>} , 23)

2

“That is, y(U) = (271)~1/2 Ju, exp(=|x[*/2)dx for U.
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where b € H, Q is a nonnegative trace class operator on H and v is a measure concentrated
on H \ {0} satisfying the condition

/WFAmmw<am
H

Moreover, the Lévy triplet (b, Q, v) is uniquely determined by the measure 1. Conversely, every
Lévy triplet (b, Q, v) uniquely determines an infinitely divisible distribution with characteristic
function (2.3). This result leads to the Lévy Khintchine representation or Lévy Khintchine
formula which we will state in section 2.2.1.

Let Q, %, P) be a probability space. We say that a random variable X : Q — H is infinitely
divisible if, for every n € N, there exist i.i.d. H-valued random variables Yl("), -, ¥ such
that

2.2.1 Lévy Khintchine formula

We have the following Lévy Khintchine formula [87]

Theorem 2.2.1 (Lévy Khintchine). Given b € H, Q € L{(H) and a non-negative measure v
concentrated on H\ {0} satisfying

[ il n iy < o, 2.4)
there exists a convolution semigroup (j1;) of measures on H such that
et — [ elpay), 25
where
Y(x) = —i(b, x)y + %(Qx,x)H + /H(l — eI oy ()i, ¥)e)v(dy). (2.6)

(b) Conversely, for each convolution semigroup (1) of measures, there exists b € H, Q €
L{ (H) and a non-negative measure v concentrated on H\{0} satisfy (2.4) in such a way that
(2.5) holds with ¥ defined by (2.6).
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2.5 Lévy Process

In this Section, our aim is to present some basic facts in the theory of H-valued Lévy process.
The presented material follows closely to the books [38, 87]. Let (2, %F, (%) ,P) is a given
filtered probability space and all stochastic processes are defined on this space.

2.3.1 Wiener process

A real-valued (9;)-adapted stochastic process (W(t),t > 0) is said to be a Wiener process if
(i) W has continuous trajectories with W(0) = 0,
(ii) W has independent increments and

PW() — W(s) = N0t —s), t>s>0,

where N (m, 0?) stands for the Gaussian distribution with mean m and variance o*. Equiva-
lently, a real valued stochastic process (W(t)) with continuous trajectories is called a Wiener
process if it is Gaussian and there exists 0 > 0 such that

E(W(t) =0, E(W(H)W(s)) = o>t A s).

2.5.2 Hilbert space valued Wiener process and cylindrical Wiener pro-
cess

Let H be a real separable Hilbert space with inner product (-,:). An H-valued, (%;)-adapted
Wiener process is such a process that for every x € H with |x| = 1, a real-valued process
(W(t), x), t > 0, is an (F¢)-adapted Wiener process. This implies in particular that the law
L(W(t)) of W(t), is a Gaussian measure with mean vector 0 and, for arbitrary x,y € H,
t,s >0,

E[(W(t), x)(W(s), ¥)] = (t ASJE[(W(1), x)(W(1L), )] = (t As)(Qx,¥),

where Q is the covariance operator of the Gaussian measure £ (W(1)). The operator Q is
a symmetric trace class and positive, that is, for any orthonormal basis {e;: j > 1} of H the
operator Q has the property

TrQ =) (Qej ) < oo,
j—1
and (Qx,x) > 0 for any x € H. The Wiener process defined this way is sometimes called a
Q-Wiener process to emphasise its dependence on the covariance operator Q.
Finally, we will define a cylindrical Wiener that intuitively corresponds to the case Q = I
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More precisely, by an (%)-adapted cylindrical Wiener process on H we mean a mapping
W :[0,00] x H s L*(Q, F,P) satisfying the following conditions.

e for every t > 0 and x € H the random variable W(t, x) is F-measurable,

e for every t > 0 the mapping H > x +— W(t,x) € L*(Q, F,P) is linear,

e forall t >0, and x,y € H, E|W(t,x)|? = t|x|3,

e for each x € H with |x| =1, W(t,x), t > 0 is a real valued Wiener process.

Lemma 2.3.1. If W is a cylindrical Wiener process then, forallt > s > 0 and x,y € H,

EW(t, x)W(s,y) = (t As)(x,¥)n.

2.3.3 Reproducing Kernel Hilbert Space

Let us now present some additional facts about reproducing Hilbert spaces and Banach space-
valued Wiener processes. We will follow the paper [16].

Suppose that U is a separable Banach space with the dual space U*. For x € U and x* € U*
we denote by (x,x*)y y- the canonical duality. A U-valued Wiener process W is defined as
an adapted, Gaussian and continuous process, such that W(0) = 0, and such that for every
x* € U* with |x|y« = 1 the real valued process (W(t), x*)y y- is a Wiener process. Replacing
if necessary U by its closed subspace we can assume that U is precisely the support of the
law L(W(1)). Then, there exists a unique separable Hilbert space ¥C densely and continuously
embedded into U such that

E(W(t), x* )y u«(WI(s), ¥ )uur = (t As){x",¥")qc fort,s >0,x",y" € U*,

where we identify 9C* with 9(, and then U* with properly chosen subspace of (. Hence, since
U* is dense in ¥, for any t > 0 the mapping

U'sx+— (W(f),I)U,U* c LQ(Q, g,P),

has the unique continuous extension to 9. Let us denote this extension also by W(t). Note
that W is a cylindrical Wiener process on (. The space H is called the reproducing kernel
Hilbert space, shortly RKHS.

Now let U be a Hilbert space such that the embedding ¥ < U is dense and Hilbert Schmidt.
We identify U* with a subspace of  and denote also by (-, -) be the bilinear form on U* x U.
Recall that (x,y) = (x,y)g for x € U* and y € H.

Theorem 2.3.2. Let U be a Hilbert space such that the embedding 90 — U is dense and
Hilbert Schmidt. Then the following holds.
44



(i) If W is a cylindrical Wiener process on 9C then there exists a U-valued Q-Wiener
process Wy such that

(x, Wo(t)) = W(t,x), t>0,xeU". (2.7)

Moreover, the RKHS of Wq, is equal fo (.
e Conversely, if W is a Wiener process in U with RKHS equal to 9C then (2.7) defines
a cylindrical Wiener process on .

Let 9 be real separable Hilbert space, let (e) be an orthonormal basis of 9(, and let (8) be a
system of independent Gaussian real-valued random variables defined on a probability space
(Q, F,P).

Let U be a real Banach space. A bounded linear operator K : ¥ — U is said to be y-radonifying,
or simply radonifying, iff the series Y, B.Ke, converges in L*(Q, F,P; U).

The set of all y-radonifying operators from 9C into U is denoted by R(%(, U). Note that if
K € R(H(, U) then Y ’, BrKey is a 0-mean Gaussian U-valued random variable, and consequently
Fernique’s theorem yields that

1/2 1o
def
Klrgcr) = (E]Y  BeKel? = le[fyk(de) < 00,
U
&

where yi denotes the law of the U-valued random vector ) |, BrKey. It is obvious that for any
K e R(9C, U), |K|rc,uy does not depend on the choice (eg) and (B). Moreover, | - |pi v is a
norm, and (R(9C, U), | - |rc,v)) is a separable Banach space. See [8]

Assume that U is a separable Hilbert space. Recall that a bounded linear operator K from %
into U is called Hilbert-Schmidt iff

(e¢]

1/2
def
|K|LHS(9K,,U) = <ZIKek|%J> <09,

k=1
for any orthonormal basis (ey) of (. Let us denote by Lysg 1) the class of all Hilbert-Schmidt
[16].
Assume that W is a cylindrical Wiener process on (. Let (e) be an orthonormal basis of $C.

operators from ¥ into U. We remark that R(9(, U) = Lysgc,v) and | - |pecu) = | - | Lisist.0)

Let Wy(t) = W(t,ep). Then (W) is a sequence of independent standard real valued Wiener
process. Let U be a Hilbert space such that the embedding ¥C < U is Hilbert Schmidt. Then

Wit) = Y Waltler 20,
k
is well defined since the series converges in L*(Q, &F, P, U). Clearly, W is a Wiener process on

U with the RKHS 9(, and W is independent on the choice of ey.
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2.3.4 Hilbert space valued Lévy processes

Definition 2.3.3 (Lévy process). An H-valued Lévy process is a stochastic process X = {X(f), t €
[0, 00) } such that
e X(0) = 0 as. and X is stochastically continuous: V € > 0,

l}lr(r)llP’(|X(t)| > ¢g) =0.

e X has independent increments, that is, VO < f, < t; < --- < f,, the random vectors
X(to), X(t) — X(to), X(to) — X(ty),- -+, X(t,) — X(t,_1) are independent,
e X has stationary increments:
d
—XH-S '—Xt = Xs Vs, t >0,

e f+— X(t) is cadlag as. .
Note, that without the assumption of stationary increments, we have an additive process. We
will need also a two-sided Lévy process defined as follows. Let X; and X, be two independent
Lévy processes defined on the same probability space and with the same distribution. Then
we define the two-sided Lévy process

X, (t) if t>0

Xm:{xm) it t<o 'K

For a two-sided Lévy process we will consider the filtration F; = 0 (X(s): s < t) for all t € R.

2.3.5 Lévy Khintchine decomposition

A key result in the theory of Hilbert space-valued Lévy processes is the celebrated Lévy-
[td decomposition, in which the sample paths of a given Lévy process are decomposed into
continuous and discontinuous parts. More precisely, let L = (L(t),t > 0) be an H-valued Lévy
process. The jump at time t is AL(t) = L(t) — L(t—). For a Borel set I" € B3(H \{0}) we define
a Poisson random measure

ap(t):= Y " Ap(AL(s), t>0

0<s<t
Note that the definition of Lévy process L implies that sir is a Z,-valued Lévy process with
jump size 1. Moreover, because L has cadlag paths there are only finitely many jumps of
size larger than a positive constant and thus there are only finitely many in the set I'. So,
(7rr, t > 0) is a Possion process with Enr(t) = tEar(1) = tv(I'). The measure v is the so-called
Lévy measure which is finite on sets separated from 0. For any Borel set ' ¢ H\ {0}, we
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define
Le(t) =Y 1r(AL(s)AL(t) .

s<t
Shortly we will introduce the concept of Poisson random measure on an arbitrary measurable
space (H,9() with certain intensity measure. The so-called compensated Poisson random
measure is defined by

g (t) == e (t) — tu(T),

for every I' € B(H \{0}) Finally, we present the following version of Lévy-Khinchin decom-
position introduced in [87] which decompose every Lévy process into drift, Brownian, small
jump and large jump parts. For he proof see Theorem 4.7 [87] or Theorem 4.1 in [4].

Theorem 2.3.4. If L = (L(t),t > 0) is a H-valued Lévy process, then the corresponding jump
intensity v satisfies

Lw@Ammm<m.

Moreover, every Lévy process has the following represtations:

L(t) = bt + W(t)+ ) <er(t) - t/r yv(dy)> + L, (t),

k=1
where 'y := {x : |x|g > ro}, for b > 1, I’y := {x : r, < |x|g < rp4}, (re) is an arbitrary
sequence decreasing to 0, W is a Wiener process. Moreover, all members of the representa-
tion are independent processes and the series converges P a.s. uniformly on each bounded
subinterval [0, c0).

The cylindrical Lévy Noise used in this thesis is obtained by subordinating a cylindrical Wiener
process by an arbitrary real valued, increasing Lévy process. This increasing Lévy process is
chosen to be a g stable (symmetric) process, with B € (0, 2). Let us recall some basic facts from
[94]. First, recall that a real random variable X is said to be S-stable with the, scale parameter
0, skewness parameter 6, and shift parameter v, shortly X ~ Sg (0,6, v), if

Eei@X _ ei@vf[de[ﬁ(lfiécsgn(e))

where
o { ((00)!F —1)tan 2 if B+ 1
—2log |ob) if B=1
Note that in particular, Sy(o,0,v) = N(v,20?) is Gaussian.
We have also the following definition.
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Definition 2.3.5. A real valued rv. X is said to be symmetric S-stable, 0 < B < 2, if X ~
Sg(0,0,0) or, explicitly

Eel® — =102 g ¢ R. (2.8)
The name “B-stable” means that if Xy, -+, X,, are independent and B-stable, then } 3, a;X; is
[-stable, and
1/B
o} JaiXp) = [ Y laylfolX;)p

j<m j<m
which is obvious from (2.8).
Definition 2.3.6. A random vector X = (Xj,---, Xy) with values in RY is B-stable if each linear
combination Zfi , @ X; is a real pB-stable variable.
A random process X = (X;,t € I) indexed by I is called B-stable if for every t;,--- ,ty in T,

(X4, -+, Xyy,) is a B-stable random vector. (p.131 in [70], p.233 in [101])
A natural generalisation of the R" definition of stable Lévy motion (see for instance p.113 [94])
to the Hilbert space is the following

Lemma 2.3.7. A Lévy process {X(t),t > 0} on a Hilbert space is a B-stable Lévy motion if
and only if X(t) — X(s) ~ Sg((t — s)'F,5,0) for some 0 < <2, -1 <5<1,0< 0 < o0

2.3.6 Poisson process and Poisson random measure

A Lévy process with values Z, = {0,1,--- },, which is increasing with jumps of size 1, is said
to be a Poisson process. One constructs a Poisson process using exponentially distributed
random variables, see chapter 4 in [87].

For all t > 0 and I' € B(H\{0}) with O ¢ T, we define the Poisson random measure corre-
sponding to L by the formula

([0, 1], T) == 7rp(t)
The process
([0, 1], 1) := ([0, ], T) — tv(I"), t>0,T € B(H\{0})

is called the compensated Poisson random measure.
Let us now define Poisson random measure on general measure space.
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Let

Z. =7, U {+c0} = {0,1,2,-- } U {+c0}

Let (©, %3, p) be a o-finite measure space. A family of Z_ -valued rv. {7(I'): " € $B} is called a
Poisson random measure on 2 with intensity measure p, if
e For any measurable set I', the random variable (') ~ Poisson(p(I’)),
eIfI''NIyNn---NT, =0 then 7(l'y),---7(I",) are independent,
e For every w, 71(-, w) is a measure on H\ {0}.

2.4 Poisson random measure and stochastic integration

In this section, we first recall some facts from the theory of Poisson stochastic integration(see
[89]). Then we introduce a weaker concept of measurability and present a new version of
stochastic Fubini theorem.

Definition 2.4.1. Let {1;};-1 be a sequence of independent exponential random variables® with
parameter A and T, = Y ,_, Tr. The process (N, t > 0) defined by

Ne =Y e,
n>1
is called a Poisson process with intensity A.

Now Let & be a sequence of i.id. random variables. The process

N¢
V(t) = Inety Y &
i=1

is said to be a compound Poisson process. The trajectory of a compound Poisson process
is a piecewise continuous function with discontinuities (jumps) at random times (jump times).
In other words, a compound Poisson process generates a sequence of pair (1, &)pen of jump
times 1, and marks &,. The size of the jumps is determined by the marks &; and the number
of jumps up to a time t is determined by N;. We can associate a random measure to any
counting process as follows. For any Borel set B C R", for any w, set

7t(w, B) = #{k > 1: 1,(w) € B},

where T, is the sequence of jump times. The map B+ 71(w, B) defines a positive measure on
R*. One may view the random measure as some form of derivative of a Poisson process. To
visualise this, recall that each trajectory t — N;(w) of a Poisson process is an increasing step
SN positive random variable with parameter A > O is said to be exponential if the it has a probability density
function of the form Ae ¥1,-0.
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function. Hence its derivative (in the sense of distributions) is a positive measure: in fact it is

simply a superposition of Dirac mass centred at jump times:
d

EM(M) = 1(w, [0, t]) where = ;&f(w)-

t(w,dt) =), 6rw)(dt). Moreover, the rv. Ny can be written as

Nilw) = m(w, (0, t]) = At] 7(w, ds)

and the Stieltjes integral as fotf(s)dN(s) = fotf(s)ﬂ(ds).
Let Hy = H\ {0} and let A be a measure on $B(H,).* Consider now on Hy x [0, 00) a given
intensity measure of the form

Apldy x dt) = p(dy)dt

where p is a measure on H, with

min(1, [y]2)p(dy) < oo
Hop

The corresponding Poisson random measure 7,(-) on Hy x [0, 00) is assumed to be a Poisson
distributed r.v. with intensity

T
MM=//JWMWMM
0 Hop

counts the number of points in A C Hy x [0, 00) for T € (0, co) and each set A from the product
sigma algebra 93(Hy) and 93([0, T]). This implies,
AplA)*

k!
fork € {0,1,-- }]. For disjoint measurable sets A, - -- , A,, C Hyx[0, T], the rv. m,(A4),- -, 7,(A,),
r € N are assumed to be independent.

P(m,(A) = k) = e A

Definition 2.4.2. Let (2, &, P) be a probability space, Hilbert space H and A a given (positive)
radon measure A on (Hy, B3(Hp)). A Poisson measure on H, with intensity measure A is an
integer valued random measure:

1: Q2 x Hy—» N
(w, A) — 7(w, A)
such that

“We denote by 93(T") that the smallest sigma-algebra containing all open sets of a set I
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e For (almost all) w € Q, 7r(w, -) is an integer-valued Borel probability measure on Hy: For
any bounded measurable A C H,, ;t(A) < oo is an integer valued r.v.

e For each measurable set A ¢ Hy, 7(-,A) = m(A) is a Poisson random measure with
parameter A(A) :

AA)*
P(,(A) = k) = e *A <k'> , VkeN.

e Por disjoint measurable sets Ay, -+, A,, C Uy x [0, T], the rv. m,(44),--- ,m,(A.), r € N

are assumed to be independent.

A Poisson random measure on [0, T] x Hy can be represented as a counting measure:
= Sruntniu)
k1

Moreover, the integral I, () for the integrand f = {f(t,y),t > 0,y € Hy} is obtained as

T
Itm, = / fls,y)m,(dy,ds).
0 Hp

Let us now introduce a weaker concept of measurability. In particular, Let us first define what
is meant by a strongly measurable function.

Definition 2.4.3. Let U and E be two separable Hilbert spaces. (1) A function & : [0, T| x [0, T] x
Q — L(U, E) is said to be simple if there exist integers Ny, Ny > 1, partitions (s;) and (t;) of
[0, T], family of pairwise disjoint % -measurable sets {A;: k < Ny —1,j < N5} and a family
of operators {¢ijr: i < Ny, k < Ny, j < N5} C L(U, E) such that

-1 No—1 N3

5 t, w Z Z Z 1 (si 3!+1 fk fk+ﬂ(t)1Akj(w)(pifk :

i=0 k=0 j=0

Let S(T, T, U, E) denote the class of all simple processes.
(2) A function ®: [0, T] x [0, T] x Q — L(U, E) is said to be strongly measurable if there exists
a sequence ($,) of simple functions, such that for each y € U,

|by — P y|p -0, P-a.s.

Denote by 9C(T, T, U) the linear space of all equivalence classes of mapping & : [0, T] x [0, T] x
Q — L(U, E) strongly %o r1x[0,1) measurable for which

/O/O/Ulq’(sfﬁ)y|ﬁ(dy,do)ds<oo, P—a.s.

e For every y € U the E-valued process ®y is predictable

and such that
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e and

P </OT /OT/U|CI>(S,O)5/[7r(dy,dO)ds < oo> 1

In a similar way we can define a real separable Hilbert space H(T, T, U) endowed with the

Dlrro = <E/OT /OT/U|CD(S,O)5/IQJT(dy,dO)ds>

is a real separable Hilbert space. It follows that the space S(T, T, U, E) is dense in H(T, T, U, E).
A by-product of stochastic integrals w.r.t. Poisson random measures and compensated Poisson

norm
1/

0
< 0

random measures is the celebrated Lévy [td decomposition we have seen earlier, which gives
a representation of the non-Gaussian part of a Lévy process via the integrals.
Let f: [0, T] — L(U, E), and we define the stochastic integral

/ f(s)dL(s).
0

To this end, we follow the idea in [23]. By the Lévy Itd decomposition, any jump Lévy process
L(t) can be decomposed into a small jumps® process and a large jump process:

L) = Ly(f) + Ly(t), t>0.

Let v denotes the intensity measure. Then L, is the Lévy process corresponding to vy defined
by

v (I") := v(I" N By(0,1)),

where By(0,1) := u < U:|uly < 1. the closed unit ball on U. The process can be easily
constructed in term of Poisson random measure st associated with the process L defined by
the formula

#{s <t:AL(s)e T} =m(0,t] x T'):= lim Y Ir(ALs), T e BUN{O}),
e<s<t

where AL(s) := L(s) — L(s—),s > 0. It can be shown that s is a time homogeneous Poisson
random measure and L can be expresses in term of the random measure s as

t
L(t) = " AL(s) = /O /U yr(dy,ds), t>0.

s<t

SWithout loss of generality, assume jump size 1 as cutoff.
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Then one can define L; and Ly by the following slight modification of the above formula.

— ) | AL(S)I{AL(s) > 1} = //>1 w(dy, ds),

s€[0,t]

— ) | AL(S)I{AL(s) < 1} = //<1 w(dy,ds).

s€[0,t]

/de /de1 /deg

One can check that both integrals w.rt. Ly and L, take values in E. (See p.165 [23] for more
detail)
We are now ready to present a new version of stochastic Fubini theorem which capture both

Thus,

large and small jumps.

Theorem 2.4.4. Let U and E be separable Hilbert spaces. Let (2, F,P) be a probability
space and let T > 0 be fixed. Assume that the mapping [0, T] x [0,T] x Q 3 (s,0,w) >
®(s,0,w) € LIU,E) is a strongly measurable with respect to the o-algebra $B([0, T]) @ Pr,
where Py stands for the predictable o-algebra in [0, T| x Q. More precisely, we assume that
for every y € U the mapping [0, T] x [0, T] x Q 3 (s,0,w) — P(s,0,w)y € E is measurable
with respect to the o-algebra 9([0, T|) @ Pr. Furthermore, assume that L is a U-valued Lévy
process defined as L(t) := W(Z(t)), Z(t) is a subordinator process belonging to Sub(p), i.e.
Z(t) has intensity measure satisfying

00 1 1
p({0]) = 0, /1 plde) + /0 £plde) < oo /O £5p(d8) < oo, )

where p and v are respectively the intensity measure on R and Lévy measure on U, One
relates p and v as

_ /000 ¢(Dplds), T € BY).

/OT </OS q’(S,O)dL(O)> ds = /OT </6T CID(s,o)ds> dL(o). (4)

Proof. Assume first that ® is a simple process of the form

CID(S, o, (U) = 1(51,52](5)111 to] ( )IA( )d)

with a bounded operator ¢ : U — E and A € %y,. It is easy to check that the theorem holds
in this case and by linearity it holds for every ® € S(T, T, U, E). It is also easy to see that the

Then
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theorem holds for the case when L = Ly, that is when |AL(t)| > 1. Indeed let 1,, denote jumps
of the process L. Then only finite number of jumps can occur before time T and therefore

/OT </Os CID(S,O)dL(O)> ds = /OT Z ®(s, 1, —)(L(1p) — L(Tp—))ds

Tp<S

=Y </T<I>(s, Tk—)d5> (L(te) — Lt —))-

TkST Tk

_ /O ' < / s, o)ds> dL(o)

For the small jump, the proof follows the same lines as p.14 in [3]. O

2.5 Subordinator and Subordinated processes in the Hilbert
space

A subordinator is a real-valued Lévy process which takes nonnegative values only. Combine
with the definition of Lévy processes, we will see in the characterization theorem 2.5.2 that
subordinators must be an increasing process. Put in another way, subordinator is precisely
a convolution semigroup (¢, t > 0) of probability measures on R wherein each supp(u;) C
[0, 00)[6]. By increasing we mean that the trajectories of Z are a.s. nondecreasing: Z(t) > Z(s)
whenever t > s.

Using subordinators, one can construct new and interesting examples of convolution semi-
groups.

Suppose A is a measure on R then we denote its Laplace transform by

Al = /R oA (dE)

for all values of r such that the integral remains finite. In particular, if A has support on [0, co)
then A(r) is defined (perhaps infinite) at least for r > 0.

Using the Lévy [td decomposition, one can show that any subordinator must have its diffusion
coefficient as zero, drift b must be nonnegative, and the Lévy measure p cannot be on (—o0, 0).
More precisely, one has the following fundamental characterization theorem of subordinator
processes (See Theorem 2.1 in [23], also Theorem 21.5 [95]).

Lemma 2.5.1 (p.53[87]). For every Borel set I, such that the closure of I' does not contain 0
and for allr > O,

Ee"?" = exp <t/r (1 - e”)> v(dx).
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Proof. By an easy limiting argument one can assume that [" is bounded. Given 6 > 0, let

I'y,---, 'y, be disjoint sets of diameters less than 6 and such that I' = UpL,I';. In addition let
xpe€l'p, k=1,---,m. Then
Zp(t) = ", ()] <Y T 1Ze(t) — xerry ()] n
k=1 H k=1
<8 o, (t) = émr(t)
k=1

and so

m

Y e, (t) = Ze(t)

k=1

P-as, as § — 0. Consequently,

rZre(t) _ ;i .
Ee gli%Eexp <r ;kak(l‘)>

= ?L% D E exp ((I’Ik)ﬂrk)

6—0

= exp <t/r(1 — e”ﬂv(dr)) :

= lim Hexp (tv(Tp)(1 — e™*))

Theorem 2.5.2. Suppose that Z = (Z(t),t > 0) is a subordinator process defined on the

probability space B = (2, F,P), then there exists a real number b € R*, a non-negative

measure p on (R*, B(R")) satisfying

ptiop -0, [ " pldx) + | epldx) < oo,
such that
Ee 20 — o=t >0, t >0,
where

P(r) = br + //000(1 —e ™)p(dx), r > 0.

The proof in [23] is missing. For completeness, we fill in the gap with the proof in [95].
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Proof. Sufficiency. (“«<=") It follows from f(foolo)p(dx) = 0 and the definition of Poisson
random measure (Sato [95], Theorem 19.2(i)) that J,((0, t] x (—o0,0)) = 0. a.s, meaning that Z
does not have any negative jumps. Then, by the Lévy [t6 decomposition with the Lévy measure

satisfying f| |x|p(dx) < oo (Sato, Theorem 19.3), L = L(t) takes the form

x|<1
L(t) = L + L?L(t) = / xm(d(s,x))+ tb as.,
(0,£]x(0,00) \Lg"
t
1

where
L! =/ xm(d(s,x)), L?=tb.
(0,]x(0,00)

From the fact L? = tb we see that Li(w) is clearly an increasing function of t. This shows L;
is increasing.

Necessity. (“==") Since Z; has no negative jumps, we know from the definition of random
measure (Sato [95], theorem 19.2(i) ) that p((—o0,0)) = 0. Since an increasing function stays
increasing after finite number of jumps deleted. Hence, the limit for the sum of jumps L(t),
denoted as L(t) exists, so

F(f) = Tim L (f) ] xorld(s, x), w),
€l0 (0,]%(0,00)

and this limit is bounded above by L(t), so L(t) < L(t). Then using Proposition 2.5.1, one has

Ee "l = exp {t/ (e — 1)p(d1:)}
(€,00)

= exp {t/( )(e*” — 1 + rxl(x))pldx) — tr/ xp(dx)} .

(e.1]
As € | O, on the left hand side we have

Ee L)  Be~ >0 foru > 0.

Where the exponent —rL < 0 and so el < 1, the convergence of left hand side is clear, by
dominated convergence. Notice on the right hand side that

/ (™ =1 + rxlpy(x))v(dx) — (e™ —1 + rxlp(x))v(dx) as €0,
(e,00) (0,00)

which is finite as

/ (1 A x2)vldx) < oo
H
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Hence,
/ xpldx) < oo
(0.1]

Now by the Lévy Ito decomposition, one has

Li= L{ +L7,

~~

jump
which implies,

Li = L{t)
and L¢ has triple (b, Q,0). But
L =Li—L(t) >0

implies

Q=0 and b >0.

Definition 2.5.3 (p.156,[23]). For p > 0, denote by Sub(p) the set of all subordinator process Z
whose intensity measure p satisfies

1
l;ﬁpwﬁ<oo 2.19)

Example 1. (1) It is obvious that if
0<p1 <p2 <2< ps,
then
Sub(ps) € Sub(py) € Sub(2) = Sub(ps).

(2) Note, if B € (0,1) and the measure p is defined by
1
——— 1y ) (E)dE,
pri - gers 0o I
where I is the Euler-gamma function (I'(z) = [, t*'e~'dt,Rez > 0).
(3) Note that z# € Subl(p) iff p > 2B, ie. B < B. In particular, ZF € Sub(1) iff B < 1.

(4) A standard Poisson process N with rate 1 is a subordinated process with drift b = 0 and

pldg) =

the intensity measure p = 6;. Here, 6; denotes the Dirac Delta function at 1.
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Now Let us examine a couple of examples of convolution semigroups. In essence, they are
the consequences of the Lévy It6 decomposition where X is (a) a subordinator, (b) S-stable
process, (c) a subordinated process.

Proof. For (a), it is clear in view of Theorem 2.5.2. For (b), in the case B € (0, 1), we are in the
framework of Theorem 25.2. Assuming that b = 0 and p(d€) = £ 17Bd¢ for B € (0,1). Then

o d&
- _ o TE
For r > 0, the change of variable n = r& gives

00 0 B
R R

Integrating by parts, one obtain (1) = m For the case B € (1,2), assume that g € (1,2)

and

P(r) = /O (1 —e— pg);i, r > 0.

Then, in the same manner as in the previous case, one obtains that ¥(r) = rf¥(1), r > 0 where

(1) = —m. The proof of (c) will be cleared after introducing Theorem 2.5.4. O

One useful application of subordinators is to produce new convolution semigroups of measures
on Hilbert spaces. Namely, suppose (&, t > 0) is a convolution semigroup of probability
measures on a Hilbert space H with exponent 4, that is, [, /¥ (dy) = e ™). Let (n) be
a convolution semigroup of probability measures on [0, co) such that fooo e " dE) = e 1,
The subordinated law (ét)tgo on H is defined by

55=A»Qmw$,t20

is a convolution semigroup of measures with exponent A(x) = ¥(A(x)), x € H.
Claim : (&, t > 0) is a convolution semigroup on H and

ét+s = ét*és, VY t,s>0.

The proof is missing in [23] , we fill in this gap here. The key is to verify the three properties
in the definition of convolution semigroup. Namely,
(i) &o = S
(ii) & — €y weakly as t | 0,
(iii) G # & = Craos £,5 20
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Proof. For (i) we have

by definition of £. To prove (ii) it is enough to show that for every r > 0
Itlilg CT(BI') =0,
where B¢ is the complement of a centered ball of radius r in H. To this end we note that
B - | eBindds

and since p; and ¢, are convolution semigroups, for every € > 0 and a > 0 we can find £y > 0
such that j([a, co) < € for t < ty, and for all s < ty ¢(BS) < €. Therefore, for t < t,

E(BE) < /Oa Cs(BS)my(ds) + € < 2e.

Finally, to check Semigroup property, Let (&, s > 0) be a convolution semigroup on H. Let
(1s,s > 0) be a subordinator on R*. By the Riesz representation theorem , for each t > 0,
there exists a probability measure ét on U such that for any f € C.(U),

- [ floéitdo) - /(O . | flojedojuids)

The relationship between the 3 families of measures is frequently expressed using the vague
infegral

= /OOCS(A)pt(ds) vV t>0A¢cBU). (5.7.21)
0

It is clear that the subordinated law form a convolution semigroup as well, namely,
(¢, t > 0) is a convolution semigroup of measures on U and so &, = & * Cs.
Forall s,t >0, f € C.(U)

[ it - [ st | " e ldx)peeddr)
/ / Fl)Coldx) o (dr)

/f r)ps.(dr).
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Now by Generalised Fubini theorem, (see Proposition 35.14 [84]), since

/ ()6 dx) s (0, dP) < 00 ae. x(Eor)
Then

/U flx)euldx) dv = / Flx)pldx) /O " sl P, dr) = / /0 T F ) terlx, dr)(da),

where E € 934.
wE) = [ < [ st et ) i

Hence, we can swap the integral [, [;" - to [, [, legitimately now and to continue on,

[ e - [ s | " £y ldx)pa.ddr)

= /U ]O " Fr)psnildr)
/@,OO)/UJ(@)Cr(dI)IlsH(dP) = /OOO/UﬂI)Cp(dI)ﬂS(dP — z)p4(dz)

Now, let r —z = v,dr = dv, as z is a constant.

- | : | : | floicelanpidvinaz

- | Oo / ) | re [ etdx = vicaviptavipiaz
-] [g f(x)@(dx—v>cv<d2us<dv>uf<dz>
Z/U/Uf(x>/o Cz(dx—v),uf(dZ)/o Coldv)ps(dv)

_ /U /U fl)E(dx — v)E(dv)

_ /Uf(x)/Uth(dx—V)és(dV)
- /U Fle)(E # 2)(dx)

Whence, ét—l—s = ét * és. O

2.5.1 Stable process as a Subordinated cylindrical Wiener process

Lévy processes form a very rich class of processes. However, general Lévy processes are
not very tractable. Subordinated cylindrical Wiener processes are obtained from Cylindrical
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Wiener processes by replacing its time parameter t by independent subordinators, i.e. in-
creasing Lévy processes starting from 0. In particular, Let W = (W(t),t > 0) be a U-valued
Wiener process, and let Z = (Z(t),t > 0) be a independent subordinator Z? with a € (0,2),
ie. where p is defined by formula (2.12) with B = §. Then the process (L(f),t > 0) defined
by L(t) := W(Z(t)), t > 0 is called the subordinated H-cylindrical Wiener process, or the H-
cylindrical a-stable process. Essentially, we have constructed a stable process with parameter
range in (0,2) via subordinating a H-cylindrical Wiener process with a stable process with
parameter 8 € (0,1). More explicitly, Let W = (W(t),t > 0) be a (cylindrial) Brownian motion
on U having the form

W(t) =Y  Wilt)er, te[0,T]
k

where W,(t) = WI(t, ep) is a sequence of independent standard Brownian motion in R on
some (Q, F,P; U). and e, is an orthonormal basis of H. We remark that this series does not
converge in H as dim H = co. It does converge, however in any Hilbert space U such that the
embedding H — U is Hilbert-Schmidt.

Consider the subordinator Z%, where B € (0,2), that is, an increasing one dimensional Lévy
process with Laplace transform

[\Sen}

Ee 20 = =2 p >0

The subordinated cylindrical Wiener process (L;,t > 0) on H is defined by

We remark that, in general, L(t) do not belong to H. Indeed, L lives on some Banach space
U D H and the embedding H < U is ¥ radonifying.

Let W be a Wiener process associated with the convolution semigroup (s, s > 0), Let Z be a
Lévy processes associated with the convolution semigroup (i1s, s > 0), assume W is independent
to Z. We are now focus our studies in the subordinator defined by

Theorem 2.5.4 (Theorem 2.4 [23]). Suppose that H is a separable Hilbert space and U
is a separable Banach space such that H C U continuously and densely. Assume that
Z is a subordinator process with the intensity measure p and the drift b. Assume that
W = (W(t),t > 0) is an U-valued Wiener process with the Reproducing Kernel Hilbert
Space (RKHS) of W(1) equal to H. Let us denote s = £(W(s),s > 0).
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i) If the process L is defined by (L := W(Z(t),t > 0)) then
Ee!Mhdluvs — o120l ¢ c U*, t >0, (2.13)

where the function A is defined by

10)= v (Glohh) . o<H 214

with Y being defined by (2.3).
ii) Moreover L is a U-valued Lévy process such that

Ee'(H04) — e thft=e™nldu) g c U=, >0 (2.15)
where the measure v is given by
of) = [ &dTlplds), T < U, 216
and
PV/(l — "N y(du) := lim (1 — e w®)y(du).
U el0 JucUiu|ze

iii) The process L is of finite variation iff

/01 </Bu<o,1> [u|UCS(du)> plds) < co.

The process L will be called an H-cylindrical Lévy process subordinated by the (sub-
ordinator) process Z.

Proof. (i) Observe first that the process L is a well defined U-valued cadlag process. For
brevity, assume the two independent stochastic processes W and Z are defined respectively
on the probability space (2, Fy,Py) and (Qg, Fo,Py) and Q = Q4 x Qy, F = Fy x Fy and
P = P; x Py. Then for any ¢ € H, via conditional expectation,

EellLtdvvs _ E1E2(ei<W(Z(t'w2):w1):¢>U,U*) Wi €Q, wy € QY

Since we want to integrate out wy, swap E, with [,

= EQEl (ei<w<z(t'w2)'wi):¢>U,U*)

Then it follows from infinite divisibility that,
_ B e Zltwlilo?

_ o tithIoP)

)
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(ii) From (i), we have

Eel(Y(t).6) _ g—t¥l5l6])

The question now, is to find Lévy triplet for L(f), who lives in a Hilbert space The idea is to
create a new convolution semigroup of measure on U with exponent ¢(¢ fU ell®se(ds) =
e 9@ On the other hand, let u; be a convolution semigroup of measure on [0, cc0) with
exponent P(r): [, e "tp (d€) = e ") .Then, by a direct computation, the following

Cﬂt / Cs ,th dS t Z 0

is a convolution semigroup of measures with exponent A(¢) = ¥P(p(p)). To be consistant with
the notations used in the paper, replace p; with p, £ with v. We will now see how the Lévy
measure

_ /OOOCS(I‘)p(ds), v € BU).

Proof. (ii)
EelLtié) _ o-tvl}l6)

= exp { —t/oo(i — e"gld"%)p(ds)}
0

Note, Eelll f e!®ue (du) = e —51ol%

~ exp { ~f /O - /U ei<u'¢>c;<du>)p<ds>} .

The integral fU elv® ¢ (du) may not converge as ((du) may not be finite at 0. So, take
principle value with cut-off at O.

= exp { t/oo lggl(i — /ueUu|>£ PRICIY:Y C’S(du))p(ds)}
= exp{ / PV/ (1 — elludle du))p(ds)}
— exp { —tPV/ /(1 — ei<“'¢>cs(du))p(ds)}

—exp{ tPV/ du)}, peUt>0

where the measure v is given by formula

_ /OOOCS(I‘)p(dS), I e BU),
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and

PV / (1 — e"9y(du) := lim (1 — e y(du).
U

€l0 ueUu|>e

Moreover, in view of (2.9) and (2.13) and assuming no drift, one has

pvV / (1 — ell"9y(du) = / “py / (1 — el @) e (du)plds).
U 0 U

These conclude the proofs of (i) and (i) O

Proof. (iii) Recall, an U-valued Lévy process L with intensity measure v is of finite variation
iff. fBU(o,i) lu|pv(du) < co. Let now L(t) and v be as found in (i) and (ii), i.e.

Lif) := W(Z(t)) with EelMhe) — o=V fylt=e®hidu g = 17 ¢ > 0,

W(T) = ]O " edCplds), T e BU)

Since then

(o [ ([, o)
B /o1 </BU<0,1> Iu|UCS<du)> plds) + /jop(ds) (M

In view of (2.1), [, £p(d&) + [°pld&) < oo

oo i | 1 < / U(@/ﬁmwcs(dm) plds) < oo (1

Well, if (f) exists, and since [, p(ds) by (2.1), then necessarily (f) holds. Conversely, if (f) holds,
it is clear that (f) must be finite. When the subordinated Lévy process has finite variation. [J

Remark. (1) Since H is assumed to be the RKHS of W(1), this implies the embedding H < U
is y-radonifying. (2) In view of Fernique Theorem, ¢, is Gaussian and so has finite second
moment. Moreover, there exists C > 0 such that for all s > 0, [, |ul*¢(du) < Cs. (3) Given
a separable Hilbert space H and a real number p € (0, 00) we will denote by LSub(H, p) that
the class of all Lévy processes L of the form (L(t) := W(Z(t)), t > 0), where W is H-cylindrical
Wiener process and Z is an independent subordinator of class Sub(p). (4) In the special case
of the subordinator process Z?, with a € (0, 2), that is, when p is defined by formula (2.12) with
B = 3, the process L constructed in view of Theorem 2.5.4 will be denoted by L* and is called
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the H-cylindrical a-stable process. Note that
Eei<La(t)'¢> — e*t}»a(‘b)’ (b E U*,t 2 O

where A, is defined by
1\ 2
)= (5) 105 ocH 217)

(5) It follows from Example 1 (ii) that L* belongs to the class LSub(H, p) iff a < p.

(6)Suppose the Lévy process L and its intensity measure v are defined as in Theorem 2.5.4.
By part (iii) of the teorem, the process L is of finite variation iff. |, B0 [Eluv(du) < oco.

(7) It follows from part (5) of these remarks that, if in addition H = U = R, the process L% is
of finite variation in U iff. a € (0,1), i.e.

1
/ s'?s71-3ds < 0.
0

Proof. The proofs of (1)-(3), (5) are trivial. We prove (4), (6),(7). To see why (2.17) is true, we
use (2.11) with O drift. Then by Theorem (2.5.2),

1
Y <§|¢|%1>

_ YU o bl et
- o |, (et e,

M)
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Let a = §|¢|*¢ and da = }|¢[*d€, then

I
IR
—
=l =
|
IR |
7N N 7 N e

1ie ,ia
= (5)2 (o))
Now, Let L be a U-valued Lévy process with intensity measure v be defined as in Theorem 2.4.

—e @ Hec Ut t>0,

where Aq(¢) = (%)% |6|%, ¢ € H. Then, L is of finite variation iff.

/ lulpv(du) < oo
Bu(0,1)

— ulo [ ¢dulpids) < o0
Byl(0.1) 0

- [/ N ulocidu) ) pids) < oc

So (4), (6) are proved. Now we prove (7). From (5), we see L* C LSub(H,p) iff. a < p. Now
let H = U = R, the process L® is of finite variation in U iff. [01 s'2s71=% ds < oo, that is, iff

66



€ (0,2). To see this,
L® c LSub(H, p)

1
— /O £5plde) < oo

— /152;5 (€)de < oo
o BT — ByetpsO

1 o
Br(1 _3)g1+5/0 £7E0,0)(€) dE < 00

Now, withp =1, =%

1 r
€1+[3/ E2E0,00) (£)de < o

/ g Li14g
2 2

1 a

pri1 —

iff
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CHAPTER 3

Stochastic Navier-Stokes equations with cylindrical stable
noise on 2D rotating spheres: weak solution, strong solution
and invariant measure

Summary

Our goal in this chapter is to generalise the analysis in Gaussian case [14] to the case where
added noise is given by a stable Lévy noise. This chapter is concerned with the following
stochastic Navier-Stokes equations (SNSE) on a 2D rotating sphere:

ou+Vyu—vu+wxu+Vp=f+nlx,t), divu=0, u0)=up (3.1)

where L is the stress tensor, w is the Coriolis acceleration, f is the external force and 71 is the
noise process that can be informally described as the derivative of an H-valued Lévy process.
Rigorous definitions of all relevant quantities in this equation will be given in section 2 and 3.
Our aim is to investigate the following three fundamental questions

e Does there exist weak solutions to (3.1) globally in time? Unique?

e Does there exist strong solutions to (3.1) globally in time? Unique?

e Does there exist stationary solutions to (3.1) time?
The new features in this chapter are the following. First, we prove that given L*-valued noise,
V'-valued forcing f and small H-valued initial data, there exists an uniqueness global weak
(variational) solution which depends continuously on initial data. Moreover, with increased
regularity of forcing and initial data, we prove an unique strong (PDE) solution for the abstract
stochastic Navier-Stokes equations on the 2D unit sphere perturbed by stable Lévy noise. The
existence time interval depends on the regularity of force and the assumption of the noise.
Finally, deduce the existence of invariant measure for the SNSE and establish measure support.
The chapter is organised as follows. In section 3.1, we review the fundamental mathematical
theory for the deterministic Navier-Stokes equations (NSE) on the sphere. In subsection 3.1.1,
we recall some basic facts from spherical calculus and differential geometry. In subsection
3.1.2 we outline the necessary function spaces on the sphere in the theory of NSE on the
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sphere. In subsection 3.1.3, we recall the weak formulation of these equations. In section 3.2,
we define the SNSE on the spheres. We start with some analytic facts; we introduce the driving
noise process, which is a stable Lévy noise via subordination. The SNSE is then decomposed
into an Ornstein Uhlenbeck (OU) process (associated with the linear part of the SNSE) and a
shift-invariant subset of full measure is identified that satisfies the Marcinkiewicz strong law of
large number (see appendix). In section 3.3, we prove there exist global weak solution using
the usual Galerkin approximation based on vector spherical harmonic series expansion. (see
the proof of Theorem 3.2.5) Moreover, uniqueness is proven using the classical argument in
the spirit of Lion and Prodi [74]. Furthermore, the solution is shown to depend continuously on
initial data. (see the proof of Theorem 3.2.6) In section 3.4, we prove strong classical solution
(see the proof of Theorem 3.3.7) for smooth initial data, sufficient regular noise following the
classical lines in the proof of Theorem 3.1 [19]. In the final section, we prove the existence of
an invariant measure.

3.1 Navier-Stokes equations on a rotating 2D unit sphere

The sphere is the simplest example of a compact Riemannian manifold without boundary
hence one may employ the well-developed tools from Riemannian geometry to study objects
on such manifold. Nevertheless, all objects of interests in this thesis are defined explicitly
under the spherical coordinate. The presentation here follows closely from Goldys et al. [14]
and reference therein.

3.1.1 Preliminaries

Let S? be the 2D unit sphere in R that is §? = {x = (xy,x9,x3) € R®: |x| = 1}. An arbitrary
point x on S? can be parametrized by the spherical coordinates

x =2(0,¢) = (sinfcosp,sinfsing,cosh), 0<0<7w, 0< ¢ <2

The corresponding angle 6 and ¢ will be denoted by 6(x) and ¢(x), or simply by 6 and ¢.
Let eg = e4(0, ¢) and ey = e4(0, ¢) be the standard unit tangent vectors of S? at point £(6, ¢) € S?
in the spherical coordinate, that is,

eg = (cosOcos P, cosOsing, —sinb), ey = (—sind,cosd,0).

Remark that

0(0.9) 1 0%(6,9)
8 ' ° sino o

where the second identity holds whenever sin 6 # 0.

€p =

Our first aim is to give a meaning to all the terms in the deterministic Navier-Stokes equation
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for the velocity field u(f, t) = (ug(%, t), uy(x, t)) of a geophysical fluid flow on a 2D rotating unit
sphere S? under the external force f = (fy, fo) = foeo + foes. Motion of the fluid is governed
by the equation

oru + Vyu —vLhu + w x u+%Vp =f, V-u=0, ulx,0) = uy. (3.2)

Here v and p are two positive constants denote the viscosity and the density of the fluid, the
normal vector field

w = 2Q cos(6(x))x,

where x = £(6(x), ¢(x)) , Q is the angular velocity of the earth and 6 is the parameter rep-
resent the colatitude. Note that 8(x) = cos™'(xs). In what follows we will identify w with the
corresponding scalar function w defined by w(x) = 22 cos(0(x)).
We will introduce now other terms that appear in the equation.
The surface gradient for a scalar function f on S? is given by

of 1 of

V= @69 " sin@%

ey, 00w 0S¢ < 2.

Unless specified otherwise, by a vector field on S we mean a tangential vector field, that is, a
section of the tangent vector bundle of S,

On the other hand, for a vector field u = (ug, uy) on S that is u = ugey + ugey one puts
1

0 , 0
V-u= S0 <%(u95m 0) + %ud,) : (3.3)

Given two vector fields u and v on S? there exist vector fields @t and ¥ defined in some
neighbourhood of the surface S* and such that their restriction to S* are equal to u and v.
More precisely, see Definition 3.31 in [44],

iy =u:S* - TS*, and 9|y =v:S* — TS*.
For x € R?, we define the orthogonal projection 7, : R> — T, S? of x onto T,S? that is

TRy s y—(x-y)x=—-xx(xxy) e TS (3.4)

Lemma 3.1.1. Suppose 1 and ¥ are R3-valued vector fields on S?, and u, v are tangent vector
field on S?, defined by u(x) = . (it(x)) and v(x) = 7. (¥(x)), x € S°. Then the following identity
holds

() x 9(x) = ulx) x ((x - vix)x) + ((x - ulx)x x vix), xeS2 (3.5)

Proof. The proof is in Goldys et al. [20], nevertheless, we include a summary of the proof
here for readers’ curiosity. Let us fix x € S*. Then one may decompose vector @t and ¥ into
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tangential and normal components as follows

t=u+ut with ueT,S? u'=(u-xhx,

—v+vt with veT,S? vt=(v x)x.

<

Since u x v is normal to T.S? . (u x v) = 0. Likewise, u* x v+ = 0 since the cross product of
two parallel vectors yields the O vector. Hence, it follows that

T x¥)=muxv+uxvi+u-xv)=uxvt+ut xv (3.6)

O

We will denote by V the usual gradient in R® and then we have
(V)(x) = m(VFx). (3.7)

The operator curl is defined by the formula

(curlu)(x) = (I — m)(V x @)(x)) = (x - (V x 11)(x))x. (3.8)
Let u be a tangent vector field on S?. Applying formula (3.6) to the vector fields @ and ¥ = V x
one gets
(% (V x @) =@ x (V x (ut +u)
=ux(Vxu')+ut x(V xu)
=ux((x-(V x@)x)
= (x-(Vxua)uxx), xeS (3.9)

So, we can now define the curl of the vector field u on S% namely,
curl u:= 2 - (V x t)|g (3.10)
equations (3.6) and (3.10) yield
it x (V x )](x) = [ulx) x x]curlu(x), xe$?

Therefore, we have the following

Definition 3.1.2. Let u be a tangent vector field on S? and let the vector field ¥ be normal to
S?. We set

curlu = (£ - (V x @))|s2, Curly = (V x @)|g (3.11)
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The first equation above indicates a projection of ¥V x @t onto the normal direction, while the
2nd equation means a restriction of ¥ x 9 to the tangent field on S?. The definitions presented
above do not depend on the extensions @ and . A vector field ¥ normal to S* will often be
identified with a scalar function on S? when it is convenient to do so. The following describe
the relationships among Curl of a scalar function 1, Curl of a normal vector field w = wZ,
and curl of a vector field v on S? and the surface div and A operators are given as

Curly = -2 x Vi, Curlw = -2 x Vw, curl v = —div(® x v). (3.12)

Let
(Vou)(x) = my <Z fii(x)&-a(x)) =, ((9(x) - V)alx)), xeS (3.13)

Invoking (3.5) and the formula

we find that the covariant derivative V,u takes the form
| .
Vuu = VT — JTI(U X (V X u))

In particular, using (3.5) we obtain

Jul”

v,u = Vu? —u x curlu.

The surface diffusion operator acting on vector fields on S* is denoted by A (known as the
Laplace de Rham operator) and is defined as

Av = Vdiv v — Curl curl v. (3.14)
Using (3.12), one can derive the following relations connecting the above operators:
div Curl v =0, curl Curlv= —%Avy, ACurl v = CurlAv. (3.15)

Next, we recall the definition of the Ricci tensor Ric of the 2D sphere S?. Since

RiC=EF
F C

where the coefficients E, F, G of the first fundamental form are given by
E = Xpg - Xg = 1
F=x9-x¢=x¢-xg=0

C =1x4 x4 =sin’0
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we find that

1 0
Ric = o . (3.16)
0 sin“6O
Finally we define the stress tensor L: it is given by
L = A+ 2Ric

where A is the Laplace-de Rham operator.

3.1.2 Function spaces on the sphere

In what follows we denote by dS the surface measure on S?. In the spherical coordinate one
has locally, dS = sin0d6d¢. For p € [1,00) we denote by LP = LP(S?,R) of p integrable scalar
function on S? endowed with the norm

v]os = < [ 1v<x>lpds<x>>ﬂp.

For p = 2 the corresponding inner product is denoted by
(vi, o) = (v1, Vo)ro2) = /2 ViV dS
S

On the other hand, we denote LP = LP(S?) the space LP(S?, TS?) of vector fields v : §* — TS?

endowed with the norm
1/p
vho = ( [ taipasta))
S2

where, for x € S?, |v(x)| denotes the length of v(x) in the tangent space T,S?. For p = 2 the
corresponding inner product is denoted by

(vi, vo) = (w1, w12 = /2 Vi - v dS.
s

Throughout this thesis, the induced norm on LL?(S?) is denoted by | -|. For other inner product
spaces, say V with inner product (-, -)y, the associated norm is denoted by | - |y.

The following identities hold for appropriate real valued scalar functions and vector fields on
S?, see (2.4)-(2.6) [64]:

(VY,v) = —(3,divy), (3.147)
(Curl ¥, v) = (¥, curl v), (3.18)
(Curlcurl w, z) = (curl w, curl z). (3.19)

In (3.18), the L*(S?) inner product is used on the left hand side while the L*(S?) is used on the
right hand side. Throughout this thesis, we identify a normal vector field w with a scalar field
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w and by w = £w and hence we put
<lp,W) = ('(l), W)LQ(SQ), if w= 1w, lp, W c LQ(SQ) (320)

Let us now introduce the Sobolev spaces H'(S?) and H'(S?) of scalar functions and vector fields
on $?. Let ¥ be a scalar function and let u be a vector field on S?, respectively. For s > 0 we
define

W%HSQ) = |¢[%2(s2) + IV¢|%Q(SQ)' (3.21)
and
[ulfie, = lul* + |V -u” + [Curlul”. (3.22)
One has the following Poincaré inequality
Mu| < |divu| + |Curlu|, u e HY(S?), (3.23)

where Ay > 0 is the first positive eigenvalue of the Laplace-Hodge operator, see below. By the
Hodge decomposition theorem in Riemannian geometry [31], the space of C* smooth vector
field on S? can be decomposed into three components:

CoTS*)=Gadad),
where
G={Vye COO(SQ), 4 = {Curly € COO(SQ),

and 9C is the finite-dimensional space of harmonic vector fields. Since the sphere is simply
connected, that is, the map S* — §? is a diffeomorphism and so 9C = {0}. The condition of
orthogonality to 9( is dropped out. We introduce the following spaces

H:={ucl?S*:V u=0]},
V= HnH{S?).
In other words, H is the closure of the
fuecC®TS?:V-u=0]}

in the L? norm |u| = (u, u)"?

, where u = (ug, uy) and
(u,v) = / ug(x)ve(x)dx, (3.24)
SQ
and the space V is the closure of

fue C®TS?:V-u=0}
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in the norm of H' (S?). Since V is densely and continuously embedded into H and H can be
identified with its dual H’, one has the following Gelfand triple:

VCHZH cV. (3.95)

3.1.3 Stokes operator

We will recall first that the Laplace-Beltrami operator on S? can be defined in terms of spherical
harmonics Y, ,, as follows. For 0 € [0, 7], ¢ € [0, 271), we define

(2 + 1)(1 — |m|)1]""*
4ot(l + |m|)!

Vim0, @) = DPM(cos0)e™’, m=—1I,---,1, (3.26)

with P/" being the associated Legendre polynomials. The family {¥;,,,: [ =0,1,..., m=-Il,...,

form an orthonormal basis in L? (SQ) and then we can define the Laplace-Beltrami operator
putting

AYl’m = —l(l + 1)Ylm
, and then extending by linearity to all functions f : L? (S?) such that

00 l
DD PUH 1P, Yimfages) < 00

[=0 m=-1

We consider the following linear Stokes problem, that is given f € V/, find v € V such that
vCurlcurlu — 2vRic(u) + Vp =f, V-u=0. (3.27)

By taking the inner product of the first equation above with a test field v € V and then use
(3.19), the pressure term drops and we obtain

v(curlu, curly) — 2v(Ricu, v) = (f,v) Vve V.
Next, define a bilinear forma:V x V — R by
a(u,v):= (curlu,curlv) — 2(Ricu,v), u,velV. (3.28)
In view of (3.22) and the formula (3.16) for the Ricci tensor on S?, the bilinear form a satisfies
alu, v) < [ul V] (3.2)

and so it is continuous on V. So, by the Riesz representation theorem, there exists a unique

operator A : V — V' where V' is the dual of V, such that a(u,v) = (Au,v), for u,v € V.

Invoking the Poincaré inequality (3.23) we find that a(u, u) > a|ul?, for a certain a > 0, which

implies that a is coercive in V. Hence by the Lax-Milgram theorem the operator A :V — V’
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is an isomorphism. Let A be a restriction of A to H:

DA) ={ueV: Aue H],

(3.30)
Au = Au, ue D).

It is well known (see for instance [102], Theorem 2.2.3 ) that A is positive definite, self-adjoint
in H and D(A'?) = V with equivalent norms. Furthermore, for some positive constants ¢y, cy
we have

cilulpp) < |Au| < cslulpu)

(Au,u) = ((u,u)) = |uly = |Vul* = |Du|®>, u < D(A). (3.31)

The spectrum of A consists of an infinite sequence of eigenvalues A;. Using the stream function
Y, for which Z;,, = Curly;,, and identities (3.15), one can show that each A; are in fact the
eigenvalues of the Laplace-Beltrami operator A, that is A; = [(l + 1), and there exists an
orthonormal basis (Zi )., of H consisting of eigenvector of A, where

Zim =N PCurlVy,, 1=1,..., m=—1,..., L (3.32)

Therefore, for any v € H, one has,

o

l
V= Z Z f]l,mzl,mf /‘}l,m = / v Zl,mds = (V' Zl,m)- (333)
S‘

=1 m=-1

An equivalent definition of the operator A can be given using the so-called Leray-Helmhotz pro-
jection P that is defined as an orthogonal projection from L*(S?) onto H, called Leray-Helmhotz
projection. Let H?(S?) denote the domain of the Laplace-Hodge operator in H endowed with
the graph norm. It can be shown in [60] that D(A) = H2(S?) NV and A = —P(A + 2Ric).
Therefore, we obtain an equivalent definition of the Stokes operator on the sphere.

Definition 3.1.3. The Stokes operator A on the sphere is defined as
A:DA)c H—H, A=—P(A+2Ric), D(A) =HYS*nV, (3.34)

where A is the Laplace-De Rham operator.

It can be shown that V = D(A'?) when endowed with the norm |x|y = |[AY?x| and the inner
product ((x,y)) = (Ax,y). After identification of H with its dual space we have V. ¢ H c V'
with continuous dense injection. The dual pairing between V and V' is denoted by (-, )y.y.
Moreover, there exist positive constants ¢4, ¢, such that

ciluly < (Au,u) < coluly,  u € D(A).
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Let us now introduce the Sobolev spaces H*(S?) and H*(S?) of scalar functions and vector fields
on $?. Let ¥ be a scalar function and let u be a vector field on S?, respectively. For s > 0 we
define

¥

JQLIS(SQ) = |¢|%2(s2) + |(—A>5/Q¢I%2(s2>' (3.35)

and

ulfgy = [uf” + |(=A)"ul?, (3.36)

where A is the Laplace-Beltrami operator and A is the Laplace-de Rham operator on the
sphere. Note that, for k = 0,1,2,--- and 0 € (0,1) the space H**?(S?) can be defined as
the interpolation space between H*(S?) and H**!'(S?). One can apply the same procedure for
H*+9(S?), [20]. The fractional power A%? of the Stokes operator A in H for any s > 0 is given
by

00 [ 00 [
D(AS?) = {V cH:v= Z Z O mZim, Z Z M 0m|? < oo} ,

=1 m=-1 =1 m=-1

00 l
2., . 24
APy =N "N AP0 mZym € H.

m=1m=-1

The Coriolis operator C; : L%(S?) — L*S?) is defined by the formula
(Cyv)(x) = 2Q(x x v(x))cosh, x & S% (3.37)

It is clear from the above definition that C; is a bounded linear operator defined on L*(S?).
In the sequel we will need the operator C = PC; which is well defined and bounded in H.
Furthermore, for u € H,
(Cu,u) = (Cyu, Pu) = / 2QcosO((x x u) - ulx))dS(x) = 0. (3.38)
S2
In addition,

Lemma 3.1.4. For any smooth function u and s > 0O
(Cu, A%u) = 0. (3.39)

Proof. The case s = 0 is obvious as in the line above, due to the fact (w x u)-u = 0. For s > 0
we refer readers to Lemma 5 in [99]. O

IThe angular velocity vector of earth is denoted as €2 in consistant to geophysical fluid dynamics Literature. It
shall not be confused with the notation for probility space Q2 used in this thesis.
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Let X = HNL*(S*) be endowed with the norm
ol = 9l + [Vl

Then X is a Banach space. It is known that the Stokes operator A generates an analytic Cy-
semigroup {e "} in X (see Theorem A.1 in [14]). Since the Coriolis operator C is bounded
on X we can define in X an operator

A=vA+C, D(A)=DA),

with v > 0.

Lemma 3.1.5. Suppose that V ¢ H = H' Cc V' is a Gelfand triple of Hilbert spaces. If a
function u being L?(0, T; V) and 6;u belongs to L*(0, T; V') in weak sense, then u is a.e. equal
fo a continuous function from [0, T] to H, the real function |u|2 is absolutely continuous and,
in the weak sense one has

Bifult)]? = 2(Bult), ult)) (3.40)

Proposition 3.1.6. The operator A with the domain D(ﬁ) = D(A) generates a strongly con-
tinuous and analytic semigroup {e '} in X. In particular, there exist M > 1 and p > 0
such that

le o < Me ™, t>0, (3.41)
and for any & > 0O there exists Ms > 1 such that
A%~ o) < Mt Se ™, >0, (3.42)

Proof. The proof can be found in [14] (the proof of Proposition 5.3). Nevertheless, we include
the proof here for readers’ convenience. Since A is the infinitesimal generator of the analytic
Co-semigroup in X, C is the bounded linear operator on X, then by Theorem A.1 [14] and
Corollary 2.2 on p.81 of [86] we infer that operator A is a generator of another analytic C,

—t(vA+C

semigroup on X. Suppose u(t) = e lug for some ug € V C X. Let us first show that

/O u(f)2df — /O e M Oy 2, 0 dit < co. (3.43)
By Lemma 3.1.5 and identity (3.38), we have

5o lut)” = (W'(t),ult) = —(vAu,u) - (Cu,u) = —v|ul§.
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Hence
S—=[u(t)]” + vulf, = 0. (8.44)

Since |ul$ = [A"?u?> > A|ul? by Lemma 3.23, we obtain

d
a|u(l‘)|2 < —2Mvult)?.

Using the Gronwall inequality, we obtain |u(t)|? < e ?""!ug|? for uy € H?(S?), hence for all
ug € X, the claim (3.43) follows.
Now integrate (3.44) from O to T we have

T+ 20 [ Jutfiat = fuo)”
0
It is clear that
/O Tl < oo (3.45)

as T — oo for all uy € H. Using the interpolation inequality in p.12 [66], the Cauchy-Schwartz
inequality and the previous three inequalities we obtain that

/Ooolu<t)li4dt < </Ooo|u(t)|{2dt>2 </Oo°|u(t> 2th>é o

Invoking Theorem 4.1 on p.116 [86] with X = H N1L4(S?) we conclude that |e~A] ¢y y) < Me !
for some constants M > 1 and p > 0. Finally, using Theorem 6.13 on p.74 of [86] with
X = HNL*S?), the conclusion in (3.42) follows. O

Now consider the trilinear form b on V x V x V, defined as

3
blv,w,z) = (Vyw,z) = | V,w-zdS =, Z viDiwizidx, v,w,ze V. (3.46)
S2

ij=1
Via the identity [14],

2V v = —curllw x v) + V(w-v) —vdivw + wdivv — v x curl w — w x curl v,
and equation (3.14), one can write the divergence free fields v, w, z, the trilinear form can be

written as

blv,w,z) = 5/ [-vxw-curl z+curl vx w-z —v x curl w-z|dS. (3.47)
S2

Moreover,
blv,w,w)=0, blv,z,w)==blv,w,z), veV,wzecH(S?, (3.48)
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and such that
|B(u,v), w| = |b(u,v,w)| < clul|w|(jcurl v|i =) + |V|Lesy), ueHveV,weH, (349
P2 v lwly, u,v,weV, (3.50)

[Blu, v), w| = [blu, v, w)| < clu]"?]ul

|Blu, v), w| = |blu, v, w)| < clu|"?|ulV?|v|V?|Au|"?|w|, Yu e V,ve DA),we H, n=2,

(3.51)
Iblu, v, w)| < clulpuey | v|v|wliisy, v e V,uweHY(S). (3.52)
In view of (3.50),
B(u,v), z
sup LB ZN g, < cfuftful v vl
zeV,|z|y+0 z]y
— [Blu, u)ly < clulfuly, (3.53)
|Blu, u)[n < clul[uly.
Bu,v), z
sup |( ( ) )| _ |B(ll, V)|H < c|u[1/2]u[%/2]v|“21V|%/2
seH)zuro |2l
— |Blu, u)|g < clulluly. (3.54)
In view of (3.51),
Bu,v),z
sup  LBUTLZ i vy < ol fu? )2 A
zeH,|z|#0 |z|n
— |Blu, u)|y < clu|"?|uly|Aul'? < clu|i?|uly|Aul'? V¥ u e D(A). (3.55)

In view of (352), b is a bounded trilinear map from L*(S%) x V x L*(S?) to R.

Lemma 3.1.7. The trilinear map b can be uniquely extended from V x V x V to a bounded
three-linear map

b:(LYS*)NH) x LYS?) x V - R.
Finally, we recall the interpolation inequality (See [66], p.12),

Ul < CluliFg [uly?”. (3.56)
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Inequality (3.50) is deduced from the following Sobolev embedding
Hl/Q _ W1/2,2(S2) s L4(S2)
Then using (3.14), (3.17), (3.30) and (3.47), we arrive with the weak solution of the Navier-Stokes

equations (3.3), which is a vector field u € L?([0, T]; V) with u(0) = uy that satisfies the weak
form of (3.3):

(0¢u, v) + b(u, u, v) + v(curlu, curlv) — 2v(Ric u,v) + (Cu,v) = (f,v), veV, (3.57)
where the bilinear form B:V x V — V' is defined by
& O(v)
_ — TR
(B(u,v),w) = blu,v,w) = Z/SQ u; o, udx, welV. (3.58)

ij=1

With a slight abuse of notation, we denote B(u) = B(u, u) and B(u) = st(u, Vu).

3.2 Stochastic Navier-Stokes equations on the 2D unit sphere

By adding a Lévy white noise to (3.2), we obtain the main equation in this thesis.

ou+ Vyu—vhu+wxu+Vp=f+n,t), (3.59)
divu = 0,u(x,0) = up, x € S% (3.60)

We assume that, up € H, f € V' and n(x, t) is the so-called Lévy white noise, that is a noise
process which can be informally described as the derivative of an H-valued Lévy process,
that is rigorously defined in Lemma 3.2.7. Applying the Leray-Helmholz projection we can
interpret equation (3.59) as an abstract stochastic equation in H

du(t) + Au(t) + Blu(t), u(t)) + Cu = fdt + GdL(t), u(0) = uy, (3.61)

where L is an H-valued stable Lévy process and G : H — H is a bounded operator. In order
to study this equation we need to consider first some properties of the stochastic convolution.

3.2.1 Stochastic convolution of -stable noise
In this section we will study a linear version of equation (3.61)

dz(t) + Az(t) + Cz = GdL(t), z(0)=0. (3.62)
Under appropriate assumptions formulated below its solution takes the form

t .
Zi = / e M=5IGdL(s), (3.63)
0
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where A = A + C. Let W be a cylindrical Wiener process on a Hilbert space K continuously
imbedded into H and let X be a B/2-stable subordinator. Then the process L = W(X) is a
symmetric cylindrical p-stable process in H. Assume that G : H — H is y-radonifying. Then
the process GL is a well defined Lévy process taking values in H. Under these assumptions
the process z defined by (3.63) is a well defined H-valued process and moreover, it can be
considered as a solution to the following integral equation

t t
z(t) = — / e 1=9ACz(s)ds + / e =G dL(s) (3.64)
0 0

With some abuse of notation, we will denote now by A; the eigenvalues of the Stokes operator
A taking into account their mulitplicities that is 44 < Ay < ---, and by e; the corresponding
eigenvectors that form an orthonormal basis in H. We will impose a stronger condition on
the operator G:

Ger=0e, 1=1,2,....

We will consider the process

t
70 = / e 192GdL(s) = Zz?(t)el,
0

where

t
2l1) - / e -SG5, (s). (3.65)
0

Lemma 3.2.1. Suppose that there exists some 6 > 0 such that } ;. |0 [ﬁ)f ® < co. Then for
all p € (0,B),

p

B
E|A°L(t)]P < C(B, p) <Z |<fz|%“> t < oo, (3.66)
I>1

Proof. Let L(t) = 2121 Lﬁel, t > 0 be the cylindrical B-stable process on H, where ¢ is the
complete orthonormal system of eigenfunctions on H and Ly, Ly, --,L; are iid. R-valued,
symmetric B-stable process on a common probability space (2, 7, P). Now take a bounded
sequence of real number 0 = (0y).cn, let us define

G,:H — H;, Gyu:= Zal<u,el)el,

[=1

and o; are chosen such that

GGL(t) = ZO[<L1(t), el)el = ZO{Ll(f)el.
=1 [=1
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To show (3.66), we follow the argument in the proof of Lemma 3.1 in [115] and Theorem 4.4
in [90]. Take a Rademacher sequence {ry}r>1 in a new probability space (', F', ), that is,
[rp }p>q ave iid. with P{r, =1} = P{r, = -1} = % By the following Khintchine inequality:
for any p > 0, there exists some C(p) > 0 such that for arbitrary real sequence {h;};-4,

1/2 1/p
<Zh?> < Clp) <E’IZrzhllp> :

[>1 1>1

Via this inequality, we get

p/2
E|A°L(t)|* = E <Z?»125|0112|Lz(t)|2>
>1

< CEE' |Y " riAf|on]|Li(t)]

I>1

— CE'E|> _riA|ail[Li(t)]

I>1

where C = CP(p). For any A € R, by the fact of |r,| = 1 and formula (4.7) of [90],

Eexp {inzrmflozwz(t)} = exp { —nl°y ]Oz|ﬁlf6f} :

1>1 >1

Now we know that any symmetric S-stable rv. X ~ S,(0,0,0) satisfies
]EeinX _ efcﬁnﬁ
for some B € (0,2), n € R, then for any p € (0, B),
E|X|P = C(B, p)oP.

Since Y2, |aiPAY° < 0o, (3.66) holds. O

Lemma 3.2.2 (p.3714, [115]). Suppose that there exists 6 > 0 such that

Y oAl < oo
[=1
Then for allp € (0,B8) and T > 0
E sup |A°z | < C (1 + Tp(1‘5>> e (3.67)
0<t<T
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Proof. It is proved in [115] that for p > 1
E sup |AzP < CTP#. (3.68)

0<t<T

In order to prove the lemma for the process z, we use formula (3.64). Let Z = z — z°. Then

(3.64) yields

% = —AZ-C(Z+2°) = -AZ-Cz° Z(0)=0.
Therefore,

T ~
Z(t) = —/ e =ACz0%s)ds, t>0.
0

Then, by the properties of analytic semigroups we find that

t ~
Azt g/ A lt-n
0

‘CZO(S)‘ ds

t
c
<su Czos/ ds
_SSE)‘ (){ o (t—s)°

< cit' P sup |CZ%(s)]

s<t
< ¢q|C|t'° sup 1z%s)]| .
s<t
Since C is bounded, we have D (ﬁ) — D(A) by Theorem 211 in [86]. Since A > 0 is selfadjoint,
the domains of fractional powers can be identified as the complex interpolation spaces, see
Section 1.153 of [107]. Therefore, D (A°) = D <Z\5> for every 7 € (0,1), which yields the
existence of constants, ry, ro depending on 6 only, such that

ry )ﬁ‘sx‘ < |A%x| <1y AT

, xeD(A”).
Using (3.68) we find that

E sup }AéZ(t)|p < cfrb|ClPTP 9K sup |zo(s){p < 00.
t<T s<T

Now the lemma follows since z(t) = Z(t) + z°(t).
Finally, for completeness we prove the case p € (0, 1) for the process z°. As (3.67) is proved
for q € (1,B) we fix q € (1,B) and then
E < sup |Aéz?|q> < CTY%,
0<t<T

Using the Holder inequality (see for instance [62], p.191) one has that, that is
E(X]" 1) < (EXP9)Y,
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We then have

q\ Pla
<E <{ sup |Aéz?1} >
0<t<T
< (CyT¥B)Pla

= cplarele
< CTPP.

Proposition 3.2.3. [p110,/90]] Suppose ) -, % < oo, then forany 0 < p <, t >0,

B
1 — e Bu+art\”
Elodl” < & <Z l@"sw—m>

where c, depends on p and . Moreover, as a — oo,
E|Z)P - 0

Proof. Under same theme of the proof of Lemma 3.2.1, we follow the argument in the proof
of Theorem 4.4 in [90] to complete the proof. Let z) be the solution of

dz) + (A +al)z) = GdL(t), z°0)=0

which has the expression

7 = /Ot S(t — s)GdL(s)

&)

t
— Z </ e(kwa)(tS)oldLé) e
0

[=1

where we used the notation S(t) = e~tA+al) Take a Radamacher sequence [rr }e>1 in @ new
probability space (', F', ), that is (2, F', ), that is {r; };>1 are iid. with P(r;, = 1) = P(r; =
—1) = % By the following Khintchine inequality: for any p > 0, there exists some ¢, > 0 such
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that for any arbitrary real sequence {c; }icn,

1/2 t/p
<ZC12> < Cp <]E/| ZY’[C[IP> ,

1>1 I>1
where ¢, depends only on p.
Now fix w € Q, t > 0, write

1/2
<Z 20, w>|2> < GENY nalt, w)).

>1 1>1

Then

24
2

E|Z)|P = <Z|/ ~+a)(t- sodLl|2>
) t
< cPE <IE‘/| Zr@?(f)l”) = <E| Zrlzﬂp) = b <E[ Zrl/o e““’*‘)‘)“*s)oldLHP) :
-1 -1

-1
For any t > 0, k € R using the fact |r;| =1, | > 1 and formula (4.7) in [90],

EemZNmZ; = e [Kﬁzlolvg/ e —BN+a)(t— S)ds.

I>1
Now we use (3.2) in [90]: If X is a symmetric B-stable r.v. with distribution S(B, v, 0) satisfying

Eeich _ e~’yB]l€|B
for some B € (0,2) and any k € R, then for any p € (0, 8), one has

EX? = C(B,p)y”
s
Since ) ;.4 ;ﬁ < 00, the assertion follows. Furthermore, E|z) — 0 as a — oo. 0

Now we present a Lemma that allows us to claim that the solution of SNSE has cadlag trajec-
tories. The proof follows closely with Lemma 3.3 in [115].

Lemma 3.2.4. Assume that for a certain 6 € [0, 1)
Y oA < o
-1
Then the process z defined by (3.65) has a version in D ([0, c0]; D (A°))

Proof. By Lemma 3.2.2 we have

E sup |A%z]P < oo
0<t<T

86



for any p € (0,8). Now, by Theorem 22 in [75] z° has a cadlag modification? in V. By
representation (3.64) the process z is cadlag as well and the proof of Lemma is completed. [

We still study the - radonifying, property, that is equation (2.2) introduced in Chapter 2 of the
operator (I — A)~®.

Lemma 3.2.5. Let A denotes the Laplace-de Rham operator on S? and q € (1, c0). Then the
operator

(-=A +1)"°:H — LI(S?) is y — radonifying iff s > 1/2.

Proof. Let us choose and fix q € (1, 00). Let us recall that all the distinct eigenvalues of —A +1
are \y +1 =1(l+1)+1,1=0,1,---, and the correspnding eigenfunctions are given by the
divergence free vector spherical harmonic VY, ,, for |m| <[, 1 € N (p.216 [111]). Let us recall
also the addition theorem for vector spherical harmonic

21 +1
. W) = = =p), xes

Im|<1

Now, it is clear that

EY (01+1)+1)7) " Yynlx)

1-0 jm| <! La
q
=/EZ(Z+1 =Y Vimlx)| dS(x)
o m|<I
/2
021+ 1 !
~ ¢, Y o +1)+1)7 o pP(1)] dS(x)
s \'Zo

converges if and only if s > 1. O

Let X = L*(S?) N H be the Banach space endowed with the norm
xlx = || + |xfuss).
It follows from Lemma 3.2.5 that the operator
A~®:H — X is v — radonifying iff s > 1/2. (3.69)
We need the OU process to take value in X, to this end, we need the following assumption.

“Modification with cadlag path.
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Definition 3.2.6. Let K and X be separable Banach spaces and let 7k be the canonical cylin-
drical (finitely additive) Gaussian measure on K. A bounded linear operator U : K — X is said
to be y-radonifying iff U(yy) is a Borel Gaussian measure on X.

One has to choose X wisely, so that U : K — X is y-radonifying (in checking validifty of
subordinator condition (2.12) The following is our standing assumption.

Assumption 1 A continuously embedded Hilbert space K ¢ H N L* is such that for any
6€(0,1/2),

A%:K - HnL"* is y-radonifying. (3.70)

It follows from (3.69) that K = D(A®) for some s > 0, then assumption 1 is satisfied.

Remark. Under the above assumption, we have the facts K ¢ H and Banach space X is taken
as HN L% In fact, space K := Q'?(W) is the RKHS of noise W(t) on HNIL* with inner product
(-, )k ={Q7Y2x, 0~ 2y)y, x,y € K. The notation Q denotes the covariance of the noise W.
Note: The parameters used in Lemma 3.2.5 and Assumption 1 are independent. In the first
case, we start with the whole space, a smaller exponent is required to map onto H N L*(S?),
so the assumption s > 1/2 justifies. While in Assumption 1, we start with a smaller space, a
bigger exponent is required to map onto H N LL*(S?), so & € (0,1/2).

Corollary 1. In the framework of Proposition 3.1.6, let us additionally assume that there
exists a separable Hilbert space K C X such that the operator A=° : K — X is y-radonifying
for some 6 € (0,1). Then

/o le Ak dt < 0.
Proof. Since e~ = A°e~" A9, it follows by Neidhardt [81] that

le ™ rik.x) < 1A% o)A Rk ).

and then Proposition 3.1.6 yields finiteness of the integral. ([l

Let us recall what one means by M-type p Banach space [17]. Suppose p € [1,2] is fixed, the
Banach space E is called as type p, iff there exists a constant K,(E) > 0 such that for any finite
sequence of symmetric independent identically distributed rv. &, -+ ,&,: Q2 — [-1,1],n € N,
and any finite sequence xy,--- ,x, from E, satisfying

n
Z Eix;
i=1

p n
E < Kp(E)Y | JxilP.
i=1
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Moreover, a Banach space E is of martingale type p iff there exists L,(E) > 0 such that for
any E-valued martingale {M, }I'_, the following holds

N
supE[M,|P < Lp(E)Y “E|M, — My [P

n<N n=0

Lemma 3.2.7 (Corollary 8.1,[23]). Assume that p € (1,2], X is a subordinator Lévy process
from the class Sub(p), E is a separable type p Banach space, U is a separable Hilbert space,
EcUand W= (W(t),t >0) is an U-valued Wiener process.

Define a U-valued Lévy process as

Then the E-valued process

t
z(t) =/ e~ (t=siA+allq(s)
0

is well defined. Moreover, with probability 1, for all T > 0,

/T ()t < oo,
0

T
/ |z(t)|7,.dt < oo

The following existence and regularity result is a version of the result in [23].

Theorem 3.2.8. Let the process L be defined in the same way as in Lemma 3.2.7. Assume
that one of the following conditions is satisfied:

(i) p € (0,1] or

(ii) the Banach space E is separable of martingale type p for a certain p € (1,2].
Then the process

t a
Zo(t) = / e~ (t=siA+algr (s) (3.71)

9]

is well defined in E for all t > 0. Moreover, if p € (1,2], then the process z of (3.71) is cadlag.

Proof. As S = (S(t),t > 0) is a Cy semigroup in the separable martingale type p-Banach space

E, there exists a Hilbert space H as the reproducing Kernel Hilbert space of W(1) such that

the embedding i : H < E is y-radonifying. The proof of this theorem is a straight application

of Theorem 4.1 and 4.4 in [23]. OJ
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In order to obtain well-posedness of the SNSE 3.59, one need some regularity on the noise
term. Fortunately, this becomes attainable using Lemma 3.2.7 . In view of this, we construct
the driving Lévy noise L = L(t) by subordinating a cylindrcial Wiener process W on a Hilbert
space H. Let {W!, t > 0} be a sequence of independent standard one-dimensional Wiener
process on some given probability space (2, F,P). The cylindrical Wiener process on H is
defined by

W(t) =Y  Wiey,
l

where e; is the complete orthonormal system of eigenfunctions on H.
For B € (0,2), let X(t) be an independent symmetric B/2-stable subordinator, that is, an increas-
ing one dimensional Lévy process with Laplace Transform

Ee X — o=t 15 0
The subordinated cylindrical Wiener process {L(t),t > 0} on H is defined by
L) := W(X()), t>0.

Note in general that L(t) does not belongs to H. More precisly, L(t) lives on some larger Hilbert
space U with the y-radonifying embedding H < U. In this chapter we consider abstract 1t
equation in (3.61) (which we restate here) in H = L*(S?) :

du(t) + vAu(t)dt + Blu(t), u(t))dt + Cu = fdt + GdL(t), u(0) = u. (3.72)

Write (3.61) into the usual mild form one has
t t t
u(t) = S(t)yug — / S(t — s)Blu(s))ds + / S(t —s)fds + / S(t — s)GdL(s). (3.73)
0 0 0

where S(t) is an analytic Cy semigroup (e*fﬁ‘) generated by A = vA + C, where A is the
Stokes operator in H. Note that A is a strictly positive selfadjoint operator in H (that is
A:DA)cH—H A=A*>0,(Av,v) > y|v|*> for any v € D(A) for some y > 0 and v # 0).
The operator G : H — H is a bounded linear operator. For a fixed a > 0 we introduce the
process

t ~
Z(t) := / e (=Sl A GaL(t)
0
that solves the OU equation
dz, + (WA + C + a)z,dt = GAL(t), t>0. (3.74)

90



Now let v(t) = u(t) — z,(t). Then
dv(t) + vA(ult) — z,(t))dt + Blu(t))dt + Clu — z,(t))dt — az,(t)dt = fdt,
v(0) = vy.
The problem becomes
dv(t) + vAv(t)dt + B(v(t) + z4(t))dt + Cv(t)dt — az,(t)dt = fdt,
v(0) = vy.
Convert into standard form,

{%vw + (WA + C)vlt) = f - BIvlt) + zalt) + azalt),

(3.75)
v(0) = v,

where % is the right-hand derivative of v(t) at . Solution to equation (3.75) will be understood

in the mild sense, that is as a solution to the integral equation
t
v(t) = S(t)v(0) + / S(t — s)(f — B(v(s) + z4(8)) + az,(s))ds, (3.76)
0

with vo = 1y —2,(0). One can easily show that (3.75) and (3.76) are equivalent for v € C(0, oo; V)N
L2.(0, 00; D(A)). More precisely, (3.76) follows from (3.75) via integration. Then (3.75) follows
from (3.76) via the usual continuity argument (see Lebesgue Dominated Convergence Theorem
in Appendix), namely, differentiation the integral when integrand is continuous.

For brevity, we write z, as z. Let us now explain what is meant by a solution of (3.61).

Definition 3.2.9. Suppose that z € L{ ([0, T);L*S?) N H), vo € H, f € V'. A weak solution to
(3.61) is a function v € C([0, T); H) n L2 ([0, T); V) satisfies (3.75) in weak sense for any ¢ € V,
T >0,

0v, ) = (vg,d) —v(v,Ad) —b(v+2z,v+2,¢) —(Cv,¢) + (az + f, D). (3.77)

Equivalently, (3.75) holds as an equality in V' for a.e. t € [0, T].
Now if f € H, and the following regularity is satisfied,

v e L0, T;V)n L0, T; D(A)), (3.78)

then the solution becomes strong. More precisely,

Definition 3.2.10 (Strong solution). Suppose that z € Li ([0, T);L*S?) N H), vo € V, f € H. We
say that u is a strong solution of the stochastic Navier-Stokes equations (3.61) on the time
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interval [0, T] if u is a weak solution of (3.61) and in addition

u e L=(0, T; V) n L0, T; D(A)). (3.79)

3.2.2 A summary of main theorems

In this subsetcion we state the main theorems proved in this chapter are the following.

Theorem 3.2.11. Suppose that a > 0, z € Lf ([0,00); L4S?) N H), vo € H and f € V. Then

loc

there exists a unique solution v of equation (3.75). In particular, if
Y oA < o,
-1

then z € L} ([0, 00); L*(S?) N H).

loc

Next, we show the weak solution depends continuously on initial data, noise and forcing terms.

Theorem 3.2.12. Assume that,
u —u in H,
and for some T > 0,

zn —z in LY0, TL;LYS*)nH) fo—f in L*0,T;V). (3.80)

Let us denote by v(t, z)uy the solution of (3.75) and by v(t, z,)u’ the solution of (3.75) with
z,f,uy being replaced by zn,fn,ug. Then

v(-, zo)ud — v(-,z)ug in  C(0, T); H) n L0, T; V).

Theorem 3.2.13. Suppose that a > 0, z € L ([0, 00); L4(S?) N H), vo € H and f € V. Then

loc

there exists P-a.s. a unique solution u € D([0,c0); H) N L. ([0, 00); V) of equation (3.61). In

loc

particular, if
Y oAl < oo,
[

then z € L} ([0, 00); L*(S?) N H).

loc

Analogously to Theorem 3.2.12, the (cadlag in time) solution to the SNSE depends continuously
on initial data, noise and forcing terms.
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Theorem 3.2.14. Assume that,
uw —»u in H
and for some T > 0,
zn —z in LY0, TL;LYS*)nH) fo—f in L*0,T;V). (3.81)

Let us denote by u(t, z)ug the solution of (3.75) and by u(t, z,)u’ the solution of (3.75) with
z,f,uy being replaced by zn,fn,ug. Then

u(-, zg)u® — ul-, z)uy in D(0, T); H) N L*(0, T; V).

In particular, u(T, z,)u® — u(T, z,)uy in H.
Moreover, the weak solution is found to be strong indeed.

Theorem 3.2.15. Assume that a > 0, z € L} ([0,00); L*(S?) N H), f € H and v, € H. Then,
there exists unique solution of (3.76) in the space C(0, T;H) n L*(0, T; V) which belongs to
C(h, T;V)n L2 .(h, T; D(A)) for all h > 0 and T > 0. Moreover, if vo € V, then v € C(0, T; V) N

L2.(0, T; D(A)) for all T > 0. In particular, v(T, z,)u® — v(T, z,)uy in H. Moreover, if

n

(o]
Y oAl < oo,
=1

then z € L ([0, 0o); L*(S?) N H).

loc

Theorem 3.2.16. Assume that a > 0, z € L; ([0, c0); L*(S?)nH), f € H and v, € H. Then, there
exists P-a.s. unique solution of (3.61) in the space D(0, T; H) N L?(0, T; V). which belongs to
Dle, T; V) n L (e, T; D(A)) for all € > 0. and T > 0. Moreover, if vo € V, then u € D(0, T; V) n

L7 (0, T; D(A)) for all T > 0, w € Q. Moreover, if

loc
00
Y oAl < oo,
=1

then z € L ([0, 0o); L*(S?) N H).

loc

Theorem 3.2.17. Assume additionally, that there exists m > 1 such that o, =0 for all | > m.
Then the solution u to (3.61) admits at least one invariant measure.
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3.3 Weak solutions

In standard PDE theory, it is often convenient to recast the original problem in an appropriate
‘weak form’, and then to seek for a solution of the transformed equation, that is, the so-called
‘weak solution’. Roughly speaking, the weak formulation allows one to exploit techniques that
are not available in its classical form, and lead to a weak solution. Ideally, once the existence
of a weak solution is found, then it would be possible to show that the weak solution is indeed
smooth and hence becomes a classical solution. For our 2D stochastic Navier-Stokes equation,
we are able to prove the existence of weak solutions for all positive times as well as their
smoothness (or in other words, the so-called ‘strong solution’.) .

3.3.1 Motivation

Let us write (3.75) in a slightly different way as

0v(t) + (WA + C)u(t) = f — Bv(t) + z4(t)) + azy(t),

v(0) = vy
Let F = —B(z) + az + f and rearrange, one gets
ov(t) + vAv(t) = —Cv(t) — B(v) — Blv,z) — Blz,v) + F, 352)
v(0) = v
Multiply (3.82) with v, then using
(Av,v) = |Vv|* = |v|v,(Cv,v) = 0,B(z,v,v) = 0,
one gets
%8t|v|2 +v|Dv|* = =B(v, z,v) + (F(t),v), v(0) = vp.
Now we know,
Blz) e V', |z|y < Clz|s,
sozisin V' and so F € V'. So
(F(8), %) = F(1)f5 + 2IDv 389
b(v.v.2)| = Z 10 + ZIvPlal. (584



1 p) 9 -V o, C o o 1 o VY 9
- < Z >~ - 2
28t[V| + v|Dy|* < 4IDVI + 1)|v[ |Dz|” + v]F(t)|V + 4:[Dv[ ,

o v|> + v| Dyl < %|Dz[21v|2 + %IF(t) 2, (3.85)

Then apply Gronwall lemma to
C 2
a(lvl < ZIDzPlv]? + ZIF(0f3.
One has
2 )[2 "1 2
sup |v]? < |v(0)]* exp |D dr ) + —]F( )% (exp | —|Dz(1)|*dT | dt.
t[0,T] s 2V

This inequality is a promising a priori estimate indicates that T = co. Fix T > 0, denoting

Vr(z) = exp < / |D(z( ]er> Cr = /o ZIF% <exp /j%[Dz(T)]QdT> dt.

The above inequality becomes

sup |v|* < [v(0)]*Wr(z) + Cr < 00, te0,T], (3.86)
te[0,T]

which implies
v e L>(0, T; H), (3.87)

then integrate in time (3.85) from 0 to T, one gets

T T T
[2 + v/o ]DV(3)|2ds < |VO|2 + 21_1)/0 |DZ(5)|2 <|V(O)|2¢T(z) + CF) dt + %/0 |F(t)|2df,

(3.88)
which implies
v e L0, T; H). (3.89)
Therefore,
v e L>0,T;H)nL*0,T; V). (3.90)

Indeed, this essentially yields the definition of weak solution. Furthermore, since v solves
(3.75), v € L*(0, T; V) and A : V+ V' is a bounded linear operator, Av € L?(0, T; V'). Since z &
L;i ([0, 00); L%(S?) N H) which can be continuously embedded into H~! since H! is continuously
embedded into L*. It then follows that all terms —B(z) + az + f € L*0,T; V'), B(v), B(v, z),
B(z,v) belongs to L?(0, T; V'). Hence 6;v € L?(0, T; V'). Thus, it follows from a classical fact
Oru(t)|? = 2(8sult), u(t)) (see Lion and Magenes p.238 1.2 [72]) that v € C([0, TJ; H).
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3.3.2 Existence of Weak solutions via Galerkin approximation

Our aim in this subsection is to prove the existence part of Theorem 3.2.11. First, we con-
struct approximate solutions and deduce local existence and uniqueness of the solutions of
the Galerkin equations of SNSE. (For a comprehensive overview of Galerkin methods on
spheres, we refer readers to [69].) Next, we obtain uniform a prior estimates on the solutions
v;, and hence show that they exist globally in time. Last but not least, we extract a convergent
subsequence and pass to the limit in the equation.

Definition 3.3.1. The L-order Galerkin equations for the SNSE (3.82) is given by

0vy(t) = P [—vAv, — B(v) — B(v, z) — B(z,v) — Cv(t) + FJ,

(3.91)
v(0) = Prw,

where F = —B(z) + az + f and operators A, B and C are defined respectively in (3.34), (3.58)
and (3.38). We call v, the Galerkin approximations.

3.3.2.1 Local existence and uniquness of v,

For any L € N denote
H;, =linspan{Z;,,: Ll =1,--- ,L;|m| <1},

as the linear space spanned by the first L eigenfunctions in an orthonormal basis {Z;,, : | =
1,---,L;lm| < 1} of H, which may be assumed to be the orthogonal in V. In other words,
H; is the L-dimensional subspace of V and P;, is the orthogonal projection from H onto Hj

defined as
L1

PLV = Z Z (V/ Zlm)zlm

=1 m——I
We replace (3.82) by the Galerkin approximations (3.91), where F = —B(z) + az + f. In view
of (3.53), B(z) belongs to the dual space V' and so F € L?(0, T; V).

We notice that (3.91) is an Ordinary Differential Equations (ODE) in H;, hence the existence
and uniqueness of solution v;, of (3.91) defined on [0, T}) follows from standard theory of ODE.
Since the right-hand side has a bilinear form, it is not clear if v, can be defined globally or it
could blow up at some time T} < co. We will show in the next subsubection that the H norm
of the solution stay finite as t — T}, which implies the solution indeed exists globally in time.
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3.3.2.2 Uniform a-priori estimates on the solutions v;,

From the last subsubsection we already know that v;, exists on some time interval [0, T},). Now
we want to send L to infinity and to show a subsequence of the solution v, of the approximate
problem converges to a weak solution to (3.82). For this, we need some uniform estimates.
Take the inner product of (3.91) in H with v;(t) we obtain

(0w (t), vilt)) = —v(PLAvy, vi) — (PB(vi), vi) — (PLB(vy, z), vi) — (PrB(z, vi), vi) — (PLCvp, vi) + (F, vi).

We notice that

1d*
(Bevi(t), vilt)) = 2dt| L(t)?
—D(PLAVL,VL) = —D(AVL,VL) = —”IJ|VL]%/,

and by (3.48),
(PLB(vL), v1) = (B(vi), vi) = blvy, vi,vi) = 0, (PLB(z,v1),v1) = bz, v, v1) = 0,
and by (3.38),
(PLCvyr,vi) = (Cvp, vp) = 0.

Therefore, for any t > 0 we have

;Cclz;] vi(t)]> = =v[vi (O = blvi(t), vi(t), vi(t)) + (F(t), wi(t)) t € [0, Ty),

Using (3.48) and (3.56) and the Young inequality (ab < (;—p + % with p = 4, g = 4/3), we have
Ib(VL,VL,Z)I < C|VL|]L4(SQ)|VL|V|Z|IL4(SQ)
< Clvr| vz ]ieey
< Clvr| | P|z]v
C v
< ZlwPlafl + Flvk.
We also have
1 v
(F(t), vi) < |F(t)]y]vi|v < ;]F(t) vt Z]VLI%/-
Hence we obtain
p) p) Co o u, 2 p)
olvir(t)]” + v|vi|y < —3|VL| |z|} + —[F(t) v, tel0,Ty. (3.92)

Invoking Gronwall Lemma (see appendix), one has

lv(t)]? < |v(0))* exp < / |z(T) > + /t—IF )% exp < / |z(T) > t €10, Ty).

It follows that v;, does not blow up in finite time and so T}, =
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Let us fix T > 0. Denoting

Ur(z —exp< /|z ><oo, CF=/O —|F(t) V,exp<C/ST21—v[z(T)|2dT>dt

We find that

sup oL ()% < [vp(0))*¥r(z) + Cr < |v(0)|*Yr(z) + Cr < 00 te[0,T) (3.93)

which implies that {v; : L € N} is bounded uniformly (in L) in the norm of L*(0, T; H).
Next we integrate in time (3.92) from O to T and then using (3.93) to obtain

v (T) +v/ (t)2dt + = /[z v (t)2dt + = /]F 2 dt.

We will now pass to the limits by sending L to infinity, to build a weak solution of our original
problem (3.82). For this we need some convergence results. Notice that the above inequality
implies that

the sequence {v; : L € N} is bounded uniformly in L%(0, T; V) (3.94)

Therefore we have shown that v, is uniformly bounded in L in the norm of L*>(0, T; H) N
L?(0, T; V). These uniform bounds imply that {v;} has a subsequence that converges weakly
in L*(0, T; V) and weakly* in L>(0, T; H). Then by the Banach-Alaogu theorem (see Appendix),
one can extract a subsequence {v;, C v, } and some limit function v € L?(0, T; V) such that

v, = v, weakly in L?(0, T; V), 5.95)
v, — v, weakly® in L®(0, T; H). '

Now we need to show
v, - v strongly in L%0,T;H), (3.96)

and this strong convergence result allows us to choose v; such that v; — v in L*(S?) for all
t > 0 The crux to prove (3.96) is a compactness theorem which involves fractional derivatives.
Now, Let us assume that Xy C X C X; are Hilbert spaces with the injection being continuous
and the injection of X, into X is compact. If v is a function from R to Xj, let us denote ¢ the
Fourier Transform as

o(T) = / e Zitty(fdt, T eR. (3.97)
R

The fractional derivative in t of order v of v is the Fourier transform of the X;-valued function
[R5 1+ (2imT)"9(7) [

]i/v(r) = (2in1)"0(1), TER.
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The definition makes sense, observe that the first derivative of (3.97) via integration by part is
obtained as,

Drv(r) / 2Ty (1)t
R

= e Ty (t)|>, — <—27riT/RV(t)e‘2m”dt>
Since |v(t)] — 0 as |t] — oo, the first term vanishes, and so
I/)\tv(r) = 2mmit{p(t).

For a given 7 > O, we define the space

FCV(R; Xo, X4) = {v € L*(R; Xo) : DI v € LA(R; X4) }, (3.98)
as a Hilbert space equipped with the norm

v llser (R: Xo, X1) = (1V | Zamxy + N1T1" 9lloom) .
For a given set K C R, the subspace FC* of 97 — FC72(R; Xo, X;) is defined by

%%(R, Xo,X1> = {Ll € %7(R;X0,X1),Spt u C K} (399)

Theorem 3.3.2 (Chapter III, Theorem 2.2 [105]). Suppose that X, € X C X; is a Gelfand triple
of Hilbert spaces and the injection of X, into X is compact. Then for any bounded set K C R
and 7 > 0, the injection of 9(/.(R; Xy, X;) info L*(R; X) is compact.

To apply this compactness theorem, one first need to identity bounded set. For this let
v, = 1omve,

and Let Fourier Transform in the time variable of ¥; denotes by ¢;. We would like to show
that

/1T|2716L(T)|2dt < oo. (3.400)
R
Observe that (3.91) can be written as

d* -

EGL = fL + VL(O)(SQ - VL(T)éT, (3101)

where 6y and 67 are respectively the Dirac distributions at O and T and
fL =F — vAVL — BVL — B(VL,Z) — B(Z, VL) — CVL,
fi = lonfe-
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Apply the Fourier Transform to (3.101) (with respect to the time variable t) we obtain
/D\tv(r) = QinT)0(1) = (1) + vi(0) — v (T)exp(—2inT1), TeER, (3.102)

where ¥, and fL are the Fourier Transform of ¥; and f;, respectively. Multiply this equation
with the Fourier Transform of v; one obtain for each T € R that

207t | 0 (T)|? = (FL(1), OL(T)) + (v,(0), ¥1.(T)) — (vi(T), 91.(1)) exp(—2in T1). (3.103)

From the Parseval equality, (3.38) and (3.48), one has

(fr, 91) = (fr, vi) = (F,vi) = v(Avy, v) — blvy, z, vy). (3.104)
Therefore, via Cauchy Schwartz and (3.84), we have
C C v
vl < Flvlvuly + vt + <l Plelig, + SlnPlai+ vk, (3105
|(f, v)]

sup

C v
vevivipro VIV fulv < [Elv +vjvly + Slvllzlie, + 71wl

Now due to (3.94), |v,| < Cy, then integrate over time we conclude

/ \fL

and this stays bounded (w.rt. L) as F € L2(0, T; V'), z € L ([0, 0o); L*(S?)) remains in a bounded
set of L?(0, T; V). Hence, there exists a C > 0 such that

5 C
pdt </ <[F|V 4 _”IV|V + gl Sg>dt (3.106)

supsup |f(1)]y < C. (3.107)

LeN teR

Now observe from (3.103) that

21'7TT|‘7L(T)IQ = (]A(L(T> o.(1)) + (vi(0), Or(1)) — (wi(T), Pr.(1)) exp(—2imwTT)

< |(fulr), Ou(1)] + vi(0)[ D1 (T)] + vi(T)| Dy (T)|€ 27",
Then from (3.94), we see
lvi(0)] <cy, |vi(T)| < cy. (3.108)
Combined with (3.107), one deduces that
1T|[PLl? < colOrly + csl¥n] < culPnv. (3.109)
Let us fix v € (0,1/4). Observe that
|| < Cly)d + |7/ + 1)) VTR, (3.110)
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we infer that

/|F7<C g/iiTFLHL“ﬁdT

T||V],
S%/Rlluwi L /m J2dr.

In the last step, the first integral is finite since ¥ < 1/4.° Then base on Parseval inequality, one
has |9,| = |v,| and ||y = |vr|v which is bounded according to (3.95). Hence we have shown

{91} is bounded in $C"(R;V, H). (3.111)

This allows us to apply the compactness theorem involves fractional derivatives.

Since the sphere S? is bounded, the embedding H'(S?) < LL*(S?) is compact and by (3.111), the
sequence {¥;: L € N} is bounded in H?(0, T; H'(S?), L?(S?)). Due to (3.111) and Theorem 3.3.2,
we deduce that there exists a subsequence {vy, } such that {v;, } — v strongly in L*(0, T; L%(S?))

v, — v strongly L%0,T;H). (3.112)

The convergence result (3.95) and (3.96) enable us to pass to the limit. Now we need to show
the limit function indeed satisfies (3.75). Take a C'([0, T];R) function ¥ with ¥(T) = 0. Multiply
(3.91) with ¥(T)¢p where ¢ € H, for some [ € N*, then integrate by parts, one gets

T T
- / (vut), W(O)dt = —v / (PLAvy (1), Blt)B)dt
0 0
T T
/ (DBlv (1)), BlO)P)dt /O D, Blvy(t), z, B(t)$)dt

/ DLB(z, vi(t), $lt))dt - /0 (PLE(D), B}t + (v1(0), Y(0)8). (3.013)

Now we aim to pass to the limit of (3.113) when L — oo. Since ¥(-)¢ € L?(0, T; H), ¥ € C(0, T;R),
then ¥(-)¢ € L*(0, T; V), combine with the first part of (3.95), we have

/( ma/ Nt as L - oo, (3414)

Hence the left hand side of (3.113) converges to — jo (v(t), ¥/ (t)p)dt.

5This integral converges iff. [ x?*~!dx < co. This holds iff. 202y —1) < —1.
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Next, for the linear term, let us take take | € L so that H; C H;, and P;¢ = ¢. For the first
term on the right hand side of (3.95), observe that

T T
/ (P, Avy (1), (t)8)dt = ] (Avi (1), $(6)PLo)dt
0 0
T
- ] (Avi (1), Blt)d)dt

T
= [ttt witighvat

0
Again, since ¥(-)¢ € L?(0, T; V), it follows from (3.95) that, as L — oo,

T
/O (PLy(t), ¥(t)¢)dt — / o)ydt, (3.115)

or

T
/O (w(1) — vlt), BE)B)udt — 0. (3116)

Lemma 3.3.3. If v,, — v in L*(0, T; V) and strongly in L*(0, T; H), then for any vector function
u:[0,T] x S — R? with components in C'(S? x [0, T]),

T T
/ b(vim(t), v (t), u(t))dt — / b(v(t), v(t), ult))dt. (3.417)
0 0

Proof.

T T
/ bV, Vi, u)dt = —/ b(vm, u, vy )dt
0

=—Z/ / Vm)i(Diu)) (Vi) ;dxdt.
S?

i,j=1

Now our two assumptions on v,, imply that

Vm — v in H, (3.118)
Dv,, — Dv weakly in H. (3.119)

and which further implies that

Vi (1) + sup/ [V (t)[2dt < C.

0<t<T
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Hence, there exists a function g(t) for which the term F,, = (v,)i(Diu;)(v); is dominated for
all t € [0, T]. Now by (3.118),

|vim| < ¢y, uniformly in m,

|Du| < cy.

Hence F,(t) < g(t) = cicy. Then by usual continuity argument one has

3 T 3
S [ nlDvyaxat = [ i 3 [ trniDuiv)aar

ij=1
T 3
=/ Z/ Vi(Dillj)deIdt,
0 S2

ij=1

lim

m-—oo

T
0

T T
/ b(Vin, Vm, u)dt = —/ b(v, u, vy )dt
0 0

5 T
_Z/o /S2(Vm)i(Diuj>(Vm)dedt

ij=1

T
— / / Vi(Diu]')V]’dIdt
0 S2
T

—/ b(v,u, v)dt
0
T
=/ b(v, v, u)dt.
0

I

An alternative proof is the following [14].

Proof. In view of (3.48), one has b(vy,, Vi, 1) = —b(vy,, u, vy,). We also have
bV, U, Vi) = —b(vp, U, V).
One also have
b(vim, U, vi) — blv,u,v) = blvy, u, vy — v) + b(vy, — v, u, v).
Using (3.49), combine with the assumption v,, — v strongly in L*(0, T; H)., one also has
1b(Vm, W, Vi — V)| = |bVm, Vi — v, U)| < C|Vm|v|vm — V|v(|curlu| sz + [u]r=s2). (3.120)

Moreover, invoke the assumption v,, — v strongly in L*(0, T; H). again, we conclude that
T
/ b(vm, u, vy, — v)dt — 0. (3.121)
0
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Similarly,

/ blon(t) — vit), ult), vit)dt — 0 (3199)
0

Lemma 3.3.4. Suppose {v,, } is bounded in L*(0, T; H), v € L*(0, T; H), vy, — v in L2(0, T} V)
and strongly in L?(0, T; L7 (S?). Then for any w € L*(0, T; L*(S?)),

loc

/OT b(9int), W(t), vinlt) — v()dt > O.
Proof. In view of (3.48), one has b(vy, Vi, w) = —b(vy,, W, v,). One also has
b(Vim, W, ) — b(v,w,v) = blvy, w, vy, — V) + blvy — v, w, v).
Using (3.52), combine with the assumption v,, — v strongly in L*(0, T; H)., one also has
1DV, W, Vin — V)| = [b(Vim, Vin — v, W)| < C|Vm|140,7:04(52) | Vin — V|v|W|140,1:04052) - (3.123)

Moreover, invoke the assumption v,, — v strongly in L*(0, T;LL? .(S?)) once again, we conclude

loc

that
/O oo (6), wlt), v (f) — (O — 0. (3.424)
Similarly,
/O Cblon(t) — vlt), v (t), vt - 0. (3.195)
]

Alternatively, one may prove the above Lemma following the proof as in [21]. We detail this
here for comparison.

Proof. From our assumptions, there exists a constant C > 0, such that

st + s, e st (i) ([ o) <o

Take € > 0. Since w ¢ L*0, T;L*(S?)) Hence, via the usual mollification argument, one

\3\»*

can find a function u which satisfying the assumptions of previous lemma and such that
(fOT |w(s) — u(s)]ﬁ4(gg))ds)1“ < 5. Hence, by this lemma, we can find M. € N such that for for

/bvm Ut /b (t))‘<§.

any m > M., one has




Hence, for any m > M,

/bvm , Vit t))dt — /b dt'

0

< /OTb(vmm,vm(t),w(t) _u(t)dt| + /OTb(v(t),v(t),w(t) —u(t))dt‘

_l_

T T
/b(vm(t),vm(t),u(t))dt—/ b(v(t),v(t),u(t))dt‘
0 0

Now, by (3.52) and (3.56),

/|vm I O] () — ult |L4dr+/| O [l Elwlt) — ult]f.dt < e.

CNIm

For the second term of the right hand side of (3.113), that is,

T
/O (PLB(v (1), ¥(t)p)dt.

We apply Lemma 3.3.4 with w(t,2) = ¥(t)p(®) for t € [0, T], £ € S*. Since P, is self-adjoint
in H and (P.B(v.), ¥(t)¢) = (B(vr), PL(t)p) = (Blvr), ¥(t)$) = b(vy, vi, ¥(t)¢), one obtains the
following convergence:

T T T
/ (PLBlvy (1), (t)$)dt = / by, vi, D))t — / bv(t), v(t), Y(t)B)dt.
0 0 0

Consider the third term on the the right hand side of (3.113),since
T T
[ PiBlwite), z 6ttt = [ (Blww,z), Pt
0 0
T T
= [ Bl wtsidt = [ bz, visd.
0 0
Using (3.48) and (3.49) we obtain,

T T
/ (P, Blvy, 2), V{t)B)dt — f b(v,z,w<t>¢>dt’
0 0

T

T
"ottt — vt 210, w<t>¢>dt‘= / b(vL<t>—v<t>,w<t>¢,z>dt]

/|va (), Wlt), 2)[dt

< C/o [vi(t) — v(t)]|z|([P(t)curld| sz + |[Y(E)P|1os2).
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Since v;, — v strongly in L*(0, T; H) and z € L*([0, T];L*(S?) N H) we infer that the last integral
converges to 0 as L — oo. Hence,

T T
/ (D, Blvy, z), () d)dt — / b(v, z, p(t)B)dt — 0.
0 0

Similarly,

]Xmmmemwnifwammwmm%a
0 0

For the fifth term on the rhs of (3.113), we have

[ e vtiont = [ (Fvpsiat - [ (F st
0 0 0

Now we recall (3.95) to find upon passing to the weak limit of (3.113) that
T T T T
- [ ittt - v [ vl st~ [ Bw), st~ | B,z 000
0 0 0 0

-—A<B@mu»wUMMt—1;@wxwm¢Mt+n@w@m» (3.126)

This equality holds for any ¢ € V and any ¥ € C}([0, T). Hence, v solves problem (3.77) and
so it satisfies (3.75).

To infer v indeed satisfies (3.75) one also need to show v(0) = v,. For this, let us take an
arbitrary function ¢ € V and ¥ € C{([0, T)). Multiply (3.75) by ¥(t)¢ then integrate by parts,
one gets

T T T T
—/XW&WM@m:—y/uwmwm@m—/&mwmwmww—/hmwmawmw
0 0 0 0

-—AaB&wW»¢UMMt—lf@%%wm¢ﬂt+W@%W@@, 5127)
by comparing with (3.126), one infers that
(v(0) = vo, G(0) = O.
If we choose ¥ with $(0) = 1, then necessarily,
(v(0) — vy, ) =0, V ¢ecV.

Then since V is dense in H, the above holds for any ¢ € H. Since v(0) — vy € H, one has
(v(0) — v, v(0) — vp) and so v(0) = vp.

The final step is to show v € C([0, T]; H). Let us first recall the following weak continuity result
from Temam [105].
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Observe from the ODE
d+
EV

and lemma 3.1.7, since each term of the right hand side belongs to L*(0, T; V') and so %V(f) also

(t) + (WA + C)v(t) = f — B(v(t) + z4(t)) + azq(t) (3.128)

belongs to L?(0, T; V'), hence it follows from Lemma 3.1.5 that u is a.e. a function continuous
from [0, T] into H. Thus

v € C([0, T]; H). (3.129)

Combine with the earlier result (3.112) we conclude that v € L?(0, T; V)N C([0, T]; H). Note, the
solution is in L*(0, T;1L*(S?)) as well. To see this,

' 4
]O [v(t)] 1 4e2)
T

<c / V]2 V17 < 00,

due to the interpolation inequality in p.12 [66].
So, the proof of existence of global weak solutions is completed. To complete the proof of
Theorem 3.2.11 we now prove uniqueness using the classical argument of Lion and Prodi [74]

3.3.2.3 Uniqueness of solutions

Suppose vy, vy are two solutions of (3.75) with the same initial condition. Let w = v; — vy, then
w satisfies

ow + vVAw = —B(w, z) — B(z, w) — Blw, vy) — B(vy, z) — Cw,

31350
w(0) = 0. ( )

Multiply (3.130) both sides with w and integrate against w, using Lemma 3.1.5, equations (3.48)
and (3.38), we get

Olw|* + 20wy = —2b(w, z, w) — 2b(w, v, W),
Since |b(w,w, z)| < C|w||w|v|z|y and |b(w,w,v)| < Clw||w|y|v|y, the right hand side
< Clwllwlv(lzly + [v1]v).
Then via usual Young inequality with a = /v|w|y and b = %[w](|z|v + |vn|y), one has

viwly
2

C
[blw,w,v)| < + oWz} + [wlv) (5.131)
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Therefore, by Gronwall lemma one obtains

Olwl” < 5= (zfy + [vilf)Iwl*,

2v
and combine with wy = v; g — vy = 0, it is easy to show

wit)? < |wl0) exp< /[z 0 + [w() |>|w<t>|2dt><oo

)% + |wi(t)2dt < co. Now, since w(0) = 0, necessarily w(t) must be 0.

as fo |(t)
Therefore Theorem 3.2.11 is proved.

3.3.2.4 Continuous dependence on initial data, noise and force

This subsubsection is devoted to the proof of Theorem 3.2.12. Namely,

Theorem 4.2.12. Assume that,

and for some T > 0,
zn — z in LY[0, T;L4(S?) n H), fn—f in L%0,T; V). (3.132)
Suppose v(t, z)ug and v(t, z,)u® be two solutions of (3.75). Then,
v(-, z)ud — v(-,z)uy in  C(0, T]; H)n L*0, T; V).

In particular, v(T, z,)u — v(T, z,)ug in H.

Proof. Write

vn(t) = v(t, zy), v(t) = v(t, z), yn(t) = v(t, z,) — v(t,2z), t€[0,T],

Then it is clear that y, solves

Oun(t) = —VAa(t) = B(va(t) + z,(t)) + B(v(t) + 2(t)) = Cyn + a2y + fu,

(3.133)
yn(0) = ud — u.

Since y, € L*(0,T;V) and 6y, € L*0, T; V'), it follows from lemma 3.1.5 that the function
lvn|? is absolutely continuous on (0, T) and %thyn (1)]? = (8yya(t), ¥u(t)) holds in the weak sense.
Moreover, by equation (3.31) we have (Ay,(t), y,(t)) = |Vy.(1)|? ae. on (0, T) and (Cy,, y,) = 0
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and so we arrive with,

1 . .
Eﬁtlyn(t)lg + V[VIu(t)|* = =b¥n, Va, ¥n) — bV, 91, ¥n) — b2, Vi, ¥n) — b(Z, 91, ¥n) — bV, 21, ¥n)

- b(yn'z'yn) - b(znfzn:yn) - b(2n,z,yn) + a(zn:yn) + (fn:yn)' t 2 O
Using the Young inequality, we have

b(¥n, Vn, ¥n) < Iyn|]%4(52)|vnlv via inequality (3.52)
< |wnllyulv|valy via 3.56

With ab = \/%|yn|V\/T70|Vn[V]yn|'p =2

v 5
< 2 216 21y 2.
< _2015711|V + vIVn|V|ynl
Similarly,

bV, ¥n, ¥n) < |V|Lss2)|¥nlv|¥nlLas)
o A A e

Now using Young inequality with p = 4/3 and a = (£2)7%4|y,[}* and b = (2)|9,|"2|v|pse),

3

15
Iynﬁ/ + EWHIQIVENSQ)'

i%

<
— 20

b(znf anyn) < [2n|L4(SQ)|yn]V|anIL’*(SQ)

v 5.
< %Wnl%/ + ;|ZH|L4(S")|VHHVH|%/I

b(z, ¥n. ¥n) < |Z|Las2) |90 v]n|Las
?//2 |1/2

< |Z|]L4(SQ)|yn| ]yn

Now using Young inequality with p = 4/3 and a = (£2)7%|y,|3* and b = (249, |"2|z|us).,

1%

<
— 20

15°
]ynﬁf + m|yn|21Z[£”(SQ)'

b(Vn: zn/ yn) < [‘A/n |]L4(SQ) |yn[V]2n []1/1(82)

v 5 .
< %LVHI%/ + ;|VnHVn|%/lzn|L”(SQ)'
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b(Yn, 2, 9n) < |9nltue)|2lv < |9nll9nlv|2nltue,

Vv 5
< gglnlt + ZlzBlanl®

b(Zn: 211/ yn) S |Zn |]L4(SQ) |yn[V]2n I]L"(SQ)

v 2, D 1 s 12
< %|J’n|v + ;|ZH]L4(§2)|ZH]L’*(SQ)'

a(znr:yn) S a]yn|V|2n \%
D 5a” .
< %Wnl%/ + T|Zn|2~

(fuyn) S Iyn|V|fn[V/
vV, o 55
< %Iynw + ;Ifn] 2

Hence we have,
3

10
|2 + v]ynﬁ/ S 7IVH|%/|;VH]2 + 2_1)3[3]”]2|V[IZE/’(SQ)

10, ., o
+ 7|ZHI]L4(§Q)|VHHVH|V + ﬁlyn| |Z|]L4(SQ)

10 . 10
+ Z[valvlvnll2aliegs, + ~ 1205l

10 . 10 R
7|Zn|ﬁ4(82)|zn|fﬁ4(gg) + leli’*(%lzﬂlﬁ"(g%

8t|:yn

10a?

o 10
2al}y + —IFal?.

Integrate over O to t, one gets

t t t
5l 49 [ satslfids <19 0F + 3 [ Bulslds + [ mlsliwals)Pds, e 0.7

where
Bn = ]2nli4(§2)]vn||vnlv + ]Vn[|Vn]V|2n|12L4(S2) + |Zn]n%4(g2)]2nln2,4(s2)

+ |ZH|]%4(SQ)|2H|]%4(S2) + a®|2al3 + lfnl%’
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10, 15° , 155, 10,
Yo = 1Valv + 551Vl + 5512l + lzlv.

Then Gronwall yields

walt)? < <|£S/(O)IQ + % /OtBn(s)ds> exp </Ot 7n(s)ds> .

T
ﬁn(s)ds = /O Hén(s)[ﬂ%fx(SQ)IVn(S)[|Vn(5)|V + |Vn<5)||Vn(5>|V]2n(5>|]%4(§2)

Note that
T

0

+ 120 (8)[E )| 2 () T2y + |20 (8] a2 2 () Euisr) + 0|20l + [Fuls)[7 ]

< [2Vali0,7:60) | Vnl20v) + 120l Fr0.1s) + 121 Fs0, 101 20l Fai0 700
+ a2]2n[%2(0,T;V/) + |fn|%2(O,T;V’)'

Hence, by usual continuity argument , pass the limit through the integral one gets
T
/ Buls)ds -0 as n — co.
0
Moreover, since |y,(0)] — 0 as n — oo and for some finite constant C one has

! 10 15 15 10
[Ftsids = [ (Xl + St + sl + el ) ds

< C.
Hence y,(t) — 0 in H as n — oo uniformly in t € [0, T]. In other words,
v(-, zp)uy = v, z)up in C(0, T]; H).

From inequality (3.134), we also have

T T T
. /0 90515 < om0 + 2 / Bals)ds + [O Tals)wnls) s

T
< |yn(0) +—/ Bnls)ds + sup |ya(s )IQ/O Yn(s)ds.

s€[0,T]

Therefore,
T
/ Wa(s)[sds - 0 as n — oo.
0
Hence
V(.,Zn)u?1 — v(-,z)up in LZ([O, T, V).

and Theorem 3.2.12 is proved.
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3.4 Proof of Theorem 3.2.15: Strong solutions

Suppose now f € H, in what proceeds we will show that if uy € V then we obtain a more
regular kind of solution and deduce that if vy € H then v(t) € V for every t > 0. In this
chapter, we will construct a unique global strong solution (in PDE sense).

The proof of Theorem 3.2.15 follows closely to Theorem 3.1 in [19]. However in the proof in
[19] there is no Coriolis force and additive noise whereas here there are. In particular our
constants in the proof now depend on |F(t)| and |z(t)| and |z(t)|y, but not on the Coriolis term
due to the antisymmetric condition (Cv, Av) = 0.

Remark. One can alternatively prove Theorem 3.2.15 via the usual Galerkin approximation
which we used in the proof of weak variational solution.

3.41 Existence and uniqueness of strong solution with vy € V
The following function spaces are introduced for convenience.

Definition 3.4.1. The spaces

Xr:= C(0, T;H)n L*(0, T; V), (3.136)
Vr = C(0, T; V) n L2(0, T; D(A)) (3.137)
are endowed with the norm
| Ixr o= |- e, + |- 20,19
|- vr = | |coy) + | - 120,700

Or explicitly,

T
If2, = sup [f(H2 + / if(s)2ds,
0<t<T 0

T
fl, = sw lrtefy + [ laris)ds.
0<t<T 0
Let K’ be the map in Y defined by
t
K(u)(t) = / S(t —s)Blu(s))ds, te€][0,T], ue Yr.
0
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The following is a crucial lemma for the proof of existence and uniqueness.

Lemma 3.4.2. There exists ¢ > 0 such that for every u,v € Yr,
Kl < clul?, VT,

|Ko(u) = K(v)[5, < clu = v[5,(ulf, + [v[3,)VT.

Proof. Recall classical facts due to Lions [73],

e for any f € L?(0, T; H), the function t + x(t) = fOtS(t — s)f(s)ds belongs to Y7 and

e the map f + x is continuous from L*(0, T; H) to Y.
We remark that the second fact implies jot |f(s)|4ds < oo Now because B(u) € L?(0, T; H), that
is fot |B(u(s))|#ds, using the previous classical facts, combine with (3.55) one has,

T
Holu)2, < o4 j |Bluls)ds
T
<y / [l | Auldt

T
< ¢y sup |u(t)|%/0 u(f)]y|Aub)|dt

0<t<T

< s Jutdfy ([ jutef + |autopar)

0<t<T

< 03|uIZ{,T\/T.

Similarly, combine Lions’ results and (3.55), one has

T
Holw) — K[}, < 04/0 Blu - v,u) + Blv, u — v)[4dt
T
< c5/ |Blu — v, u)|% + |Blv,u — v)[}dt
0

T
< 05/ crlu = v [ulv|Au] + cslu — vI2|v]y|Av|dt
0

< cfu — vl (uff, + v VT.

Lemma 3.4.3. Assume that a > 0, z € L;; ([0,00); L*(S?) N H), f € H and v, € V. Then, there
exists unique solution of (3.73) in the space C(0, T; V) n L?(0, T; D(A)). for all T > 0.
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Proof. First let us prove local existence and uniqueness. Let ¥, = C(0, t; V) N L?(0, T; D(A)) be
equipped with the norm

1l = suplfte) /|Af () ds,

and Let [ be a nonlinear mapping in Y, as

t
(Tv)(t) = S(t)vy + / S(t —s)(f — Blv(s) + z(s)) + az(s))ds.
0
Now recall the following classical result due to Lion.

Al S()vpe VY, VweH, T>0;
A2 The map t+— x(t fo (t — s)f(s)ds belongs to ¥, for all L*(0, T; H);
A3 The mapping f — x is continuous from L*(0, T; H) to V..

Note, our assumption z(t) € L*([0, 0o); L*(S?) N H) implies z(t) € VY, as z(t) is square integrable
and V can be continuously embedded into L*(S?) .
The first step is to show [ is well defined. Using assumptions A1 and A2 and the assumption

/tS(t — s)z(s)
0

For some different constant c. Now due to 4, and A,, the first and third terms are finite, due

for z(t), together with Young inequality, one can show
2

/ 'St — 9)Bvls) + 2(s))ds
0 v

2

t 2
T3, <c |5(f)V0|2yT +C +c / S(t —s)fds| +ca
0 v,

Yy

to A, and the trilinear inequality (3.52), the second term is finite, and the last term also finite
due to the assumption on z(t)

IF|%;T <cy + C2|V|Z{/T + Cz + Cy. (3138)

Whence the map ['v is well defined in V; and I maps Y, into Y, itself.
Now we have

IT(v) - T(ws)f3
< / ' S(t - 5)(Blwi(s) + 2(5)) - Blvals) + z))ds[?,
< colvi — vol g (|vi + 2[5, + |ve + 2[5 )V/T,

for all vi, vy and z in Y,. Therefore, for sufficiently small T > O, I' is a contraction in a closed
ball of V,, yielding existence and uniqueness of a local solution of (3.76) in Y;. That is, the
solutions are bounded in V on some short time [0, 1).
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Remark. If the following map

(Tu)(t) = Stjuy — /O S(t — s)Bluls))ds + /o St s)fds + /O 'St — )GdL(s)

is used to prove contraction. Then one would have to assume

T
/'|Azuﬂ%ﬂw<oo
0

The local existence and uniqueness results indicates that the solution can be extended up to
the maximal lifetime T, and then is well defined on the right open interval [0, T} ,). Next, we
will prove the local solution may be continued to the global solution valid for all f > 0, in
the class of weak solutions satisfying a certain energy inequality. (This is an analogue of the
well-known fact that the deterministic 2D NSE has a unique global strong solution. See for
instance Theorem 7.4 Foias and Temam [55])

It suffices to find an uniform a priori estimate for the solution v in the space Yy, such that for
any Ty € [0, Ty ,):

v}, <C forall Tpe[0,Ty,), (3.139)

where C is independent on Ty. This uniform a priori estimate along with the local existence
uniqueness proved earlier yields the unique global solution u in Y7, indeed exist globally in
time. Hence one can deduce that the solution is well defined up to time f = Ty ,, at this point
in time the iterated process could be repeated and the solution can be found in [T} ,, 2T} ,] and
so forth, hence in C(0, oo; V) N L2 (0, 00; D(A)). To prove (3.139), we first need to show

VIxz, < co.
Toward the above end, we work with a modified version of (3.75)

0v + vAv = —B(v) — B(v,z) — B(z,v) — Cv + F,

(3.140)
v(0) = o,

where F = —B(z) + az + f is an element of H since the H norm of all its three terms is
bounded. Now multiply both sides with v, integrate over S? one gets

O|v|* + v|v[} = =b(v,v,v) = blv,z,v) = blz,v,v) — (Cv,v) + (F, V)
=b(v,v,z) + (F,v).
Now by (3.50), one has

b(v, v, 2)| < c[v]|v]v]z]
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then apply Young inequality with ab = /5 |Vlv|V[\/g |z|y it follows that

€lvly
<
A

+ —\V|7|Z|y.
€I || |V

On the other hand,

1 €
(F(t), %) = [FU0lo] < SIFCP + Sl
So
alvl” + (20~ DIvl} < ZIvPPlel} + ZIFIOP + Sl (3:141)
for all € > 0.

By integrating in t from 0 to T, after dropping out unnecessary terms,

T T T T
[ < 2% <1v<o>|2 v 2 [ wopizagacs 2 [ Fopae 5 | |v<t>|2dt> <K,

(3.142)
since v(0) = ug
Ki = Ki(ug, F,v, T, z).

On the other hand, by integrating in t of (3.141) from O to s, 0 < s < T, we obtain
lv(s)|® < |uol” + E/ [v(t)|?|z(t)[3dt + = / |F(t)|*dt + — / lv(t)|?dt,
0

sup |v(s)|” < K,
s<00.T]

KQ = KQ(U(),F,”I), T, Z) = (21) — E)Ki

Hence, for any € such that § < 2v, apply Gronwall lemma to

avl < (2izfy + 5 ) o8 + ZIFOP,

one obtains

w16 < O exo ([ Zlatelfy + Sar ) 1ok + [ 2ipsiexel [ (Zjatel + ) deis.

and so

9 9 Tt 2 9 € T 2 9 T 12 9 €
sup [vin)” < [viO)Pexp | [ Zletnfp+ Sar )+ [ Zptsext [ (et + § ) arjas.
te[0,Ty ] o € o € s € 2
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To avoid clumsiness, write momentarily Ty, = T. Let

Yr(z) = exp </OT§|Z(T)I% + gdr> <00, Cp= /OT§|F(S)|26XD </ST <§|Z(T)]% + §> dT> ds.

(3.143)
So
sup |v(t)]* < [v(0)]*¥r(z) + ck, (5.144)
te[0,T]
which implies
v € L>([0, T); H). (3.145)
Now integrate
2 2 2 9 € o 2 2
alv? +vivly < (Il + ) IvP + ZIFP (5146)

from O to T one gets

+v/ vlt)2dt < ( (z)|v(0)]2+0p>/OT<§Iz(t)| 2>dt+ /|F (t)dt + [vl0)],

(3.147)
which implies
v e L0, T V), (3.148)

and v is indeed a weak solution. To show v € C([0, T|; H), note that A : V — V' is bounded
and Av € L*([0,T]; V'). Then F € L*([0, T]; V') since z € L*([0, T]; L*(S?) n H) which can be
continuously embedded into V', and the terms B(z), B(v, z), B(z, v) all in L*([0, T]; V’). Combine
these facts and (3.148), invoke lemma 4.1 in [14] we conclude that v € C([0, T]; H).

The uniform apriori estimate (3.147) implies that the solution is well defined up to time t = Ty ,.
The iterative process may be repeated start from t = Ty, with the initial condition z(t) and
the solution is uniquenely extended to [0, 2Ty ,] and so on to arbitrary large time.

Now, multiply (3.140) both sides with Av, noting again the classical fact 16;|v(t)|* = (8;v(t), v(t))
and (Cv, Av) = 0, integrate over S? one gets

(0v, Av) + v(Av, Av) = —b(v,v,Av) — b(v,z,Av) — blz,v,Av) + (F(t), Av(t))

. %i{l—tlv|2 Lo Av[? = —b(w(t), v(t), Av(t)) — bv(t), 2(t), Av(t)) — blz(t), v(t), Av(t)) + (F(t), Av(t)).
(3.149)

Now,
Ib(v, v, Av)| < C|v|?|v|y|Av]" Vv e V,veDA),
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Ib(v,z, Av)| < C|v|}|v|ilz||Av]E Vv e V,ve DA,

Iblz, v, Av)| < Clz|}|z]}|v|E|Av]} Yz e V,v e D(A).
Also,

(F(t),Av) < IAV )2+ é]F(t)P.

. . o . 1 1
Furthermore, using Young inequality with the choice p = # and ab = (ep)? |Av|*?ep)~»|v["?|v]y,
the above estimates of the three bilinear terms become
Ib(v, v, Av)| < C|v|?|v]y|Av|®
< €|Av)® + Cle)|v|’|v|t,

Ib(v, z, Av)| < Clv|*|v|}|z|7|Av]?
< elAv]? + Cle)v2|v 3zl

bz, v, Av)| < Clz|t ||} |v]f|Av|}
< e|Av + Cle)|zlzl3 v
Therefore,
d+
dt

Momentarily dropping the term |Av(t)|?, we have the differential inequality,

vl + (20— 3e — AV < Clel(vPlolh + [PIvI3 2l + 2P IzRlvi) + SIF(P. (5150

y' <a+ 0y,
1
ylt) = [vly. alt) = —[F(O)%,60t) = Cle)|vI’|v]y + [vI*|z[} + |2]]2[7).
Then for any € such that € < ; 1) using Gronwall lemma , one has
d+

E (y(t)e_ [(J'G(r)dr> < a(t)e_ fg@(r)des

W)} < [vO)f} exp ( / Cle)|vin)vlr >|%+|v<T>121z<r>1%+1z<r>|21z<T>|%>dr>

2 [rsre ([ c<e><1v<r>|2|v<r>|%+1v<r>|2|z<r>1%+|z<r>121z<r>l%>dr> ds

sup [v(t)[} < Ks, (3.151)
te[0,T]
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1 T
Ks = Kalun B0, 7,2) = (1005 + 5 [ [Fls)Pds ) explClelKaK),
0
which implies
ve L*0,T;V). (3.152)

Let us now come back to (3.150), which we integrate from 0 to T, after dropping some unnec-
essary terms, we have

/JﬁAwoﬁdtgzg,
0

and
K, = K,(ug,F,v,z, T)
—1 2 )% D) 9 2
= upl” + Cle) sup |v(t)|?|v(t)]v + Cle) sup |v(t)|*|v(t)|5]z(t
ez wl % p WO Iv10) >t€[og]\<>[1<>lv|<>|v
+ Cle) sup |z(0)P|z(0)[3]v(t) / IF(f)
t[0,T]
As
sup IV<t)IQ < Ko,
t[0,T]
sup |v(t)|p < K%,
t€[0,T]
z(t)[} < Cy,
sup |z(t)|* < C.
te[0,7)
So,

K, = (lugl? + Cle)KyK2 + Cle)KyKsCy + Cle)CoCr K + é / "Rt
0

v
21)—36—%

This implies
v € L*(0, Ty ,; D(A)). (3.153)

It remains to show v € C([0, T]; V). Note, the fact that the solution with v, € V is in L?([0, T]; V)
implies that a.e. in [0, T], v(t) € V. Moreover, since v(t) € C([0, T]; H) as previously deduced,
and is unique as proved in step 1. It follows that u € C([0, T|; V)

With the uniform a priori estimate along with the local existence uniqueness in step 1, we
conclude that there exists unique u € C(0, oo; H) N L?(0, oo; V) € C(0, oo; V) N L?(0, 0o; D(A)), for
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any given ug € V, f € H, z(t) € L{.([0, 00); L*(S?) N H). Moreover, our promising a priori bound
(3.451) yields T = co. O

3.4.2 Existence and uniqueness of strong solution with vy € H

Corollary 2. If f € H, vo € H, z(t) € L} .([0, 00); L*(S?) N H), then v(t) € V for all t > 0.

We follow the proof in [19]. The idea stems from standard approximation method commonly
used in PDE theory. In view of the a priori estimate (3.150) one takes approximated solution
to (3.73) in Y7, show the approximates converge. Then show the limit function indeed satisfies
(3.73).

Let (von) C V be a sequence converging to vy in H. For all n € N, let v, be solution of equation
(3.73) in Y7 corresponding to intial data vy ,. Similar to the case when vy € V, one can find
constant such that |v,|x, <c, Vn € N. Follow the same lines as in the proofs of (3.145) and
(3.148), v, can be proved to be a weak solution.

Moreover, for n,m € N, take v, ,, = v, — v, with VS, = VO — V . Then v, ,, is the solution of

OtVaom + VAV, = —BVom,z2) — Bz, Vi) — BVam, Vi) — BV, Viem) — CVn m,
o = ~Blinn.#) = Bz vun) = Bl val = Bl von) = Coume

Vm(0) = v0 — v0

Multiply (3.154) both sides with v, ,, and integrate against v, ,,, using again Lemma 3.1.5 and
(3.48) and noting (3.38) one gets

at]Vn,mIQ =+ 2v|vn,ml%/ = "Qb(vn,m' z, Vn,m) - Qb(vn,ml Vn, Vn,m)
Since |b(w, w, z)| < C|w||w|v|z|y and |b(w, w, v)| < Clw]||w|v|v|y
S CIVn,mHVn,mIV(IZ[V + IVn|V>
Then via usual Young inequality with a = €|v, n|y and b = %|Vn,ml(|z|v + |Valv),
6|Vn,m]V
- 2
Therefore, for any € > 0 such that 5 < 2v, one applies Gronwall lemma to

C
+ g lvaml 2]y + [valp). (3.455)

C
at|Vn,m]2 < 2_(|Z]%/ + |Vn[%/)|vn,M|2'

and combine with v0 == vY — v0 it is easy to show

V(O < [9m(0) exp( / 2 + [valt)] >1vn,m<t>12dt><oo

as fo |z(1)]% + |va(1)]? < co. Hence v, ,, converges in T and so is Cauchy in T. That is, for any
€ >0, 3N € N such that |v, — vy| < € whenever n,m > N.
Let the limit of of v, be v. It remains to show v indeed satisfies (3.73).
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Let v, be the solution to

t t
vu(t) = S(t)vo —] S(t — s)(Bluy(s)))ds + a/ Zn(s)ds, (3.156)
0 0
where z,, = fo (t —s)GdL,(t). We would like to show
t
lim u,(t) = S(t)ug —/ S(t —s)( ))ds + / S(t —s)fds + a/ z(s)ds. (3.157)
n—o0 0
Assume f, — f in L*(0, T; H) fo (t — s)GdL,(t) — z in L*([0, T]; L*(S*) N H), we would
like to check if
lim B(u,) = B(u) in H. (3.158)
For this, note first that
|[unlf = [ufp] = |(un, un) = (u,u)

= I(un:un>V - (u'un)V + (ll, un)V - (uru>V[
= [(un, un)y — (W, un)y| + [(u, un)y — (u, u)y|
< [un —ufylunly + [ufv|u, —uly.

Now |u,|y is Cauchy and so is bounded. So u, converges to u in V as n — oco. Then using
(3.50) one deduces that

| Blun) — B(ul)|
= |Blun, un) = Blug, u) + Blun, u) = Blu, u)| < Cllunfy + [ualplul + [ufp) - Cluly.

Now similar to the earlier work on proving contraction we have,

<o / |Blua(s)) — Blu(s))’ds
0
< cluftVT.

Therefore, B(u,) — B(u) is in L?(0, T; H). Now by continuity argument again, one has
T T
lim S(t — s)Bluy(s))ds = / S(t — s)Blul(s))ds,
0

n—oo 0

and

lim S(t—sfn ds-/ S(t —s)f

n—o0 0
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Combine with the assumptions

lim S(f)lloln = S(f)UQ,

n—oo

lim z,(t) = z(t),

n—oo

one deduces that

lim v, (t) = v(t).

n—oo

and there exists a solution to (3.73). However, the solution constructed as the limits of u,
leaves open the possibility that there is more than one limit. So we will now prove u is unique.
The idea is analogous to proving (3.155). Nevertheless we detail as following. Suppose vy, vy
are two solutions of (3.75) with the same initial condition. Let w = v; — vy, then w satisfies

ow + vVAw = —B(w, z) — Blz, w) — B(w, vy) — Blvy, w),

(3.159)
w(0) = 0.

Multiply (3.159) both sides with w and integrate against w, using the identities d;|v(t)|*> =
2(0¢v(t), v(t)) again in Temam and (3.48) one gets

Olwl* + 2v|wli = —2b(w,z, w) — 2b(w, vy, w)
Since |b(w, w, z)| < C|w||w|v|z|y and |b(w, w, v)| < Clw]||w|v|v|y
< Clwl[wlv(lz]v + |v1]v)
Then via usual Young inequality with a = /e|w|y and b = Z|w|(|z]y + [va]v)
elw
Therefore, for any € > 0 such that 5 < 2v, one applies Gronwall lemma to

C
+ gl zl5 + [valp)- (3.160)

o Co o 2\ 0|2
Olwl” < o llzly + [wilpllwl”,

and combine with wy = v; g — vy = 0, it follows from Gronwall inequality that
C T
w(t)> < [w(O)” exp <%< /O 2(t)[% + |vi<t>1%>iw<t>|2dt> < o0

as fOT |z(t)|% + |w1(1)]?dt < co. Now, since w(0) = 0, necessarily w(t) must be 0.

It remains to show v € C((0, T; V), as observe from the above energy inequality (3.155), the
solution starts with with an initial condition vy € H belongs to L?(0, T; V). This implies that
almost everywhere in (0, T], there must exist a time point € (and € < T) such that u(e) € V.
Then one may repeat step 2 to another interval [€, 2€], [2€, 3€] - - - . and over the whole [€, co].
Finally we obtain that u € C([e, T]; V)N L?*([e, T]; D(A)) for all € > 0. Note that T = co as implied
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from the a apriori estimate.

In summary, in this section, we have proved

Lemma 3.4.4. Assume that a > 0, z € L;.([0,00);L*(S?) N H), f € H and vy € H. Then,

there exists unique solution of (3.76) in the space C(0, T; H) n L?(0, T; V). which belongs to
Cle, T; V)N L} (e, T; D(A)) for all € > 0. and T > 0.

loc

Combine Lemma 3.4.4 with 3.4.3, we have proved theorem 3.2.15.

Remark. Continuous dependence on vy, z and f is implied from the point where local existence
and uniqueness is attained and hence holds also for global solutions.

Finally, we give an intuitive meaning of Theorem 3.2.15.

Remark. The proof of Theorem 3.2.15 shows that the solution v, starting from v, € H, belongs
to V for ae. t > ty; If we take any t > f, such that V(?) € V, the solution is extended over the
interval [fy, fo + €] and is found to be in D(A) as well. One may repeat this step over another
intevral [y + €, to + 2¢€], [ty + 2€, fo + 3€] - - - . Thus, we obtain that v € C([fy + €, 00); V) N L2, (fo +
e, D(A)).
Furthermore, provided the noise does not degenerate, base on the condition given in the
following, we obtained the existence and uniqueness results for the solution to the original
equation (3.61). We detail this in the next subsubsection.
If

N Ak ol < oo, (3.161)

I

then by Lemma 3.2.4 the process z has version which has left limits and is right continuous
in V. Recall that u; := v; + z; and for each T > 0, define

Zr(w) = sup |ziw)ly, we Q. (3.162)

0<t<T

If (3.161) holds then by Lemma 3.2.2 we have
EZr < oo,
hence there exists a measurable set 2y C 2 such that P (€2) = 1 and

ZT((U) <00, WE Qo .
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Finally, let us study (3.61) for w € . Since z(-,w) € D(]0,00); V), it is of course z(-,w) €
D([0, c0); H). Therefore, by Theorem (3.2.12), u(-,w) = v(-,w) + z - (w) is the unique céddlag
solution to (3.61). So, we extend the existence theorem of strong solution for u. Moreover,
for w € Qo we find that u(-, w) = v(-, w) + z(-, w) is the unique solution to (3.61) in D([0, co); H) N
D(]0, c0); V) which belongs to D([h,oc0); V) N L2 .(h,o0); D(A)) for all h > 0. If uy € V, then
u € D([h, c0); V) N LE.([h, c0); D(A)) for all h >0, T > 0.

This completes the proof of Theorem 3.2.16.

Since the solution is constructed using Banach Fixed Point Theorem, the continuous depen-
dence on initial data is implied from the existence-uniqueness proof of strong solution in above
line. Moreover, our existence uniqueness results work naturally when initial time f, € R other
than 0. More precisely, we state the following result on existence, uniqueness of strong solution

and continuous dependence on initial data which holds for all f € R.

Theorem 3.4.5. For P-a.s. w € 2, there hold
e [or all ty, € R and all vy € H, there exists a unique solution v € C([ty, +o0]; H) N
L2, ([ty, +00); V) of equation (4.26) with initial value .
e If vy € V, then the solution belongs to C([ty, +00); V) N L, ([ty, +00); D(A)).
e hence, for every € > 0,v(t) € Cl[ty + €, +00); V) N L ([t + €, +00); D(A)).
e Denoting the solution by v(t, ty; w, vy), then the map vy +— v(t, ty; w, vo) is continuous
forall t > ty, vo € H.
Theorem 3.4.5 implies the existence uniqueness of stochastic flow which is important for our

study of RDS in the next chapter.

3.5 Invariant measures

The notion of invariant measure arises in Ergodic theory, which is an area concerns with the
study of qualitative distributional properties of typical orbits of a dynamical system and that
these properties are presented regarding measure theory. Roughly speaking, an invariant
measure [1 is a statistical stationary solution which represents the long-time behaviour of a
given dynamical system. Moreover, if a given invariant measure p can be proven to be unique,
then it is possible that the probability law of the solution will converge to . Hence, the unique
invariant measure dictates the statistical equilibrium to which the system approaches give rise
to the so-called ergodic measure. The rationale stems from the Birkhoff’'s Ergodic Theorem
(see [7, 36]): given some time interval [0, T|, the time average on a time interval converges to
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the spatial average:

T T
7 | Ptedt = 5 [ gtattiar [ glupiau

for all observables ¢ of a given system and given initial condition uy,. Such a result has not
been possible for the deterministic Navier-Stokes equation. This is what motivates one to study
Navier-Stokes equation perturbed by noise.

The proof of the existence of invariant measure under conditions on the function and space
is given by the Krylov-Bogolyubov argument.

Let E be a Polish space. Let & = $B(E) be the sigma field of all Borel subset of E and for
[' € &, let I be the characteristic function

1, ifxel
0, ifxele,

Ir(x) =

where ' = E\I'. Moreover Let B,(E), Cy(E) denote the set of bounded Borel measurable
(respectively bounded continuous function) and let & denotes the space of probability measures
on E. Given (uj : x € H,t > 0), a family of time-homogeneous E-valued Markov processes
indexed by x =: uj, define, Vt > 0, x € E, " € &, (Py), (Pf) and (P(t,x,-)) respectively the
markov semigroup on By(E), adjoint Markov semigroup on % and transition probability
measures on E. More precisely, for any t > 0

D : BIE) - BE) Pflx) = Ef(ul) - /E fy)Plt,x,dy), feByE), xcE (3163
and
P P, Pl - / Pt x, T)pldx). (3.464)
One can easily check that )

(Pif,p) = (f,Pip), VfeBy(E), peB(E).

As a consequence of the definition of fransition probability measures, one can define the
markov transition functions as

P(t,x,T) = Pdr(x) = £(u}), t>0,xcE,T ¢ B(E). (3.165)

To study asymtotic properties of the transition semigroup P;, one has to study invariant mea-
sures. A Borel probability measure p in H is said to be invariant with respect to Py if

() = /E Py(x, T)pldx) = p(T), VT € BIE), (3.166)
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or equivalently

/fdu - /Ptfdu V> 0,f € BylE).
E E

An important class of invariant measure is the ergodic measures.

Definition 3.5.1. Let g be an invariant Borel measure on E for P;. A Borel set I' is said to be
an invariant set with respect to semigroup P; if for any t > 0,

Pl =1, p as.

The measure p is said to be ergodic if u(I") is either O or 1 for any invariant set I".

Proposition 3.5.2. If i1 is an invariant measure for Py, then p is ergodic if

lim !

T
—/ Pipdt =@ forall ¢ < L*E,p),
T—oo T 0

where

¢=JLw@m@r%

Proof. Let ¢ = I, then

T

1 _
lim — Rhﬂ=hwi/h&muﬂ=uwx
T—oo T 0 E

as Ir is either O or 1.
Finally, as I+ = I can only be 0 or 1, then p(I') can be either 0 or 1 and so p is ergodic. [

The following theorem due to Doob is fundamental for the study of uniqueness of invariant
measure [100].

Theorem 3.5.3. Let p be an invariant measure for the Markov family (u*,x € E). If the
corresponding semigroup Py is irreducible and strong feller, then u is the unique invariant
measure, and hence, ergodic.

Proof. Step 1 Prove that the family of probability measures (P.(t,-) : x € E) are mutually

equivalent for each t > 0.

This question boils down to how one proves two measures are equivalent, that is to show

whether the two measures agree with an arbitrary set. If u(A) = 0 = v(A), then clearly it does

not distinguish the null set. Then if we have a set with positive probability starts at x,, the
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same should hold for any x € E. With this in mind, one first needs to show for any xy > O, if
we let I be such that, if we take any xo € E P, (t, ') > 0.

To this end, pick any t,s > 0. Assume that P.(t +s,I") > 0 for some x € E, and I" € &. By the
property of the Chapman-Kolmogorov equation,

P.(t+s,T) = /Px(t,dy)Py(s, r).
E

Therefore, there exists a yy such that Py (s,I') > 0. By the strong Feller property, Py(s, ')
is a continuous function of y. Hence, there exists a neighborhood of yy, B,(y;) such that
Py(s,T") > 0 for all y € B,(yo). So, for any arbitrary x € E,

Dt +5,T) - / Dt dy)Py(s,T) > [ Pu(t,dy)Py(s,T) > 0,
E BI’(.VO)

since P, (t, B.(30)) > 0 and Py(s,I") for all y € B,(yo) by irreducibility. Thus P,(t +s,T") > O for
all x € E.
Step 2 Now let I' € & be an invariant set

Pdr =1p, V>0

such that p(I') > 0. One has to show that u(I'’) = 1 By step 1, the family of probability
measures P, (t,-) indexed by x are equivalent, so that P.(t,I') = 1 for all x € E. Moreover, by
the invariance of p, it follows that

plT) = / P.(t, T)dplx) = 1.

Thus p is ergodic. If v is another invariant measure, then v can be shown to be ergodic by
repeating the above argument. Being invariant measures, both p and v are equivalent to P (t, -)
for any x and f. Therefore p and v are equivalent. Now it is well known that if g and v are two
ergodic measures with respect to P; and if g + v, then p and v are singular. Hence p = v. 0O

In this section we are concerned with the existence of an invariant measure of the solution u
to the abstract equation (3.61) with the same assumptions used for Stokes operator A, bilinear
operator B, operator G and noise L(t).

In the last section we proved existence and uniqueness of a weak solution Theorem 3.2.11,
strong solutions Theorem 3.2.15 and the solution depends continuously on initial data Theorem
3.2.12. Tt is well known (see for instance Chapter 9 of [87]) that strong solution implies a weak
solution, and the weak solution is equivalent to a mild solution. Hence the three concepts of
solutions are equivalent. With the aid to these results, our main aim in this chapter is to study
the large time behaviour of u, that is, the law L(u(t, x)) as t — oo. In particular, we prove (3.61)
admits at least one invariant measure Here we consider a general cadlag Markov process,

(Q, {FY Fzo, F. {uf Fr=0, (Pe)ren) (3.167)
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whose transition probability is denoted by {P(t, x,dy }+0, where Q := D(]0, 00); H) is the space
of the cadlag function from [0, co) to H equipped with the Skorokhod topology, F! = ¢{us, 0 <
s < t} is the natural filtration. Now denote (resp.) by C,(H), By(H) the space of bounded
continuous functions and the space of bounded borel measurable functions on H. That is,

Cyp(H):= {¢: H — R: ¢ is continuous and bounded}, (3.168)
By(H):= {¢: H — R : ¢ is bounded and borel measurable }. (3.169)

For all ¢ € By(H), define*

Pip(x) = / p(y)P(t,x,dy), Vt>0,xeH.
H
For any t > O, Ps is said to be Feller if
¢ c Cy(H) - Pipe Cy(H), V t>0. (3.170)

D, is said to be strong Feller if (3.170) holds for a larger class of function: ¢ € B,(H). Moreover,
D, is said to be irreducible in H, if P15(x) = P.(t,A) > 0 for any x € H and any non-empty
open subset A of H. If Py is irreducible then any invariant measure p is full, that is, one has
u(B(x, r)) > 0 for any ball B(x, r) of center x € H and radius r. Indeed, it follows from (3.166)
that

n(Blx, 1)) = /H P (x)uldx) > 0.

The main theorem proved in this section is Theorem 3.2.17, which we restate here for readers’
convenience

Theorem. Assume additionally, that there exists m > 1 such that o, = 0 for all | > m. Then
the solution u to (3.61) admits at least one invariant measure.

We claim that the SNSE (3.61) has an invariant measure. The key to proving this is to use
the Krylov-Bogolyubov Theorem (named after Russian-Ukrainian mathematicians and theo-
retical physicists Nikolay Krylov and Nikolay Bogolyubov), which guarantees the existence of
invariant measures for certain well-defined maps defined on some well-defined space. More
precisely, the theorem states that,

Theorem 3.5.4 (Krylov-Bogolyubov). Assume (P;, t > 0) is a Feller semigroup. If there exists
a point x € H for which the family of probability measure {p(x,-)}io is uniformly tight,
that is, there exists a compact set K. ¢ H such that p(K.) > 1 —¢€ forany p € \ on (H, B(H))
then there exists at least one invariant measure.

*Alternatively, Pig(x) = Exg(u(t)) = Eg(u(t,x)) = [ @ly)p.(dy).
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Corollary 3. If for some v € & and some sequence T, T +oo the sequence {P}. v] is tight,
then there exists an invariant measure for (P, t > 0).

We shall remark that there are various versions of Krylov-Bogolyubov theorem which conveys
the same idea. All that required to be proved are Feller, Markov property of the solution v (and
so u) and convergence of the family of probability measures {u,, t > 0} in H. This is compara-
ble to the concept of weak convergence of distribution in finite dimension (equivalence to weak
convergence of r.v.). However, in infinite dimension, the convergence of distribution is more
involved. Hence extra conditions are needed besides the convergence of finite-dimensional
distributions.

Note that, it is known that tightness is a necessary condition to prove convergence of proba-
bility measure, especially when measure space is infinite dimensional. In this sense the two
statements of the theorem is equivalent.

The following inequalities would be used quite often.

A% M| < Clo)t ™, Vo >0,

|Blu)|v = (A?B(u), A>Bu)) = (AB(u), B(u)) = |A?Bu)| (3.471)

< |ulul?|Au)t, (3179)
|B(u) — B(v)| < Cllul} + [u[3|v] + |[v[5).

IBlu)| < Clulj|ulv]Aul? = Clul}|Aul}.

3.5.1 Transition Semigroup

Let us denote by u(-, x) the solution of (3.61). We set
Dif(x) = Ef(u(t,x)), fe By(H),t>0,xeH.
It follows from uniqueness and time homogeneity of L that the following relation holds,
Dio Py = Py .

Recall from our Theorem 3.2.16 that, we have proved there exists a unique strong solution to

(3.61) with the form (3.76) in the space D([0, T; H) N L*([0, T]; V) which belongs to D([h, T]; V) N

LZ.([h, T); D(A)) for all h > 0, T > 0 for every initial condition uy € H, w € Q. Moreover, if
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up € V, then u € D([h, T; V]) n L2, ([h, T]; D(A)) for all h > 0 and T > 0. The solution depends
continuously on initial data x.

Let u(t; x) be the solution at t starting from x at time 0. Now suppose we have two solutions,
resp. u, and u of (3.61) started at &, and &, if the conditions in Theorem 3.2.12 satisfied, then
it follows that u,(t) — u(t) a.s. for any t. Therefore, f(u,(t)) — f(u(t)) as f is continuous. Thus,
invoke Lesbesgue Dominated Convergence Theorem, one has

Ef(un(t)) — Ef (u(t)). (8.473)

Whence the equation (3.61) defines a Feller Markov process. Then we can define the operator
pt . Cb<H) — Cb(H) by

Dif = Ef(u(t; x)),

and P is said to be a Feller semigroup.

Lemma 3.5.5. The equation (3.61) defines a Markov process in the sense that
Elf(uf, )| F+] = Ps(f)(uf), (3.174)

forall t,s > 0, f € Cy,(H), where uy denotes’ the solution to (3.61) over [0, cc] starting from
the point u(0) = x, &, denotes the sigma-algebra generated by L(t) for T < t.

By uniqueness,
ur, = ul (P—a.s.)
t+s t,t+s’ Sl

where (uj ()i~ denotes the unique solution on the time interval [y, 0o), with the % -measurable
intial condition u?olto = 1. To prove (3.174), it suffices to prove

Elf(uf,s)|F] = Ps(f)(n),

for every H-valued 9;-measurable r.v. n. Note that (3.174) holds for all f € Cy(H), holds for
f = 11 where I is an arbitrary Borel set of H and consequently for all f € B, (H). Without loss
of generality, Let us assume f € C,(H). We know that, if n = n; P a.s, then the rv. u(t +s,t, m)
is independent to %; and therefore

E(f(u(t +s,t,m:))|F¢) = Ef(ult +s,t,m:)) = Preosf (i) = Psf(ny), Pas.

It suffices to prove (3.174) holds for every r.v. n of the form

N
n=> 7",
i=1

>The notation uy is used interchangeably with u(t; x).
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where 0 ¢ H and ') ¢ 7 is a partition of Q, n; are elements of H. Then

N
u(t+s,t,m) = Zu(t +s,t,m)lr,, Pas.

i=1
Hence,

N
Elffult + s, ,m)|F) = S Blf(ult + s, 6, e |F) P-as

i—1
Take into account the rv. u(t + s,t,n;) independent to %, and 1, are %; measurable, i =
1,---,k, one deduces that

N

Ef(ult +s,t,m)|F] =Y  Pf(m)ir, = Psf(n), P-—as.

i—1
and so (3.61) defines a Markov process in the above sense for all f € C,(H). Now, let u(t;n)
be the solution of the SNSE (3.61) with initial condiction n € H.

Let (Py, t > 0) be the Markov Feller semigroup on Cy(H) associated to the SNSE (3.61) defined
as

Pif(n) = E[f(u(t;n))] = ]Hf(y)P(f,y)d;V = /Hf(y)ﬂt,s(dy), f € Cu(H), (3.475)

where P(t,x,dy) is the transition probability of u(t;n) and ;. (dy) is the law of u(t;n). From
(3.175), we have

Pif(x) = (f, i) = (Pif, ),
where p1 is the law of the initial data n € H. Thus it follows from above that p;, = Pip. If
Pip=p VvV t>0,

then a probability measure p1 on H is said to be an invariant measure.

3.5.2 The proof of tightness

We proceed the claim of tightness by first proving the following a priori estimate. The main dif-
ficulty is overcome by introducing a simplified auxiliary Ornstein Uhblenbeck process, which
enables us to use the classical arguments in the spirit of p.51-150 [1]. To prove existence of
invariant measures for (3.61), we write the problem in a slightly different form.

Let H A : DA c H — H, V = DIAY2) = D(AY2) and B: V x V — V/, C be spaces and
operators introduced in the previous section. Suppose that there exists a constant cg > 0 such
that

(Blu,v),w) = |bu, v, w)| < cglu|"?|uli?|v|"?|v|V2wly, ¥V uv,zeV, (3.176)
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(Blu,v),v) < cplul"?|Aul"?|v|v|z],

forallu € D(A), ve Vand z € H.

In order to prove there exists at least one invariant measure, we use standard method in the
spirit of Chapter 15 in [36]. However, the analysis of Navier-Stokes equations with additive
noise in our case requires some non-trivial consideration, as pointed out in [34],. In particular,
a critical question arises when analyzing the estimate %|V(f)|2, the usual estimates for the
nonlinear term b(v(t), z(t), v(t)) yields a term |v(t)|?|z(t)|}, so we were not able to deduce any
bound in H for |v(t)|? under classical lines. Nevertheless, in light of the method developed
in Crauel and Flandoli [34], via the usual change of variable and by writing the noise and the
Ornstein-Uhlenbeck process as finite sequence of 1D processes, we are able to prove there
exists at least one invariant measure to (3.177).

We remark that this fundamental ODE is different from the one used in the proof of existence
and uniqueness. Let f € H and m > 1 be given. Consider

du(t) = [-Au(t) — Blu(t), u(t)) + Cult) + fldt + > _ciedLi(t), (3.177)
1-1
where operators A, B, C are defined earlier in this chapter (see also section 1.2), f € H,
Ly, Ly ---L; are iid. R-valued symmetric B-stable process on a common probability space
(Q, F,P), 0 is a bounded sequence of real numbers and e is the complete orthonormal system
of eigenfunctions on H.

3.5.2.1 Auxiliary Ornstein-Uhlenback Process

Let (L(t),t > 0) be a Lévy process that is an independent copy of L. Denote by L a Lévy process
on the whole real line by

Lt L(t), t>0
)1 . (3.178)
L(-t), t<o,

and by %, the filtration

F, = ollls),s < 1), teR.

Let a > 0 be given; For each [ = 1,---,m, let z) be the stationary (ergodic) solution of the
one dimensional equation

dZ? + ()Ll + a)z?dt = OldLl<f)
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so that

t
2l1) - / e~ (rHalt=s) G ] (s)

(0.¢]

Note that the integral above is well defined, since for any p € (1, 8) with B > 1 we have

E|z)(t)" = Cp,,g/O e Phralt=sigP ds

3179
_ Cppol ( )
pla+X)
More precisely, let
t
z)(t,s) = / e~ Mralt=rGqL,(r).
S
Then one can show directly evaluating integrals in the same way that
lim z(t,s) = z(t)
55— —00
exists. Putting z°(t) = Y1, z)(t)e; one has
dz’ + (A + al)z°dt = GdL(t), (3.180)

where Ge; = ojey, or

t
Z°(t) =/ e (=siA+alGqr (s).

(e.@]

We have for any s, t such that —co < s < t < o0
t R - t ~
z(t) = / e 1=9AGdL(s) = e 1792(s) + / e MAGAL(r) .

We need another lemma.

Lemma 3.5.6. We have

sup |Az(t)]? < co.
~1<t<0

Proof. Note first that the process Z° = Az" is well defined and satisfies all the assumptions of
Lemma 3.2.1 with the process L replaced by another Lévy process AL. Therefore, we have

sup }Zo(l‘)‘2 < 00.
~1<t<0

Since D(A) = D <ﬁ> all the rguments from the proof of Lemma 3.2.1 can be repeated yielding

sup |Az(t)]” < 0.
~1<t<0
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Now, using the lemma above and Lemma 3.2.1 applied with 6 = % we find that the process z
is cadag in V and

sup (|z(t)]” + z(t)[; + [Az(t)]) < oo Pas. . (3.181)

—1<t<0
Using Proposition (3.2.3), one can now choose a > 0 such that
A
4nmE|z4(0)] < Zi (3.182)
where A is the first eigenvalue of A, since E|z;(0)|P — 0 as a — oo.
From (3.182) and the Ergodic Theorem we obtain

. I e A

=1

Put y(t) = =4 + 4n Y, |zi(t)], we get

;
fhe —1 — £y

1 )\4
/ v(s)ds < ——. (3.183)
to 4

From this fact and by stationarity of z; we finally obtain

Tim elo s g p_qs (3.184)
0——00
sup el 7(5)d5|z(t0)12 <oo, P-as . (3.185)
to<—1
] B
/ ele Y991 1z (1) + |21 + |zi(1) P zi(T))dT < 00, P —as. . (3.186)
for all 1 <j, I < m. Indeed, note for instance that for t < 0,
t 0 1 0 Li(t
alt) _ 20 _ —la + Al)/ zi(s)ds + Lt ),
t t t ¢ t

whence lim¢_, ., Z’Tm = 0 P-a.s, which implies (3.184) and (3.185). Consider the abstract SNSE
du + [Au + B(u) + Cu]dt = fdt + GdL(t)
and the Ornstein-Uhlenback equation

dz + (A + al)zdt = GdL(t),

where L(t) = YU, elLi(t). We now use the change of variable v(t) = u(t) — z(t). Then, by
subtracting the Ornstein-Uhlenback equation from the abstract SNSE, we find that v satisfies
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the equation

dd+tv = —vAv(t) - Cv(t) — Blu,u) + f + az. (3.187)

Recall the Poincare inequalities
2 > Mlul’, ¥ ueV, (3.188)
|Au|® > Mmlul’, vV ue D(A). (3.189)

Let us note that there exists n > 0 such that
(Blu,e),u)| <nul*>, ueV,i=1,---,m. (3.190)
Then the following holds.

Proposition 3.5.7. Let a > 0, v is a mild solution of (3.187), there exist cosntants c,c’ > 0
depending only on Ay such that

1 A m m
sV +5lvlv < <—Zi +on) ]Zl|> 92 + clf P + calzl + 2nlz2 Y |z, (3191)

=1 =1
Proof. Let a > 0 be given. Denote for simplicity by z(t) the stationary Orstein Uhbleck
process, corresponding to «, introduced in earlier. Using the classical change of variable
v(t) = ult) — z(t) , the well known identity $6|v(t)|* = (v(t), v(t)), and the antisymmetric term
(Cv,v) = 0 we have

——|v|* = —v(Av,v) — (B(u,z),u) + (az,v) + {f, v) (3.192)
< —v|v[§ = (Blu, z), u) + alz||v] + [f||v]. (3.193)

By the definition of z and assumptions (3.190),

(B(u,z),u) = Z(B(u,el),u)zl < n|u[22 |z)|

[=1

<onv?Y Jal + 20f2”Y |z,

and the inequalities

(az,v) = calz|* + c'|v|?,
(f,v) <clf|* +c|v|”.
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For simplicity we take v = 1. Then via Young inequality, one can show that there existsc,c’ > 0
depending only on A; such that

1d* 2 1 2 1 2 2 - 2 - 2 12 2 2 12
—— - < —= .
57 v+ IVl < =5 Ivl + 2nlvl ;|zl|+2n|z| ;|zl|+c|f| +2¢'[v]” + calz]” + 2c|z[§ + ¢/|v];
So

1£]V|2 + 1|v]2 < (—)ﬁ + 2ni|z |+ 2¢)|v|? + c|f|” + calz|” + 2n|z|2ilz|

2 dt oV =1y — s

Hence one can find a constant ¢,c¢’ > 0 depending only on A; for which the claim follows.
Moreover, Let ¥(t), and p(t) are defined as :

plt) = clf|” + calz” + nlz[* > _|z(1)],
1=1

7t = 2+ 4y Jals)].
-1

we have
S OLlv P+ SIvl < Sl + o) (5.194
0
Temporarily disregard the |v(f)|y term, we have
WP < 70N + 201
which implies
V()2 < |v(T)[2el 7isds 4 /tt e TEEOp (5)ds. (3.195)
0
Now drop out the first term in (3.194), integrate over [T, t] we have
/ t v(s)|pds < (S;ugtMs)IQ) / t y(€)dE + / | op(s)ds. (3.196)

Let us recall, that we proved the existence an uniqueness of solutions to the stochastic Naver-
Stokes equation under the assumption that

Y oA < o, (3.197)
1-1
and then the process z(-) has a cadlag version in V = D(A!?).
We will show that, under the above assumption, there exist at least one invariant measure for
SNSE. Let f € H, be given. For an arbitrary real number s, u(t,s), t > s, is the unique solution
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to the SNSE

du(t) + Au(t)dt + Blu(t), u(t))dt + Cu(t)dt = fdt + dL(t),
u(s) =0

Remark. The space D(A%) is compactly embedded into the space H.

Consequently, if one prove that the process u(t,0),t > 1 is bounded in probability as a process
with values on D(A¢), one gets immediately the law £(u(t,0)), t > 1 are tight on H. This suffices
the claim of existence of an invariant measure. More precisely, one proves in two steps.
Step 1 Assuming that (3.197) holds we will prove an a priori bound in H. For any a > 0,
denote by z the stationary solution of

dze + (A + al)z.dt = dL(t),
where
Zo(t) = z(t) + e~Arallt=s)(z _ z(s)) — «a /t e"(AJ“O‘)(t"S)z(O)dO. (3.198)
s
Let
Velt,s) = ult,s) — z4(t), t>s.
Then v,(t) = v,(t,s), t > s is the mild solution to

01va(t) + VAV(t)dt + Clvy(t) + z4(t)) = —B(valt) + zo(t)) + f + azy(t), t>s,
v(s) = —zqls)

Following step 1 one has the following proposition

Proposition 3.5.8. There exists a > 0 and a random variable £ such that P-a.s.

lve(t,s)| <& Vte[-1,0] andall s< -1, (3.199)
0
/ |vo(t,s)[bds <& Vte[-1,0and all s < —1. (3.200)
1
Proof. In view of inequality 3.195, one obtains

t
v (t,s)]? < [V(s)|Qert‘%+4”Zﬂ1 [z (€)lde +/ ejrt”g)dep(r)dr. (3.201)

S
Based on the earlier discussion, the first term is finite; The second term is also finite under
the assumption (3.181).
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We now use the ergodic properties of z. Since z,(t), —oo < t < oo, is an ergodic process which
is supported by D(A°) c L*(S?). Then by the Marcinkiewicz strong law of large number, we
have PP a.s. that and by Prop 8.4 [23] that

, 1 e A
lim S 4nZ |z)(0)|do = 4nmE|z,(0)] < Zl

T Tmi TS s =1

The existence and uniqueness of invariant measure for the OU equation driven by Lévy process
is well-known [29].
Let p, be the unique invariant measure of Lévy type. It is easy to see that

lim V4nZ |z1(s)|pa(dz) = 0.

a—00
=1

Then for sufficiently large random sy, > 0 and s < —sg

el S mle)de < g-"Ht-s), (3.202)

To complete the proof this proposition we need the following Lemma.

Lemma 3.5.9. Assume that X is a stationary process taking values in a Banach space B.
Moreover, assume that for a certain p > 0 we have

E sup |X(f)|5 < co.
te[~1,0)

Then for every k > 0 such that kp > 1 there exists a random variable £ such that P a.s.
X(t)p < &+ 27",
forall t <O0.
Proof. Let n, = sup_,-.-_,,1 |X(s)[p n = 0,1,... Then by stationarity
Ent = En® < 0.

Therefore,

Enf

K
P(n, > n*) < e

(3.203)

If kp > 1, then Y ° P(n, > n*) < oo, and by the Borel Cantelli lemma, P-as, for any
sufficiently large n,

m < n*.
That is, for every w, there exists N(w) such that

M(w) <n% for n > N(w).
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Therefore, for t € [-n, —n + 1] we have

IX(tIW)IB S nn(w) S nn(w)lngn(w) + nKIn>N(w)
< nn(w)lngN(w) + 2K|l‘|’{.
Since P(N < co) = 1 the random variable

£lw) = Jmax Nn(w)

is finite P-a.s. and the Lemma follows. O

With the aid of this lemma, combine with equations (3.199), (3.201) and (3.202). We deduce the
claim in Proposition 3.5.8. Moreover, via an apriori estimate about fOT |v(t)[?dt, that is (3.196)
the inequality (3.200) follows. O

Step 2 Measure support. We now generalise Proposition 3.5.7 by proving regularizing prop-
erty of equation (3.187) via deducing a priori estimate in D(A%) for some & > 0. This allows us
to establish support of invariant measure.

Proposition 3.5.10. For any 6 < [0, %], there exists C = C(6) such that for any mild solution
v(-) of (3.187), one has

S (4112 — AC i IVsIRIAB v(s)Pds| 26,1 12 t C [ |v(s)PIAZ vis)Pds | q6+4 £12 2 1425 4
|A°y ()] < e™ o |A°v(0)|* + C | e (JA°T2f )7 + |z(0)|” + |A ™+ z(0)|*)do.
0

(3204)
Proof. Multiply (3.187) by A%y and integrating over S? one finds that
éat]Aév(t)]Q + [AZ0y(1)[% + (Cw(t), A% v(t))
= —bvlt) + z4(t), v(t) + za(t), A%v(t)) + a(A°Z4(t), A°v(t)) + (A°f, A°V(L)). (3.205)

From Lemma 3.1.4 it is clear that
(Cv, A%v) = 0.
To complete the proof we need to estimate the terms b(v + z, v + z, A%v), a(A%v, z), (A%v, f)

Using Young inequality with ab = \/{5a4/ %b, p = 2, we have

3a’
A%y < Yiastioe 4 2%,
a(A%v,7)] < ZIATHOP + Sz

26 Viaselo2 L O e
(A%, ) < SIATEoP + o f
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Finally, following the method of deriving (15.4.12) as in [36], one can show that, for any v > O,
there exists a K(v) such that

(A%v,Blv + z,v + z))| = |blv + z,v + z, A%V)| (3.206)
6|A5+zv[2 + KW)([vP|A2v]? + |AT z]4). (3.207)
Combing the above estimates, we have

ST + (1~ 30| AR vl

2

A+ Sl + P

1+2<>

< KW)|v(t)?|Azv(t)]” + K(v)|A™

Therefore, invoking Gronwall, it follows that

" 1
[AC(t)[2 < K0 o IMaIFIAZ vislds| Ady ) 2 (3.208)
t t L 2 1+926
+/ oK) [ V()1 A2 v(s)ds <3i|z|2+K(v>|A 74 3|f|2> do. (3.209)
0 2v 2v
O

To complete the proof of invariant measure. It follows from Proposition 3.5.10 that for any
t<—-1<r <0,

|A6Voc(o H”

V) [0 |vals, 1) [A7V(ISf|2dS|A5 (r, t)|

0 25, 50 22 3
*/ R PRl P 2 12 KA 4 P

< eKIIswpcazoals P [ MEvatsPds o || ASy (1) 3—lz|2 + KA+ Jlfdol

Consequently, integrating the above over the interval [—1, 0], one gets for t < —1 that
|A%v,(0, 1))
< eK(v)[sup,igsgo [Vals.1)|?] f& [A%VQ(S,T)lp‘dS

1+26

Abvlr, 0] + Sl + KA |4 + ifdo

By Proposition 3.5.8 there exists a random variable n such that P a.s.
A%, (0,t)] < & Vi< -1 (3.210)
Moreover,
|A°u(0, )] < |A°v4(0, t)| + |A%Z4(0)].
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Since z,(0) takes value in D(A%) there exists another random variable ¢ such that P a.s.
|A°u(0, 1) < ¢ Vi< 1. (3.211)
So u(0, t) is bounded in probability in the space D(A°) for some & > 0 satisfies Yot |Ol|ﬁ)LlB ° < oo
Ve>03dR>0Vt>0 P(ul0,t uy)| >R)<e.

Now Let ug be fixed and let vy ,, be the law of u(t, uo). Set

= —/ vtuodt

Let By = {x € D(A%);|A°x| < R}, equation (3.211) implies for p € (1, B)

C 1 S p
ur(Bg) < TP E|A u(0, t, ug)|P dt
1 EcP
< ——TECEP = .
TRPT &= Rr

We have that, for any € > 0, ur(Bg) = 1 — € for sufficient large R. Hence pr is tight and its
limit is an invariant probability measure of the solution u of equation (3.61), by Corollary 3.
Moreover, the support of the invariant measure is in D(A!?).

Combine with the markov feller properties proved for u earlier, the solution u to equation
(3.61) admits at least one invariant measure and is supported in D(A'?). Hence, Theorem 3.2.17
is proved.

3.6 Appendix

3.6.1 Miscellaneous facts from Functional Analysis

In this section we review some basic facts from Functional Analysis. For the sake of brevity
proofs are omitted. Readers are referred to the appendix in [92]. These well known facts also
appear in standard texts such as [13, 77, 116].

3.6.1.1 Weak and weak* convergence and compactness

Suppose U is a Banach space (over R) then its dual space U* := £(U, C) consists of all bounded
linear functionals from U to R. The dual space is a Banach space, where the norm of f € U*
is

Ifl = sup (f,x)uxve = sup |[f(x)]

xeU:x|=1 xeUlx|=1

The subscript U x U* from the dual pairing is often omited.
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Let us now recall some basic fact concerning dual spaces, weak and weak* convergence. For
proofs see for instance Yosida [116].

A fundamental result is the Hahn-Banach Theorem, which allows us to extend linear func-
tionals defined on subspaces to the whole space.

Theorem 3.6.1 (Hahn-Banach Theorem). Let U is a Banach space and E be a linear subspace
of U. If f € E* then there exists an F € U* that satisfies F(u) = f(u) for every u € E and
|Flu. < |f

E*-

Corollary 4. Let U be a Banach space and take u € U with u + 0. Then there exists f € U*
such that |f
A sequence (x,) in U converges weakly to u € U, which we write as u, — u in U, if

v+ =1 and (f,u) = |uly.

(f,un) — (f,u) forevery fe U"

The following is a list of properties of weak limits.

Proposition 3.6.2. Let U be a Banach space and (u,), u € U.
e Weak limits are unique;
e I[fu, —» u thenu, — w
e weak convergence sequences are bounded,; and
e if u, — u then

lu|y < lim inf |u,|y,
n—oo

so in particular if |u,|g < M for every n it follows that |u|g < M.

Lemma 3.6.3. If H is a Hilbert space and (u,) € H then u, — u if and only if u, — u and
[unll = [ul

A sequence (f,) in U* converges weakly* to f € U*, which we write as u, Ay in U* if
{fo,u) — (f,u) foreach uecU.

One may observe that this is in some sense the natural definition of convergence in U*.
Moreover, weak* convergence satisfies the following properties.

Proposition 3.6.4. Let U be a Banach space and (f,), f € U*.
(i) Weak* limits are unique;
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(ii) weak* convergent sequences are bounded; and
(iii) if fo — f then

|[f[oe <liminf [f, ],

v < M.
The following two results provide weak and weak* compactness and are central to the argu-

so in particular if |f,|}; for every n it follows that |f

ments that construct solutions as limits of approximations.

Theorem 3.6.5 (Banach-Alaoglu Theorem). If U is a separable Banach space then any
bounded sequence in U* has a weakly* convergent subsequence.

Corollary 5 (Weak compactness). Let U be a reflexive Banach space, then any bounded
sequence u, has a convergent subsequence, that is, there exists u,, C u, and u € U such
that u,, = u

3.6.1.2 Some convergence theorems

Let 1 be a measure on R€.

Theorem 3.6.6 (Dominated convergence theorem). Let (f,) be a sequence of measurable
function on RY such that
e f, — f almost everywhere (equivalently, lim,_,., f,(x) = f(x) pointwise.)
e there exists nonnegative integrable function g, ie. g:S — [0,00] such that |f,| < g
a.e. Vn € R, Then
lim
n=co Jr

[t [r

Lemma 3.6.7 (Fatou). Let (f,) be a sequence of nonnegative measurable function on R? (ie.

dlfn_ﬂd”=0,

in particular

fn:S — [0, 0] is an arbitrary measurable function) such that
o f, > f ae

/ liminf f,, <liminf fn.
]Rd

n—oo n—o0o
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Theorem 3.6.8 (D.C.T. Continuity of integral). Let 1 be a measure on X and I C RY. Suppose
that F: X x I — R is such that

e For each t € I, the function F(-, t) is p-integrable;

e For each t € I, Flx, t) is coninuous at t, for almost all x € R¢

e there exists g € LYX;RY) such that |F(t,x)| < G(x) for almost all x € X and all t € I
Define f(t) ]X (t,x)du(x). Then f is continuous at ty € I.

Theorem 3.6.9 (Differentiation under the integral). Let 1 be a measure on X and I C R
Suppose that F : X x I — R4 is such that

e For each t € I, the function F(-, t) is p-integrable;

e Foreach t € I, DiF(x, t) exists for almost all x € X;

e there exists g € L'(u) such that sup,.; |DiF(x, t)] < g(x) for almost all x € X.
Define f(t) ]Rd (t,x)du(x). Then f is differentiable and

]U<l‘) _ {DF(t,I)dll(y)'
RL
where
8F .. F(t+h,x)—F(tx)
DiF(t,x) = = = lim h
OF _ . Flt,.x +h) —F(tx)
D.F(t,x) = = = lim h

3.6.2 Limit theorems

The law of large numbers plays a cenral role in probability and statistics. Roughly speaking, it
says, if one repeats an experiment independenly many many times and average the result, then
one obtain a value close to the expected value. Here we review three main limit theorems.
Namely, WLLN, SLLN and the Marcinkiewicz Strong Law of Large Numbers.

Theorem 3.6.10 (Weak Law of Large Numbers (WLLN)). Let &,&,--- ,&, be iid. rv. with
finite first moment: E€ = p < oco. Then,

pim (1 —#l 2 ) =0

Remark: &, is said to converges in probability to E&, denotes at &, 5 u.
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Theorem 3.6.11 (Kolmogorov Strong Law of Large Numbers (SLLN)). Let &,&,,--- ,&, be
i.id. rv. with finite first moment: E€ = p < co. Then,
Plw: lim &,(w) = p) = 1.

n—oo

Remark: &, is said to converges to pu almost surely , denotes at
gn g:ll@alplék _”|£O =:>én££
k>n
Roughly speaking, take S, = & + --- + &,, then the WLLN states that, for every sufficiently
large fixed n the average S, /n is likely to be close to . The SLLN on the other hand ask the
question that, in what sense can we say

im on(@) _ "

n—oo n

Now we introduce a version of SLLN applicable to the S-stable case.

Theorem 3.6.12 (Marcinkiewicz SLLN). Let &, &,,--- ,&, be iid. rv. If 0 < p < 2 then the
relation E|& |P < oo is equivalent to the relation

Sp —nu
nt/p

Here, p =0if0<p<landp=E& if1 <p <2

-0 as
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CHAPTER 4

Random dynamics, Random attractors and Invariant
measures

441 Introduction and Motivation

The study of asymptotic behaviour of dynamical systems has been one of the most fundamental
problems in mathematical physics. One of the central notions is an attractor, which conveys
crucial geometric information about the asymptotic regime of a dynamical system as t — co. It
is well known that the 2D Navier-Stokes equations is dissipative and so have a global attractor,
see for instance [91, 103]. More precisely, there exists compact subset K of the original phase
space where all asymptotic dynamics fall in. Much of the theory of infinite dynamical systems
devote to study the properties of this set K, which is called the global attractor (see for instance
[91, 103]). For instance, one can show that, if there exists a unique mild solution on the space
K then we can define a group of solution operator S(t) for the equation sensibly for all t € R,
this defines a standard dynamical system,

(K. {S(t)er })

A random (pullback) attractor is the pullback attractor where time-dependent forcing become
random (In this thesis, this is given by the contribution from F(t) and the noise term ). Readers
are referred to [28] for a comparison of the three frameworks for the study of attractors,
namely, attractors, pullback attractors and random attractors. Just like in the deterministic case,
the theory of random attractor plays an important role in the study of the asymptotic behaviour
of dissipative random dynamical system. Crauel and Flandoli [34], Crauel, Debussche and
Flandoli [33] developed a theory for the existence of random attractors for stochastic systems
that closely comparable to the deterministic theory. Roughly speaking, a random attractor is
a random invariant compact set which attracts every trajectory as time goes to infinity. The
strategy to prove the existence of random attractor is analogous to the method of proving
global attractor in deterministic case, which involves two main methods. The first method
requires one to find a bounded absorbing set and to prove asymptotic compactness of S(t); The
second method is to find compact absorbing set, and it turns out to be the method we employ
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in proving existence of random attractor in our case. The existence theorems and continuous
dependence of initial datum in the earlier chapter allows us to define a flow ¢ : R x Q2 x H — H
in the following sense:

@lw)vg =v(t,w;vy), teT,weQ, voe H.

Our goal of this chapter is to investigate the dynamical behavior of the SNSE on 2D rotating
spheres with additive stable Lévy noise

m
du(t) = [—Au(t) — B(u(t), u(t)) + Cul(t) + f]dt + ZGIdLl(t)el, u(0) = uy, (4.1)
-1
where A, B, C are respectively the Stokes operator, the bilinear operator and the Coriolis op-
erator as defined in Chapter 4, and f € H, ey, -+ ,en € H are the eigenfunctions of the stokes
operator A, {0;} is a sequence of real numbers, Li(t), (1 < | < m) are mutually independent
two-sided B-stable Lévy processes u = u(t, x, w) is now a random velocity of the fluid.
Our goal in this chapter is in threefold.

e Prove (4.1) generates a RDS ¢;

e Establish the existence of random attractor for (4.1);

e Establish the existence of a Feller Markov Invariant Measure supported by the random
attractor.

To this end, we study the stationary ergodic solution of an Ornstein-Uhblenceck, make trans-
formation to obtain some estimates of the solution respectively in space H and V, then using
the compact embedding of Sobolev space, we obtain the existence of compact random set
which absorbs any bounded nonrandom subset of space H.

In section 5.2, we introduce some key terminology such as RDS, random attractors, Markov-
invariant measures to study random dynamics induced by our SNSE under jump noise. In
section 5.3, we prove ¢ indeed defines a random dynamical system along with a driving flow
@. This claim was accomplished by first identifying a suitable canonical sample probability
space for (4.1) which ensures the linear stochastic Stokes equation remains stationary. (see
5.3.1 and 5.3.2) Then via an a priori estimate for a strong solution (bounded in V, compact in
H) from the earlier chapter, we identified a compact absorbing set and consequently deduce
the existence of a random attractor based on the assumption of a finite-dimensional noise.
Finally, using the property of random attractor, we deduce the existence of random invariant
measure which is supported by the random attractor of the spherical SNSE.
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4.2 Attractors in the theory of random dynamical system

In this section, we review the necessary mathematics foundation for the studies of random
attractors. The presentation here follows closely with [7, 18, 34] with some slight modification
to Jump case based on the various papers on RDS under Lévy noise [2, 57]. The notion of
random dynamical system is simply a generalisation of a deterministic dynamical system. In
brief, an RDS has two features, one is the measurable dynamical system ¢, which is used to
model the random perturbations, and the other is the cocycle mapping ¥ defined over the
dynamical system (see Arnold [7] for more detail).

421 Basic definitions

In this subsection, we recall the definition of random dynamical system (RDS) and cocylcle

Definition 4.2.1. A triple T = (2, F, V) is said to be a measurable dynamical system (DS) if
(2, F) is a measurable space and U: R x Q 3 (t, w) — %w € Q is a B(R) ® F-measurable map
such that for all t,s € R, ¥;,s = ¥;00,. A quadruple T(Q, F,P, V) is called a metric dynamical
system (RDS) iff. (2, F,P) is a probability space and ¥’ := (Q, F, ¥) is a measurable DS such
that for each t € R, the map U; : 2 — Q is P-preserving.

Definition 4.2.2. Given a metric DS T and a Polish space (X,d), amap ¢ : R x Q x X >
(t,w, x) — @(t,w)x € X is called a measurable random dynamical system (on X over 0), iff
e ¢(t) is strongly measurable Vt € T : ¢(t, -)x is F/93(X)-measurable Vt € T and x € X;
e ¢(t,w) : X — X is continuous for all (t,w) € R x Q;
e The trajectories ¢(-, w)x : R — X are cadlag V (w, x) € Q x R;
e ¢ is U-cocycle:

Pt +s,w) =@t dwopls,w) YV s teR, p0,w) =id, YV w e Q. (4.2)

It follows from the cocycle property that ¢(t, w)- is automatically invertible. (Vt € Tand VP a.e.
w.) In fact, @(t,w)™ = @(—t, %w) for t € T. Instead of assuming (4.2) for all w € Q it suffices
to assume (4.2) for all w from a measurable (). r-invariant subset of Q of full measure.

4.2.2 Stochastic Calculus for two-sided time

While we will assume our metric dynamical system has two sided time T = R, in this subsection
we briefly discuss the extension of stochastic calculus to two sided time. The material follows
closely with section 2.3.2 [7].
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Let (2, &, P) denotes from now a complete probability space.

Definition 4.2.3 (Two-Parameter Filtration, p.71 [7]). Assume F., s,t € R, s < t, is a two
parameter family of sub o-algebras of & with the following properties

e FlcFiforu<s<t<vy

o Flti= Ny Fl = FL FL =Ny Fl = FL for s < t,

e F! contains all P-null sets of F for every s < t.
Then F!, s <t is called a (two-parameter) filtration on (on (Q, 7, P)). We define

gioo = \/sgtgé, g(;o = \/1‘23@;-

Definition 4.2.4 (Filtered DS, p.72 [7]). Let (Q, F°, P, {9, }icr) be a metric DS, let F be the P-
completion of F°, and let 7, s < t, be a filtration in (Q, F,P). We call (Q, F, P, {0 }ier, {FL}s<1)
is filtered DS, if for all s,f,u € R, s < t, we have

ﬁfl g:t _ gtJru

s+u-

4.2.5 Attraction and absorption

For two random sets A, B C X, we put
d(A,B) = supd(x,B) and p(A, B) = max{d(A, B),d(B,A)}.
xeA
In fact, p restricted to the family € of all nonempty closed subsets on X is a metric (see [26]),
and it is the so-called Hausdorff metric. From now on, let X be the Borel o-field on € generated
by open sets w.rt. the metric p [19, 26, 32].

Definition 4.2.5. Let us assume that (2, F) is a measurable space and let (X,d) be a Polish
space. A setvalued map C : Q — €(X) is said to be measurable iff. C is (7, X)-measurable.
Such a map is often called a closed and bounded random set. A closed and bounded random
set C will be called a compact random set on X if for each w € Q, C(w) is a compact subset
of X.

Example 2. A closed set valued map K : Q — 2% is a random closed set.
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Remark. Let f : X + R, be a continuous function on the Polish space X and R : Q + R an
F-measurable random variable. If the set C;p(w) := {x : f(x) < R(w)} is nonempty for each
w € Q, then Cyp is a closed and bounded random set.

Definition 4.2.6. Let ¢ : R x Q@ x X 3 (t,w, x) — ¢(t, w)x € X be measurable RDS on a Polish
space (X, d) over a metric DS €. A closed random set B is said to be ¢ forward invariant iff.
for all w € 2,

o(t, w)Blw) C BlUyw) V t>0.
A closed random set B is said to be strictly ¢ invariant iff. Vw € €,

¢(t,w)B(w) = B(Yw) V t>0.

Remark. By substituting ¥_;w for w, we have the equivalent version of the above definition:

o(t, p_w)B(U_jw) C Blw), YV t>0,

o(t, p_iw)B(U_jw) = Blw), VYt > 0.

Definition 4.2.7. For a given closed random set B, the Q2-limit set of B is defined to be the set

Q(B, w) = Lplw) = ﬂ U @(t, o_1w)BU_;w)

T>0t>T

Remark. (i) A priori Q(B, w) can be an empty set.
(ii) One has the following equivalent version of Definition 4.2.7:

Qplw) = {y:3t, — oo, {x,} C B(l?_tnw),}iglo o(th, U w)x, =¥}

(iii) Since (J.p @(t, 0_sw) is closed, Qp(w) is closed as well.
Given a probability space, a random attractor is a compact random set, invariant for the
associated RDS and attracting every bounded random set in its basis of attraction. More
precisely,

Definition 4.2.8. A random set A : Q — €(X) is a random attractor iff

e A is a compact random set;
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e A is gp-invariant, i.e. P-a.s.
o(t, w)Alw) = AlGw), (4.3)
e A is attracting, in the sense that, for all B € X it holds

lim p(e(t, 9-1w)Blg-w), Alw)) = 0.
The random attractor A in the present chapter shall not be confused with the Stokes operator
A.
Let us now state a result on the existence of a random attractor, which is a generalisation of

the Gaussian noise case in the pioneering work in [34] to the Lévy noise case.

Theorem 4.2.9. Let ¢ be a continuous in space, but cadlag in time RDS on X. Assume the
existence of a compact random set K absorbing every deterministic bounded set B C H.
Then there exists a random attractor A given by

Alw) = U ), we

BCX,B bounded

Proof. The proof is analogous to the proof of Theorem 3.11 in Flandoli and Crauel [34]. O

4.2.4 Invariant measures on random sets

In the final section of this thesis, we prove the existence of invariant measure for the RDS
¢ (Put in another way, the existence of random invariant measure). Recall the standard facts
from Chapter 2, in particular, the definition of skew product; we are ready to discuss what one
means by random invariant measure.

Definition 4.2.10. Let ¢ be a given RDS over a metric DS ¥. A probability measure g on
(Q x X, F x 9B) is said to be an invariant measure for ¢ iff.

e O preserves j1: O(u) = p for all t > 0;

e The first marginal of p is P, i.e. 7o) = P where

7o QR x X 3 (w,x)— w e Q.

The following corollary gives the existence of invariant measure for a RDS ¢. The proof
follows from the Markov-Katutani fixed point theorem (see p.87 [32] for more detail.).
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Corollary 6 (p.374,[34]). Let ¢ be an RDS, and suppose w +— A(w) is a compact measurable
forward invariant set for @. Then there exist invariant measure for ¢ which are supported
by A.

Alternatively, one can construct the random invariant measure more explicitly via an Krylov-
Bogoliubov type argument; we refer readers to p.87 [32].

4.2.41 Markov Invariant Measures

Based on the conditions in Theorem 4.2.9, it is clear the attractor is measurable with respect
to the past &7, since Q2p is measurable for any nonrandom B.
Define two o-algebra corresponding to the future and the past, respectively by

Fr =o0{wr @1, Vw):7,t >0},
and
F- =o0{wr @1, 4w): 17,0 < T <t

Then 9;'F* c F* forall t > 0and 9, 'F~ c F~ forall t <0.

Proposition 4.2.11. Suppose w — A(w) is an @-invariant compact set which is measurable
with respect to the past &~ for an RDS ¢. Then there exist invariant measures 1 supported
by A such that also w+ u, is measurable with respect fo F .

Corollary 7 (p.374[34]). Under the conditions of the Proposition suppose in addition that
@ is an RDS whose one-point motions form a Markov family, and such that &* and %~
are independent. Then there exists an invariant measure p for the associated Markov
semigroup. Furthermore, the limit

R = lim (t, 9_w)p

t—o00

exists P a.s, p = [ p,dP(w) = E(u.), and p is a Markov measure.

4.2.4.2 Feller Markov Invariant measures

By Corollary 6 for an given RDS ¢ on a Polish space X, one can find an invariant probability
measure if an invariant compact random set K(w), w € Q can be identified. Hence Corollary
6 is generalised as the following.
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Corollary 8. A continuous in space, cadlag in time RDS which has an invariant compact
random set K(w), w € Q has at least one invariant probability measure 1 in the sense of
definition 4.2.10.

One of the desirable property of solutions of stochastic PDE is Feller property (see definition
in Chapter 4). Let us now define a Feller invariant measure for a Markov RDS ¢. If f: X - R
is bounded Borel measurable function, then put

(Pf)(x) = Ef(p(t,x)), t=20,x¢eX. (4.4)

It is clear that P;f is also a bounded and borel measurable function. Moreover, one has the
following result.

Proposition 4.2.12. Assume that that RDS ¢ is a.s. contiuous in space for every t > 0. Then
the family (P;,t > Q) is Feller, i.e. Pif € Co(X) if f € Cu(X). Moreover, if the RDS ¢ is cadlag
in time, then for any f € Cy(X), (Pif)(x) — f(x) ast | 0.

Proof. For the first part, letus fix t > 0. If x,, — x in X, then it follows from the space continuity
of ¢(t, ) that (Pf)(x,) — (Pf)(x) using the Lebesgue dominated convergence theorem.

For the second part, note that for a given x € X from the cadlag property of ¢(-, x, w) : [0, c0) —
X for a.e. w it follows that one has (Psf)(x) — f(x)as t — 0 if x € X. O

A RDS ¢ is called Markov iff the family (P, t > 0) is a semigroup on Cy(X), that is, Py, s = P;oP;
for all t,s > 0.

Definition 4.2.13. A Borel probability measure p in H is said to be invariant w.r.t. P; if
D= /Pt(x, D)pldx) = p(I7), VI € B(X),
X

where (Pf)(I") = [, Py(x, T')u(dx) for I' € 9B(H) and Py(x, -) is the transition probability, P(x, I") =
Pi(1r)(x)

Finally, a Feller invariant probability measure for a Markov RDS ¢ on H is, by definition, an
invariant probability measure for the semigroup (P;, t > 0) define by (4.4).

In view of Corollary 7, if a Markov RDS ¢ on a Polish space H has an invariant compact
random set K(w), w € &, then there exists a Feller invariant probability measure 1 for ¢. More
precisely we have the following corollary.
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Corollary 9. If a cadlag time and space continuous RDS ¢ has an invariant compact random
set, then there exists a feller invariant probability measure pu for .

4.5 Random Dynamical systems generated by the SNSE on
a rotating unit sphere

Having established the well-posedness in the earlier chapter, we are in a position to define an
RDS ¢ corresponding to the problem (3.61) in H. But first, we need to determine a sample
(canonical) probability space for which the dynamics of the driving noise remains stationary.

4.3.1 Some analytic facts

Recall that X = L*(S?) N H denote the Banach space endowed with the norm
xlx = [xln + |x]esy-
Recall Assumption 1 last chapter, namely, the space K ¢ H N L* is a Hilbert space such that
for any 6 € (0,1/2),
A% K - HnL4S? is y-radonifying. (4.5)

This assumption is satisfied if K = D(A®) for some s > 0.

Remark. Under the above assumption the space K can be taken as the RKHS of the cylindrical
Wiener process W(t) on H N L%

Let (2, F,P) be a complete probability space, where Q = D(R, E) of cadlag functions defined
on R take value in E with the following Skorohod metric

(o.¢]

dily, 1) =Y (W Adi(l, L) Vil e D,
i=1

where [} (t) := g;(t)l;(t) and I5(t) := g;(t)ly(t) with

1, if [t| <i-—1
gilt)i=qi—t, ifi—1<|t|<i
0, if |t <i
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< sup |log)ﬂ)+iL(S>| V sup |l(t) - 12()»(ﬁ)1> ,

_i<s<t<i t _i<t<i

di (13, 15) = )IEJ{

where A denotes the set of strictly increasing, continuous function A(t) from R to itself with
A(0) = 0. This skorohod space is a complete separable metric space which is taken as the
canonical sample space. Let & be the Borel o-algebra of the Polish space (D(R, X),d). For
every t € R we have the evaluation map L; : D(R, X) — R denote by L¢(w) = w(t). Then we
have F = o(Ly, t € R), that is, & is the smallest o-algebra generated by the family of maps
{L; .t € R}. Let P be the unique probability measure which makes the canonical process a
two-sided Lévy process (see definition in Chapter 3) with paths in D(R; E), that is, w(t) = L¢(w).
Define the shift

(w)(-) = wlt+-) —wlt) teR we Q.

Then the map (f,w) — U(w) is continuous and measurable [7] and the (Lévy) probability
measure P is ¥ invariant, that is, P(9,(T)) = P(T) for all T € %. This flow is an ergodic
dynamical system with respect to P. Thus (2, F, P, (9)cr) is a metric DS.

4.3.2 Ornstein-Uhlenbeck process

In the following subsections we are concerned with the linear evolutionary Stokes equations.
In particular the notations H and A are as defined in subsection 3.1.3. The space X is defined
in subsection 4.3.1.

Recall, the equation

u(0) = uo.

If A generates a Cy-semigroup in a Banach space E and f : [0, T] — E is such a function that

T
/O (0] df < oo,

then the solution is given by

¢
ult) = e ugy + / e =51 f(s)ds.
0

In particular, we have

Proposition 4.3.1. Let L be a Lévy process taking value in E, such that for any T > 0

T
/O L) df < 0o
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Then the solution of the differential equation
Vit)+aV(t)=L(t), V0)=0 a>0

is given by

4.3.21 Stochastic convolution and integrating by parts

Here we quote a useful integration by part formula from [114] which allows us to attain the
desired regularity for which the RDS ¢ exist.
Consider the following Ornstein-Uhlenbeck process generated by the Stokes operator on S?,

t
Zi = fSGdL ze
= [ z”

where {e;: 1 =1,---} is the complete orthonormal system of eigenfunctions of A in H and

t
2(t) / e M-S dL(s), (46)
0

where A; are the eigenvalues of the Stokes operator A. By the Itd product formula, see
Theorem 4.4.13 of [4] for any | > 1, one has that

t t
LY(t) = / ae M= (s)ds + / e MLl (s) + / e M=SIALY(s)ds,
0 0 0

where AL!(s) = L!(s) — L!(s—). Since L!(t) is a B stable process, AL!(s) = 0 a.e. for s € [0, ] and
so we have

t
/ neMI=SIAL(s)ds = 0.
0
Therefore,
Z[ —Ul / )qe_x’t SGL( )d

Hence, if we assume that o; = 0 for [ > m for a certain finite m > 1 then

where



In this case we clearly have

V(it)e H as. (t>0).

4.3.2.2 Regularity of Shifting flow

To prove our stochastic Navier-Stokes system generates a RDS, we will transform it into
a random PDE in X with aid of the integration by part technique introduced earlier. We
need to give a meaning to the Ornstein-Uhlenbeck process in the metric dynamical system
(Q, F, P, {0 }+cr) given by

z(Vw) = 2(t) = /t Al+oe=t=rA(g(f) — o(r))dr, teR.

Our goal now is to show z(t) is a well defined element in X := L*(S?) N H for a.e. w. But first,
we need the following couple of results, which can be viewed as generalisation of Theorem
41 and Theorem 4.4 in [23] to the case where the Ornstein Uhlenbeck generator is A + al in
place of A, where

A=vA+C, D(A) =DA), A=—P(A +2Ric).
Recall that

[ﬁuae—t(mal)mm) < Ct1-Se-rat 45 (. (4.7)

Proposition 4.3.2. Assume B € (1,2), p € (0,B) and

[ee]
Y ol A < 0.
1=1

Then .
E / Ae~""A(@(1) — or))Bdr < oo, (48)
Moreover, for P almost every @ € D(R, X), t € R the function
t ~
2(t) = 2(@)(t) = / Ae ="(@(t) — wlr))dr, teR (4.9)

is well defined and cadlag in X. Furthermore, for any k > 0 such that kp > 1 there exists a
random variable C depending on 5, p, 0, 6 such that

2(@)(B)]x < CIB.p, 0,8, D)1 + [t). (4.10)
Proof. Part I We will show first that the Lévy process L is is cadlag in X and
Esup|L(s)|% < co. (4.11)
t<T
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By Lemma 3.2.4 the process L is c4dldg in V, hence in L* (S*) and finally in X. It remains to
show (4.11). Recall Lemma 3.2.1, that is,

b

B
Esup |A°L(t)]P < C(8,p) <Z |ol]’3)df6> th < oo. (4.12)
t<T 1>1
Putting 6 = 0, we have,
Esup |L(t)|P < C(B, p) <Z \OZIB> th < oo, (413)
t<T =
and putting 6 = 1 we have,
%
Esup |A*L(t)]> < C(B,p) <Z |6115/\f/2> th < c0. (4.14)
t<T =

So

Esup|L(s)[% < cEsup |L(s)|” + cEsup |L(s)|£4(82)
t<T t<T t<T

< cEsup |L(s)|P + CEsup <|L(s)lg|L(s)|?‘,> via Ladyzhenskaya inequality
t<T t<T

< cEsup |L(s)|P + CEsup|L(s)|}, via Lemma 3.23

t<T (T
/B )
- ClB.p) <ZW> s¥ + CIB,p) <Zlol|ﬁ;f/2> g
11 7
%
< CIB.p) <Z[a,mf/2> o5,
1
Part 11 In what follows we use the fact that @(f) = L(f) P-as. Using the change of

variables s = t — r, we obtain

E / " e PG — afe))Pdr / TEAeMalt) — alt — s))[2ds

00 0

= / E|Ae*Aa(s)|2ds.
0
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Using (4.7) with v = a + 1 we have

e Prs
/ E|Ae*a(s |de<c/ = E|A%w(s)|Nds
0

< ¢ [T Eclp pish (Y ol ds < oo,
o S I>1
since p — % < 1 and we infer that z(t) is well defined in X P-a.s. using the same arguments as
in the proof of (4.11) above.
We will prove (4.10). Applying Lemma 3.5.9, with the Banach space B = X and k such that
kp > 1 we obtain

1Z(@)(t)|x < CB,p,o,6,k, @)1 +|t]"), (4.15)

and (4.10) follows.
Part III  One has to check Z is right continuous with left limit in X. To this end note first that
t

~

z(t) = Aelt=s)A (w(t) — wl(s))ds

— (A OOe’sz‘ds w(t) — t ﬁe’(f’s)z‘w(s) ds
(] eas)us- [
= w(t) —/j Ae~=94)(s) ds,

since A is invertible. The function w is cadlag in X by assumption. We will show that the
function

F(t,w)=/t Ae =14 (s) ds

(e.¢]

is continuous in X for P-a.e. w. Indeed, for s,t € R such r < t we have

t R . )
/ Ae =51 y(s)ds =/ Ae =9 y(s) ds +/ Ae 1=940(s)ds
= ﬁe“““’")z‘] e~ r=sy(s )ds+/ Ae~l=4(s)ds

—00

— Ae~""AR 4 I(f) .

Since the semigroup esA is analytic, we find that the function t — Ae~t=1Ah is continuous
for t > r. Let us consider I(t). By Sobolev embeddings we have a continuous embedding
H'2 ¢ Wi*, Therefore for & small enough the function t — ASw(t) is locally bounded in L*
for a.e. w. Then

t ~ o~
I(t)=/Ai“‘se“““smAéw(s)ds

is continuous for t > r, again by standard properties of analytic semigroups.
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Theorem 4.3.3. Under the assumption of Proposition 4.3.2, for P-a.e. w € D(R, X),
2(0w)(t) = z(w)(t +s), t,seR.

Proof. The proofs of the first three parts follows from closely from Theorem 4.8 and Propo-
sition 8.4 in [23], see also Theorem 9 in [63]. For the last part, since (Jsw)(r) = w(r + s) — w(s),
r € R, we have

2(0,w)(t) = /_t Ae A9,w(t) — Vsw(r)]dr

o)

- /t Zle’“’”)A[w(l‘ +s) — w(r + s)|dr

= /Hs Ae T A1t + ) — w(r)]dr’ = 2(w)(t + s).

(&)

Now, put (1s€)(t) = C(t + s), t,s € R. Therefore 5 is linear, bounded map from D(R, X) into
D(R, X). Moreover, the family (1s)scr is @ Cy group on D(R, X). Hence the shifting property
could be re-expressed as

Corollary 10. For P-a.e. w € D(R,X) For s € R, 1502 = 2 0 ¥,, that is
T5(2(w)) = 2(0s(w)), w € DR; X).

Proposition 4.3.4. The process

t a
Za(t) _ / e—(t—s)(A+aI)dL<S>’

where the integral is intepreted in the sense of [23] is well defined and is identified as a
solution to the equation

dzq(t) + (A + al)z,dt = dL(t), teR.

The process z,, t € R is a stationary OU process.
We define

Zo(w) = 2(A + al;w) € D(R, X),

ie. forany t > 0O,

Zo(w)(t) := /t (A + aI)e’“’”(A*“D(w(t) — w(s))ds

(o.¢]
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By Proposition 4.3.1,

%za(w)(t) + (A + al) /t (A + aI)”‘Se’(””(A*“”(w(t) — w(s))ds = L(t).

(e.¢]

Therefore z,(t) satisfies
d* N
Eza(t) =(A+al)zy = w(t), t € R. (4.106)

It follows from Theorem 4.3.3 that
Zo(Osw)(t) = zo(w)(t +), we DR, X), t,seR.

Similar to our definition of Lévy process Ly, ie. Liw) := w(t), we can view the ODE as
a definition of z,(t) on (Q, %, P), equation (4.16) suggests that this process is an Ornstein
Uhblenck process.

Now we have enough tools to prove the cocycle property of RDS, and this allows us to prove
(¢, 0) is an RDS. The proof follows same lines as Theorem 6.15 in [18].

4.3.3 Random dynamical system generated by the SNSE on a sphere with

Lévy noise

Let us fix a > 0 and put Q = Q(E).
We define a map ¢ = ¢, : R x Q2 x H - H by

(t, w, x) = v(t, Zo(w))(x = 24(w)(0)) + Za(w)(1).

In what follows, write z = z, for simplicity.
Put in another way,

¢ = @alt, w)x = v(t, Za(w))(x — 24 (W)(0)) + Za(w)(1)
=u(t,wx) VteT,weQ, xeH,

where u(-; w, up) is the solution of the integral equation corresponding to given w € @, up € H
and ¢ satisfies the definition of RDS.

Since ¢(t) = ¢(t, O¢(w))vp and v(0) = vy. Then (0, w) = I. It is clear that ¢(0, w) = I. Because
z(w) € D(R; X), z(w)(0) is a well-defined element of H and hence ¢ is well defined. Furthermore,
we have the first main result of this chapter.

Theorem 4.3.5. (¢, V) is a random dynamical system.
To prove the claim, one simply check the definition of a random dynamical system (see
subsection 4.2.2).
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Proof. First, we check Measurability. Suppose ug € V and t € T is fixed, the map w +
@(t, w)up € H is measurable because the solution u(t, w; ug) is constructed as the (poinwise in
w) limit of sucessive approximation of the contraction, which is measurable being explicitly
defined in term of measurable objects. Finally, if up € H, then u(t, w; ug) is the limit of u(t, w; u?)
with u) € V. The required measurability is assured.

Next, we check Continuous dependence on initial data.

The proof follows the similar line of the proof of uniqueness in subsubsection 3.4.2.

Third, we check Cadlag property of ¢(t,w). This turns out to be an easy task: The cadlag
property of ¢ug is clear from the proof of existence and uniqueness of the solution u.
Lastly, we will check the cocycle property of ¢, namely, for any x € H, one has to check,

ot + s, w)x = @(t, Osw)p(s,w), t,secR. (4.17)

From the definition of ¢, noting from the cocycle property of z, Z(Jsw)(t) = Z(w)(t +s), z(w)(s) =
z(9sw)(0) for all s € R, we have for all t,s € R,

@t +s,wx = vt +s,z(w)(t + s))(x — z(w)(0)) + z(w)(t + s),

@(t, Dsw)ep(s, w)x = v(t, z(sw)(t))(x — z(w)(0)) + z(w)(s) — z(Vsw)(0) + z(Vsw)(t)
= v(t, z(0sw)(t))(v(s, z(w))(s))(x — z(w)(0)) + z(Tsw)(1).
In view of (4.3.3), to prove (4.17), we need to prove
v(t + s, z(w)(t + s))(x — z(w)(0)) = v(t, z(Fsw)(1))(v(s, z(w)(0))).
Now, fix s € R, define vy, vy by
vi(t)
vo(t)

Because v(0, z(J;w)(0))(x — z(Jsw)(0)) = x — z(Y;w)(0), one infer that

v(t +s,z(w)(t + s))(x — z(w)(0)) teR,
v(t, z(Tsw)(t))(v(s, z(w)(s))(x — z(w)(0))), teR.

v1(0) = v(s, zw)(s))(x — z(w)(0))
= v(0, 2(0;w)(0))(v(s, z(w)(s))(x — z(w)(0))) = v2(0).

Since R > t+— v(t, z(w)) is a solution to

dv — _yAy — Blv) — B(v,z) — B(z,v) — Blz) + az + f,

dt+

v(0) = vy.
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On the other hand, in view of our earlier existence uniqueness results, the fact v takes value
in D(A) implies that v(f) is differentiable for almost every t. We have
V(t) = —vAv(t + s, z(w)(t + 8)) — B(v(t + s, z(w)(t + 8)) + z(w)(t + s) + az(w)(t +s) + f
= —vAw(t, z(w)) — Blvi(t, z(w)) + z(w)(t + s)) + az(w)(t + s) + f.
On the other hand for v,

dv(t, z(Jsw)(t))
dt+
Therefore, v4, vy solve respectively

= —VAv(t, z(Dsw)(t)) — B(v(t, z(Osw)(t))) + z(Vsw)(t) + az(Dsw)(t) + f.

vi(t) = —vAvj = B(vi(f) + z(w)(t + s)) + az(w)(t + s) + f,
v1(0) = v(z(w))(s)(x — z(w)(0)),

vy(t) = —vAvy — Blwy(t) + z(0sw)(1)) + az(dsw)(t) + f,
v1(0) = v(z(w))(s)(x — z(w)(0)).

By cocycle property of z, z(Jsw)(t) = z(w)(t + s) for t € R. O

Therefore, v;, vy are solutions to (3.75) with the same initial data v(s, z(w)(s))(x — z(w)(0)) at
t = 0. Then it follows from the uniqueness of solution to (3.75) that v; = v, t € R.

4.3.4 Existence of random attractors

We have the Poincare inequalities

lulp > Mlul’,, Vv ueV, (4.18)
|Aul? > M|ul®>, ¥V u< DA). (4.19)

Lemma 4.3.6. Suppose that v is a solution to problem (3.75) on the time interval [ty, co) with
zec L (RLYS?) N L7 (R, V) and ty > 0. Then, for any t > T > t;, one has

loc loc

t t -t
lv(t)? < |v(T)Pelr viss & / els "€4Eop(s)dss, (4.20)
to
where
plt) = clf|* + calz|* + 6|z _ |a(t)], (4.21)
-1
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o) = =2 48 Jalt) (429)

for all ty < T < t and ¢ depends only on A
Proof. The proof will be provided shortly. ([l

The main lines of proving the existence of random attractors follow from classical lines of
proving Global attractors by finding compact absorbing sets. However, as pointed out in the
paper [34], the analysis of Navier-Stokes equations with additive noise in our case requires
some non-trivial consideration. In particular, a critical question arised when analyzing the
estimate %[V(f)IQ, the usual estimates for the nonlinear term b(v(t), z(t), v(t)) yields a term
lv(t)|?|z(t)|}, so we were not able to deduce any bound in H for |v(t)|? under the classical lines
(see for instance section 6 in [14]). Nevertheless, in light of the method developed in [34], via
the usual change of variable and by writing the noise and the Ornstein-Uhlenbeck process as
an infinite sequence of 1D processes, we are able to show there exist random attractors to our
system 1.27 as well. In what proceed we will detail our proof.

Let H A:D(A) c H — H, V = D(AY2) = D(AY?) and B(u,v): V x V — V', Cu be spaces and
operators introduced in the previous section. Suppose that there exists a constant cg > 0 such
that

(Blu,v), w) = |bu, v, w)| < cglu"?|ui?|v|"?|v|Vwly, ¥ uv,zeV, (4.23)

(Blu, v), v) < cplul"”|Au]"?|v]y|z]

for all u € D(A), v € V and z € H. Moreover, let f € H, ey,--- ,en, € H be given, {0/} is a
sequence of real numbers. Consider 4.1 again,

du(t) = [—Aul(t) — Blu(t), u(t)) + Cu(t) + fldt + iOIdLl(t)el, u(0) = uy.

1=1
As in last chapter, assume that e; are the eigenfunctions of the stoke operator A, 1 <1 < m,
there exists 6 > 0 such that

|(B(u,ey),u)| <Sjul*, ueV,i=1,---,m. (4.24)

Remark. In bounded domain or in S?, one has

(Blu,e)), u) = Z/ ui%ujdx. (4.25)
ij—1 - i
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In this case assumption (4.24) is satisfied when e; are Lipschitz continuous in S*. Put L(t) =

Z?—li elLl(t)-

4.3.41 Stochastic flow
Consider the abstract SNSE
du + [Au + B(u) + Cu]dt = fdt + GdL(t),
and the Ornstein-Uhlenback equation
dz + (A + al)zdt = GdL(t).

From the discussion from the earlier subsubsection, it is clear that z(t) is a stationary ergodic
solution with continuous trajectories take value in D(A). So we can transform the SNSE to a
random PDE. The main advantage is that we can solve the equation w-wise due to the absence
of the stochastic integral.
We now use the change of variable v(t) = u(f) — z(t). Then, by subtracting the Ornstein-
Uhlenback equation from the abstract SNSE, we find that v satisfies the following equation
dv
dt+
Now recall Theorem 3.4.5 from last chapter.

= —VAy(t) — Cv(t) — Blu,u) + f + az. (4.26)

Theorem 4.3.7. Assume that equation (3.190) is satisfied. Then for P-a.s. w € Q, there hold
e For all ty € R and all vy € H, there exists a unique solution v € C([ty, +oo]; H) N
L2 ([to, +00); V) of equation (4.26) with initial value vy.
e If vy € V, then the solution belongs to C([ty, +o0); V) N L2, ([t +00); D(A)).
e hence, for every € > 0,v(t) € Cl[ty + €, +00); V) N L, ([t + €, +00); D(A)).
e Denoting the solution by v(t, ty; w, vy), then the map vy +— v(t, to; w, vo) is continuous
forallt > ty, vy € H.

Now Let us define the transition semigroup for the flow ¢ as

Pif(x) = Ef(o(t, x)).

Corollary 11. If follow from Theorem 3.4.5 the transition semigroup for the Markov RDS ¢
has Feller property in H. That is, P; : C,(H) — Cy(H)

Having the map vy — v(t, to; w, vo), where v(t, ty; w, vp) is the solution to (4.26) with v(fy) = vy,
we can now define a stochastic flow ¢(t, w) in H by setting

@(t, wyug = v(t, 0w, uy — za(w)(0)) + za(w)(t).
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4.3.4.2 Absorbing in H at time f = —1

In what proceed, assume w € 2 is fixed; the results will hold P a.s. Suppose fy < —1 and
up € H be given, and let v be the solution of equation (4.26) for t > t,, with v(ty) = ug — z(ty, w)
(which was denoted above by v(t, 0; w, ug — z(0, w))). Using the well known identity $6;|v(t)|* =

(v(t), v(t)), and the assumption (B(u, v), v) = 0 and the antisymmetric term (Cv, v) = 0 we have

——|v|* = —v(Av,v) — (Blu, z),u) + (az,v) + (f, v) (4.27)

< —vvfp — (Blu,z), u) + alz|[v| + [f||v]. (4.28)

<28|v*> "zl + 26|z |z,
[=1 =1

and the inequalities

(az,v) = coc|z|2 + c’]v|2,

{f,v) <c|f|* + v

For simplicity we take v = 1. Then via Young inequality, one can show that there existsc,c’ > 0
depending only on A; such that

——|v|* + 3[v|2v < <—% +26) ]zl|> v” + clf* + calz|” + 2c|z[} + 26]2]*)  |zil.
=1 =1

Let y(t), and p(t) are defined as:

p(t) = clf* + calzl* + 6|z _ |z(1)],

k=1

we have

—— v + < |v|5 < so(t)|v)? + plt), (4.29)



%Iv(t)ﬁ < y(O)v(t)” + 2p(t).

Invoking Gronwall Lemma over the interval [a, co), we have (4.20).

Lemma 4.3.8. There exists a random radius ri(w) > 0 such that for all p > 0 there exists (a
deterministic) t < —1 such that the following holds P-a.s. For all ty < t and for all uy € H with
lug| < p, the solution v(t, to; w, up — z(s)) of equation (3.75) over [t, co] with v(ty) = uy — z4(to)

satisfies the inequality
V(=1 to; w, to — Za(to, w))* < rilw).

Proof. Apply Lemma 4.3.6 with t = —1, T = t;, we have

- =
V(=L < [vltlPes 7 + [ el 7egp(sias

fo

_ _ -1
< 2€f’017(£)d€1u012+26'ﬂ017($)d€|2(l‘0)]2 +/ efsr”‘f)dSQp(s)ds.

—00

Dut

- -1,
W) = 2+ 2tsgp1 ejtoia/(s)dslz(toﬂg N / e 7€M ()
0>— —00

which is finite P a.s. due to (3.185) and (3.186).
So, given p > 0, choose t such that

el 782 g

for all ty < t. The claim then follows from (4.20). We remark that fy depending on w.

Taking t € [-1,0] and T = —1 in (4.20) we have

t
V()2 < |v(—1)2e S e +/ eli 7EEDp (5)dss.
-1

Let us now come back to (4.29):
d* o 2 2
EM + vy < v(t)]v]® + 2p(1).

Integrate over [—1,0],

O - vt + [ j|v<s> 2ds < ( [ 7(€)d€> ( sup |v(t>|2> +f " opls)ds.

-1<t<0 1
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Therefore,

[ itsiias <tvt-ups [ teiae) (sup i)+ [ optsias

Therefore, from above lemma we deduce

Lemma 4.3.9. There exists two random variables c;(w) and cy(w) depending on Ay, €1, , en
and |f| such that for all p > 0 there exists t(w) < —1 such that the following holds P a.s.
Vity < t and for all ug € H with |ug| < p, the solution v(t, w; ty, up — z(ty, w)) of equation (4.26)
over [ty, o] with v(ty) = ug — z(ty) satisfies

[v(t, w; to, up — z(l‘o,w))l2 <cilw) V te]-1,0],

0
/ [v(s, w; ty, uo — z(ty, w))[2ds < colw).
1

Proof. Put
t

cilw) = el TEME P2 () + / e s 1D (5)ds,
-1

eolw) = r(w) <1 v j 7<€)d£> v [ j opls)ds,

with ry(w) as in the previous lemma. Then, given p > 0, it suffices to choose t(w) as in the
proof of that previous lemma. ([l

4.3.4.3 Absorptionin Vatt =0
From (3.75) we have (by multiplying Av left and right and noting (v;, Av) = %%M%), using
inequality (4.23), and use the Young inequality with ab = \/ga\/Eb, p =2

a’> b?
5-]-_,

b <
av = 0

With the choice of e = z one has that

20V 2
(1.Av) < ZIfP + glavP,

2
(az,Av) < ;|az\2 + §|AV|2,
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v
cplul"?|Au|"*lulv|Av] < 2vcllul|Aulul} + g|Av]”

%(cil_;[vﬁ/ = —v|Av|* — (Blu,u), Av) + {f, Av) + (az, Av)
< —v|Av|* + cplul"?|Au|?|u|v|Av| + |f||AV] + |az||AV|
< AV + 2ucfullAululf + (AP + |azl?

With q(t) = 2(/f|? + |az|?) and noticing |Au| < |Av| + |Az|,
5
< —gv]AWQ + 2velul|Av|[uly + 2veg|ul|Az|[uff + q(t)

Apply Young inequality with e = v/2 for the nonlinear term,

VAN

5v )
—glAV|2 + glAVI2 + 4veplul*lulpluly + 2c3|ul|Az||ul} + q(t)

VAN

v
~5|Av[" + dveilulluli ul + 2cplul|Az|[ulf + q(t)
v
< —glAv[" + Bueplulluly| vl + Bveplul*lufylzfy + 2veplul|Az|uli + qlt)

Temporarily disregard the |Av|? term, we have

N
7 IvIv < t6vegful*fufy vl + 16veg|ul*fufy zfy + 4vep|ul|Az|[uly + 2q1).

Invoking Gronwall Lemma, we get for s € [—1,0],
, 0
V(0)[3 < el 1owhlutnlunfids <1v<s>|2 + / (16vehul?[ulf|zf? + 4vehlul|Az|[uf} + 2q<t>>do> .
Integrating in s over [—1, 0] we obtain

0 0
v(0)[% < < / 1 v(T)|’dT + / 1[16vo§|u|2|u1%|z|% + dveh|u||Az|[ul} + 2q<t>]do> e /71 tovehuln)Plur)idr
(4.32)

Lemma 4.3.10. There exists a random radius ry(w) > 0, depending only on Ay, ey, -+ , e, and
f, such that for all p > 0 there exists (a deterministic) t < —1 such that the following holds PP-
a.s. For all ty < t and for all up € H with |ug| < p, the solution v(t, ty, w; ug—z(ty, w)) of equation
4.26 over [ty, co] with v(ty) = ug — z4(ty), put u(t, ty, w; ug) = z(t, w) + v(t, ty, w; up — z(ty, w)). Then

[u(0, w; to, up — za(to,w))l% < rg(w).
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Proof. In view of (4£.32), we need to estimate the term.

[ " uls)Puls) Bds.

Now using the fact u = v + z and |u]? < 2|v]? + 2|z|> = 2(|v|? + |z|%), then the two terms can

be estimated as following.
0

[ lutsiPuts)ids
1

< sup (ultf” [ jufias

—-1<t<0

0
< sup 2ol + o(0P) [ 2lv(ol + 21t

—-1<t<0

< 2ci(w) + sup [z(t)")2(co(w) + | |z(s)[*ds)
—-1<t<0 -1

= 2c3(w)2¢c,(w),

0
[ Juls)[uls)ds

< sup [ulft) / [uls)ds

—1<t<0

< (cy(w) + sup |z(t)|)2¢c4(w).

~1<t<0
Hence, put
cslw) = cilw) + sup |z(t),
—-1<t<0
0
cila) = colw) + [ [alt)fids,
—1
oslw) = c1(w)"” + sup |z(1)].
—1<t<0

Then, (4.32) becomes
w(O)f < 2|z(0)[5 + 2|v(0)[3
< 2Jz(0)ff

e64ch3QMC40@

+ 2 |colw) + 64ches(w)cs(w) sup |z(t)] + 8ches(w)es(w) sup |Az(t)| + /0 2q(s)ds
-1

—-1<t<0 —-1<t<0

= ri(w).
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Hence there exists a random ball in V which absorbs the bounded sets of H. Since V is
compactly embedded in H, there exists a compact set K C H such that, for all bounded set
B C H there exists f < —1 such that 9B c K P almost surely.

4.3.5 Existence of Feller Markov Invariant Measures

In this subsection, we prove the existence of random attractor implies the existence Feller
Markov invariant measures.

Theorem 4.3.11. The stochastic flow associated with the SNSE with additive Lévy noise (4.1)
has a compact random attractor, in the sense of Theorem 4.2.9. Moreover, the Markov
semigroup induced by the flow of H has an invariant measure p in the sense of Corollary
7. The associated flow-invariant Markov measure p on H x 2 has the property that its
disintegration w+ u, is supported by the attractor.

Proof. Recall that, in the language of the stochastic flow associated with our SNSE (3.72),
u(0, w; to, ug) = @(t,, V_,w)uy = v(0, w; oy, up — z(s)) + z(t).

Then by the previous lemma, there exists a random ball in V which absorbs the bounded
sets of H. Since V is compactly embedded in H, there exists a compact set K C H such
that, for all bounded set B ¢ H there exists t < —1 such that 9B ¢ K P as. Defining
K(w):= {u € H: |u|] < ry(w)}, we have proved the existence of a compact absorbing set. Then
by Theorem 4.2.9, there exists random attractor to (4.1). The existence of an invariant Markov
measure is a direct consequence of Corollary 9, provided we can show that the one-point
motions associated with the flow ¢(f, w) define a family of Markov processes. The proof of
this is analogous to the proof of Markov property of solutions to the (4.1) in the last chapter.
Nevertheless we repeat here as well. Let ¢, be defined as in earlier section. Let % be the
o-algebra generated by L(r) — L(s) for all r € [s, t], and let F; = ;. Define the operators P;
in the space of bounded measurable function over H as (P;f)(ug) = Ef(@(t)ug). To prove ¢(t, w)
defines a family of Markov processes. It suffices to prove

Elf(o(t + s)x)|F] = Ps(f){e(t)x),

for all 0 < s < t and all bounded continuous functions f over H, which implies that ¢(f + s)x
is a Markov process with transition semigroup P;. By uniqueness, the following holds

ot +s,w)x = @(s, w)e(t, w)x
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over [t, o] with F; measurable initial condition ¢(t, t)6 = &. It suffices to prove

E[f(1,156)|F] = Ps(f)(3) (4.33)

for for every H integrable, &, r.v. 6.

Note, (4.33) not only holds for every f € C,(H), but also holds for ¢ = 1, where I is an
arbitrary Borel set of H and consequently for all ¢ € By(H). Without loss of generality, we
assume ¢ € Cu(H). We know that, if 6 = &; P a.s, then r.v. ¢(t, t + s)6; is independent to 7,
since ¢(t, t + s)6; is F,s measurable. Hence,

E(f(@(t, t + 5)6)|F¢) = Ef(@(t, t + 5)6;) = Py r.sf(65) = Psf(S), P as.

Since the coefficient of the equation for ¢(t, t + s) are independent, one can see that the H r.v.
@11+s and @sx have the same law. If 6 has the form

N
6= 81y, (4.34)
i—1
where 6 € H and I’ ¢ 9, is a partition of Q, &§; are elements of H. Then

N
ot t+s)6 = Z(p(t, t+s,6)1r,, P, as.

i=1

Hence,
N
E(f((t, t + 5)6)|F() = Y E(flg(t, t + s)6)1r,|F) P as.
i=1
Take into account the rv. u(t, t+s)6; independent to % and 1, are &, measurable, i = 1,--- 1,

one deduces that
N

Elf(g(t, t +5,6))|F] = Y Pf(6i)ir, = Pf(6), P as.

i—1
and so (4.33) is proved. For a general &§ there exists a sequence of &, for which (4.33) holds
converges to & in L*(Q; H) a.s, that is,

E|6 — 6,]% — 0.

By continuity of f one can pass in the identity (4.33), with & replaced with &, to the limit and
(4.33) holds if E|S|? < co. So ¢(t, w) defines a family of Markov processes.
The proof of existence of Markov measure is completed. ([l

Remark. Although the same results hold in B-stable Lévy case as in the Gaussian case (see
[34]), there is some difference between dealing with Brownian motion and Lévy motions. First,
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we need to consider cadlag function in the Skorohod metric, which are different from the
continuous case in the metric under the compact-open topology. Second, one has to consider
solutions in the sense of Carthéodory and the right-hand derivatives.

Let u(t, x) be the unique solution to problem (3.72). Let us recall from last chapter that such
a unique solution exist for each x € H. Let us define the transition operator P; by a standard
formula. For f € C,(H), put

(Pf)(x) = Ef(o(t,x)), t>0,x€eX.

In view of Proposition 4.2.12, (P, t > 0) is a family of Feller operators, i.e. P;: C,(H) — Cy(H)
and, for any f € Cy,(H) and x € H, Pif(x) — f(x) as t | 0. Moreover, following the identical
lines of the proof of Theorem 4.3.11 in last subsection, one can prove that ¢ is a Markov RDS.
Invoke corollary 9, we deduce the existence of Feller invariant measure for our stochastic
Navier-Stokes equations (3.72) or (4.1).

Corollary 12. There exists an Feller Markov Invariant Measure for the SNSE (4.1)
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CHAPTER b

Concluding Remarks

In this thesis, we extend the stochastic analysis initiated by Goldys et al. [14, 15] to the case
where noise is taken as a Lévy process of stable type. The approach we have taken is functional
analytic in the sense that the governing stochastic Navier-Stokes equation is interpreted as an
ordinary stochastic differential equation in a Hilbert space H.

The core parts of this thesis are chapters 2-4. Chapter 2 concerns with the stochastic analysis
of the Lévy process. We derive and prove a new version of stochastic Fubini theorem for
stochastic integral w.rt. stable white noise. In Chapter 3, we prove, under suitable conditions
of the noise term that the existence and uniqueness of the solution in a fixed probability space
based on a priori estimates and some classical PDE arguments. Specifically, for the weak
solution, we use the classical Galerkin approximation and a compactness argument, and for
the strong solution, a fixed point argument is used. Then, in the second part of Chapter 3,
we deduce the existence of an invariant measure. The question of uniqueness of invariant
measure in our problem remained an open question. One must point out that this problem is
difficult and there have been no results for the Lévy noise of stable type, even the 2D bounded
domain case. A brief reason is that there is a trade-off between well-posedness of the SNSE
and the strong Feller property (see the publication [42]). Nevertheless, the ergodicity results
for the SNSE driven by Lévy noise with a non-degenerate Gaussian term is developed in [40].
The notion of asymptotic strong Feller developed by Hairer and Mattingly [61] may also be
helpful to tackle the question of ergodicity in our case.

In Chapter 4, a canonical sample space is identified for the SNSE for which the stochastic
Stokes equations remain stationary. Much effort is spent on finding the conditions to ensure a
well defined Ornstein-Uhlenbeck which possesses the shifting property. Then combined this
with the well-posedness result in Chapter 4, it is shown that the SNSE defines a RDS ¢. In
the second part of Chapter 4, we establish the existence of a global (random) attractor which
carries a random invariant measure, under the assumption of finite dimensional noise. One
possible future direction from our work is to find the Hausdorff dimension of the random
attractor dim(A). The primary motivation for estimating Hausdorff dimension (for both PDE
and SPDE) is to show that, the dynamics of the system settles down to a finite-dimensional
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object in an asymptotic regime despite the phase space is infinite dimensional. Given this, the
dynamics of an infinite dimensional system reduces down to a finite dimensional object. Thus,
obtaining sharp estimates of this dimension is extremely useful in the study the asymptotic
regime of an infinite dimensional system, in the sense of allowing us to anticipate the minimum
number of degree of freedom that a reduced system must possess to capture the essential
feature of the asymptotic dynamics. The problem of estimating Hausdorff dimension is very
challenging since the random attractor is essentially a random set which is not uniformly
bounded. Flandoli and Crauel [35] developed a method to estimate Hausdorff dimensions
for the 2D NSE with bounded noise. To overcome the lack of uniform boundedness, a very
restrictive assumption has to be used. Moreover, the method does not work for the more
general form of equations. From a future perspective, it perhaps worthwhile to develop an
efficient reduction theory of SPDE, see the new book [27].

In addition to what was mentioned above. Here is the list of a possible future direction of this
study we have in mind.

The Numerical analysis of SNSE on the sphere with either Gaussian or Lévy noise

The numerical study of SNSE plays an important role in the real-world modelling of turbulent
fluids. Numerical methods have been developed for deterministic NSE on the sphere (see for
instance Fengler and Freeden [48]). The numerical implementation of SNSE on the sphere is
an open area of research even in the Gaussian case.

SNSE on the compact Riemannian manifold with Lévy noise.

The sphere is the simplest kind of Riemannian manifold, hence extending to a general Rie-
mannian manifold is a natural extension of the work done in this thesis. We believe studying
SNSE on manifold would be interesting from a pure mathematics point of view, especially for
researchers working at the cross-section of Differential Geometry, PDE theory and stochastic
analysis.
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Abbreviations and Notations

ae. ........... Almost Everywhere

as. ............ Almost Surely

By ... Bounded Borel Measurable function

Co oo Bounded continuous function

Co oo Infinite differentiable function with compact support
D(A) .......... Domain of operator A

DS ............ Dynamical System

iid. ... Independent Identically Distributed random variable
Lo Probability Law

LU H) ....... The space of bounded linear operators from U into H
RFC,U) ....... The set of all y-radonifying operators from 9C into U
RDS .......... Random Dynamical System

ODE .......... Ordinary Differential Equations

ou ........... OrnsteinUhlenbeck

PDE .......... Partial Differential Equations

RKHS ........ Reproducing Kernel Hilbert Space

PV, o Random variable

RCLL ......... Right continuous with left limit

SNSE ......... Stochastic Navier-Stokes Equations

SPDE ......... Stochastic Partial Differential Equations

spt ... support
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