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Abstract

In this work, ergodic properties of a stochastic medium complexity model for
atmosphere and ocean dynamics are analysed. Specifically, we study a two—
layer quasi—geostrophic (2LQG) model with the upper layer perturbed by
additive noise for geophysical flows. This model is popular in the geosciences,
for instance to study the effects of a random wind forcing on the ocean. Yet
it is less studied in mathematics, especially if the stochastic perturbation is
acting only on one of the layers. In this case the noise is effectively spatially
degenerate, posing a significant challenge to the analysis.

After showing the model well-posedness, we focus on its long time average
behaviour and ergodic properties: existence and uniqueness of an invariant
measure (ergodicity), exponential convergence of solutions laws to the invari-
ant measure (exponential stability or spectral gap), differentiability or only
Holder continuity of the invariant measure with respect to system parameters
(linear or fractional response).

Existence of an invariant measure is shown with classic techniques. Its
uniqueness is established using a recent technique from stochastic analysis
called asymptotic coupling, to account for the noise spatial degeneracy. This
is proved provided a certain passivity condition on the second layer holds.
Under the same condition, exponential stability is shown by blending different
recent approaches like the asymptotic coupling.

An important application of spectral gaps is response theory. The only
result on linear response applicable to a large class of SPDEs is the work by
Hairer and Madja (2010). We modify their approach treating a class of less
regular observables. In particular we give a toolkit for linear and fractional
response for SPDEs with moderately degenerate noise using the strength of
a deterministic forcing as parameter. We apply such a framework to the 2D
stochastic Navier-Stokes equation as test model, and finally to the stochastic
2LQG model.

Keywords: Ergodicity, Stochastic geophysical flow models, linear response,
random wind forcing, spectral gap.
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Introduction

The atmosphere and oceanic sciences are sometimes thought of as
not being ‘beautiful’ in the same way as some branches of theoret-
ical physics. Yet surely quasi-geostrophic theory, and the quasi-
geostrophic potential vorticity equation, are quite beautiful, both
for their austerity of description and richness of behaviour.

G.Vallis [71]

In this work we study the long time average behaviour of a stochastic
version of an important model for large-scale atmosphere and ocean dynam-
ics, the two—layer quasi—geostrophic model. In particular we will prove under
which conditions the model is ergodic, namely when the time averages of an
observable, for large times, can be approximated by spatial averages, and ex-
ponential mixing, meaning that this happens with exponential rate. Among
other aspects, ergodicity provides the foundations to time series analysis as it
allows to infer general properties of the system from long time averages of a
single solution. In the context of climate science, ergodicity ensures that long
time averages of a single realisation describe typical properties of the whole
system independently of the initialization of climate models. This is different
from weather forecast where prediction skill is the result of choosing specific
initial conditions that approximate the current state of the atmosphere well.

Furthermore we study how the long term statistical properties are affected
by changes in the parameters of the system, namely if the statistics of ob-
servables under the current set of parameters will still be valid under small
perturbations of the parameters and how the perturbed and unperturbed
statistics are related. By studying the response to perturbations in the pa-
rameters, namely response theory, for models in geophysical fluid dynamics,
we give a mathematical insight into whether statistical properties derived
under current conditions will be valid under future climates. Moreover we
develop a framework for response theory suitable for dissipative stochastic
partial differential equations with moderately degenerate noise, extending
the applicability of the famous approach by Hairer and Madja [40].
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Models for geophysical fluid dynamics. The term geophysical fluid
dynamic (GFD) is most commonly used to refer to the general and formal
treatment of atmosphere and ocean flows. These are nonlinear chaotic sys-
tems where the deep interaction between spatial and temporal scales creates
the weather we all experience and, on long time scales, the climate of the
Earth. In addition to being chaotic, these systems are also very high dimen-
sional, for example it can be estimated that the atmosphere alone has roughly
1027 degrees of freedom. Therefore approximations best suitable to capture
and describe macroscopic phenomena at different time and space scales have
been introduced over the years. One significant example is for large scales
dynamics (e.g. 1000 km for the atmosphere and 100 km for the ocean) at
the mid-latitudes. Here the balance between the pressure gradient and the
Coriolis force, the so-called geostrophic balance, and that between the pres-
sure gradient and gravity, the so-called hydrostatic balance, are the main
features of the fluid dynamic. These balances can be used to simplify the
original set of equations for atmosphere and ocean dynamics, like the rotat-
ing shallow water equations, and the resulting model is the quasi—geostrophic
(QG) approximation.

Already present in the literature from the late thirties of the twentieth
century, the quasi—geostrophic model was systematically derived by Char-
ney in 1948 in [13]. Used in early operational numerical weather forecasts,
the QG model is still used extensively in research as it is strikes a balance
between simplicity of formulation and range of the phenomenology it can
model. Quasi—geostrophic models with several layers in particular are able
to represent density stratification and provide insights into, for instance,
atmosphere-ocean coupling or baroclinic instabilities. This type of insta-
bilities is extremely common in the atmosphere and ocean and is at the
origin of large scale weather phenomena like cyclones. The two—layer quasi—
geostrophic (2LQG) model is one of the simplest models where the baroclinic
instabilities arise.

The introduction of stochasticity in GFD model raises interesting ques-
tions both from a physical and mathematical point of view and there are
several reasons one may want to consider stochastic perturbations. A clas-
sic example is Hasselmann’s 1976 work [45] where slow components of the
climate system are driven by the weather, which can be interpreted as ran-
dom perturbation on shorter time scales. Stochastic terms can also account
for the uncertainty generated by parametrization and approximations of the
numerical simulation (see for example [16, G]). Or the noise can account for
the inevitable lack of precise measurements or knowledge of the processes
involved. In this work we will look at the two—layer quasi—geostrophic model
with a forcing on the top layer, to account for example of the wind forcing on
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the upper ocean, composed of a deterministic and a stochastic part, which is
white in time and coloured in space.

The effect of a stochastic wind forcing on QG models has been a topic
of research in meteorology and oceanography for at least forty years, in the
single layer case e.g. [38, 58, 66, 67] and the multi-layer, see e.g. [70, B,
14, 23, 60] as well as in the continuously stratified case [34, p9]. In the
mathematical literature the stochastic single-layer QG model, with either
additive or multiplicative noise, received surely more attention (see e.g. [9,
26, 27, [73]) than its multi-layer version. In fact, we can expect results for the
single layer to extend to the multi-layer case when the random terms appears
in all layers. Less studied, though, is the action of a stochastic forcing acting
only on one of the layers and its consequent effects on the other layers and
the whole dynamics.

To the best of this author’s knowledge, the only reference for a mathe-
matical investigation of a two—layer quasi—geostrophic model with a forcing
on the top layer, prior to our work, is [15]. There the authors studied the
long time dynamics of the model using the method of determining functionals
for random dynamical systems. This method gives a way to parametrize the
system global attractor by means of a finite number of functionals. Further-
more, under some conditions on the parameters of the system, it is shown
that functionals depending only on the top layer suffice to describe the at-
tractor. However, this approach does not give information on the statistics
of the model as we will do here.

In the deterministic context, it was shown in [8] that the multi-layer
quasi—geostrophic model is well posed and it admits a global attractor. This
is done, as for other dissipative partial differential equations, by means of
the Galerkin approximation and showing appropriate a priori bounds. In
order to show the existence and uniqueness of the solutions for the stochastic
version we will study an associated random equation (i.e. a partial differential
equation with random coefficients). The well-posedness of this random PDE
has not been explicitely verified until now, and it is also stated in [15].

Finally note that the model described so far must not be confused with
the quasi-geostrophic model considered in other mathematical studies like
[22, Section 13.13] and [63]. This model is, in fact, referred to as surface
quasi-geostrophic in the applications and it describes a different physical
scenario to the one analysed here.

Ergodic properties. In the context of climate science, a frequent underly-
ing assumption is that long time averages of historic time series are relevant
to describe properties of the whole system. This is often unavoidable as we
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obviously have a single realisation of the Earth climate system. In mathe-
matical terms we express this assumption by requiring the climate system to
be ergodic. In fact we talk of an ergodic system if the long time averages of
an observable can be approximated by its averages with respect to a measure
invariant for the dynamics.

Let {X;,t > 0} be the stochastic process of interest, in our case the
solution of the stochastic two-layer quasi—geostrophic model. Since in this
case {X;} is a Markov process, a sufficient condition for ergodicity is the
existence of a unique invariant measure for the associated transition proba-
bilities {P;,t > 0}. To establish this it is also sufficient to show asymptotic
stability, namely that P;(z) converges asymptotically in time to the unique
invariant measure, independently of the initial data x. If the convergence is
exponentially fast we talk of exponential stability.

There is a large body of literature [21, B9] on ergodic theory for infinite di-
mensional systems arising from SPDEs, in particular on the unique ergodicity
and exponential stability of two—dimensional stochastic Navier-Stokes equa-
tions. Existence of an invariant measure for such model is established (see
[18, B2]) by means of the Krylov-Bogoliubov theorem. This classic approach
relies on two conditions: Feller property and tightness. The first corresponds
to continuity with respect to initial condition of the solution. The second
property describes the fact that the mass of transition probabilities does not
“escape to infinity”. Tightness is in fact shown exploiting the dissipativity
properties of the solutions.

Ensuring that the invariant measure is unique is usually a harder task and
several approaches are now available. A classic approach to establish unique
ergodicity of a Markov process is to show that the process is irreducible and
strong Feller [21]. Several results on the uniqueness of the invariant measure
were shown since the 90’s using this approach, for example for the stochastic
two—dimensional Navier—Stokes equation see [33, B0], for the one layer QG
model see [26]. However for SPDEs the strong Feller property fails to hold
in cases where the noise is spatially degenerate, namely acting only on a
subset of degrees of freedom. Eventually Hairer and Mattingly [41] provided
a comprehensive approach for the 2D Navier—Stokes equations forced only
in a four dimensional subspace, introducing the novel concept of asymptotic
strong Feller. This seminal work is highly technical, by for example requiring
Malliavin calculus and the Hormander condition.

In this work we are considering a spatially degenerate noise as the noise
appears only on the first layer. However as the noise acts on all modes of the
first layer, meaning on an infinite dimensional subset of degrees of freedom,
it is not as highly degenerate as in [41]. Therefore we can use a different
approach to establish unique ergodicity, the asymptotic [44] (or generalised
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[p0]) coupling method. The recent work [37], using ideas from [44, Section 2],
provides a compact account of the use of the asymptotic coupling method to
establish unique ergodicity for several nonlinear SPDEs.

The main idea of the asymptotic coupling approach is to add a control to
the stochastic forcing to synchronize solutions with different initial data. In
finite dimensions, Girsanov’s theorem ensures that the controlled equation
and the original equation generate equivalent distributions. In the infinite
dimensional case, an appropriate finite dimensional control on the unstable
degrees of freedom is often sufficient to ensure synchronisation and permits
application of Girsanov’s theorem.

We will use this technique in a similar way to [37] on the stochastic
two—layer quasi—geostrophic model to show the uniqueness of its invariant
measure. In particular we will need to impose a condition involving the
viscosity, bottom friction and the intensity of the noise to ensure the result.
We may think of the imposed parameter condition as requiring the bottom
layer (the one without noise) to be sufficiently dissipative to be determined
by the top one.

Regarding exponential stability, i.e. the exponential convergence of the
transition probabilities to the invariant measure, typically Harris’ theorem
provides conditions under which this holds in the total variation norm. A
major difficulty with applying this theorem in the context of SPDEs is that
the transition probabilities might be singular for different initial conditions
in violation of a crucial condition in Harris’ theorem. In [44, Section 4] a
new framework is introduced to retrieve a version of Harris’ theorem in the
infinite dimensional context, which gives exponential rate of convergence in
a Wasserstein-like distance, rather than in total variation.

In [50] the authors show how the asymptotic coupling method can be used
not only for the uniqueness of the invariant measure, but also to establish
convergence of transition probabilities (without a specified rate), taking a
step forward towards unifying Section 2 and Section 4 of [44]. More recently
[12] provided a set of verifiable conditions which, by means of the asymptotic
coupling approach, provides exponential and sub-exponential rate of conver-
gence to the invariant measure, improving [11] and [50]. These conditions
are particularly suitable for SPDEs, including Navier—Stokes type equations
like the quasi—geostrophic approximation.

However from the results in [[12] it is not immediately clear how such tool-
box for SPDEs gives the general Harris’ theorem in [44]. Tt is challenging to
retrieve the precise formulation of the Wasserstein-like distance with respect
to which there is exponential convergence of transition probabilities. This
will require us to establish a fine comparison and blending of the results in
[12] and [44] as well as [11]. Next, applying this methodology to the two—layer
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quasi—geostrophic model we will prove that, under the same condition given
for the uniqueness of the invariant measure, there is exponential convergence
of transition probabilities.

An important immediate consequence of this result is a spectral gap prop-
erty for the Markov semigroup with respect to the Wasserstein-like distance.
This property means that the eigenvalues different from one of the Markov
semigroup are concentrated in a disk of radius strictly smaller than one.
Moreover, given the formulation of the Wasserstein-like distance, we will see
that the spectral gap is in a space of Holder continuous functions. We are
particularly interested in obtaining a spectral gap for the semigroup oper-
ator, since this is a crucial ingredient to study the response of the model
to changes in the parameters, especially whether the invariant measure is
differentiable with respect to the parameters (linear response theory).

Response theory investigates the change of invariant objects under changes
of a system parameter. In particular, we talk about linear response when the
invariant measure is differentiable in the parameter. The derivative of the
invariant measure with respect to the parameter at a certain point (the “cur-
rent climate”) allows to quantify the response of the system to perturbations
(“climate change”), see [53]. In fact, even though the invariant measure is
often a very singular object, it can nonetheless change smoothly with respect
to changes in the parameters, at least in a weak sense. In particular one aims
at a response formula which expresses the derivative of the invariant measure
exclusively in terms of the unperturbed dynamics. In the applications this
would mean having a way to compute statistics of the perturbed dynamics
from those of the unperturbed. For more on the relevance of linear response
theory in geophysics see for example applications like [l}, 55, p3] or the recent
review paper [36].

In the case of finite dimensional systems, there exists a large body of
mathematical literature on linear response. For hyperbolic systems, in ab-
sence of stochasticity, the pioneering work of Ruelle [65] ensured the differ-
entiability of invariant measures, in particular of SRB measures which carry
crucial physical interpretation. The result has been extended also to partially
hyperbolic systems in [24] but little is known for other classes of determinis-
tic systems, finite or infinite dimensional. In particular the existence of SRB
measures for Navier-Stokes seems entirely open as equations of fluid dynamic
appears out of scope to be treated with these techniques. For a review on
linear response theory in deterministic systems see the survey article [3].

In terms of stochastic systems, the impact of stochastic perturbations on
Ruelle’s linear response has been investigated for example in [62]. Recent
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works [35] and [2] pioneered linear response in finite dimensional random
dynamical systems. However less is known for infinite dimensional systems
associated to stochastic partial differential equations. To the best of this
author’s knowledge, the only result general enough to apply to dynamical
systems associated to a large class of stochastic partial differential equations
is the work of Hairer and Madja [40]. The response is studied in a weak sense,
namely it is shown that the averages of a class of observables are differentiable
with respect to the parameters of the systems, and moreover a formula for
the derivative is given. One of the ingredients for this results is showing that
the semigroup exhibits a spectral gap when acting on the desired class of
observables. In [40] the authors consider the closure of the space of smooth
observables with respect to a weighted C'-norm. Such observables were
already used in [42] to prove the spectral gap property for the 2D stochastic
Navier—Stokes equation with highly degenerate noise as in [41].

Here we will reformulate the framework of [40] highlighting the necessary
conditions for a general space of observables. In particular, we will show
linear response for less regular observables than [40]. In fact, as discussed
above, [44] provides sufficient conditions for the spectral gap property in a
space_of Holder continuous functions, so less regular than those used in [40]
and [42]. Using the strength of a deterministic forcing as the parameter with
respect to which response is considered, we give a series of conditions to show
linear response for dissipative SPDEs, like stochastic Navier—Stokes equation
or the stochastic two-layer quasi-geostrophic model. This methodology is
simpler to verify than the approach from [42, 40] as it does not require the use
of Malliavin calculus for example, and can be extended more easily to models
other than stochastic 2D Navier—Stokes. It is however less comprehensive as
it cannot deal with highly degenerate noises and we need to impose stronger
conditions on the nature of the perturbations to the dynamics we study the
response for.

We focus on dissipative nonlinear equations with a deterministic forcing
and the dependence of their invariant measure on the forcing strength. In
particular we obtain differentiability and a linear response formula for forc-
ings which are finite dimensional and in the range of the noise. For forcings
not satisfying such conditions we can nevertheless show weak Holder conti-
nuity of the invariant measure, often referred to as fractional response. This
result does not provide a linear approximation of the perturbed dynamics in
terms of the unperturbed one, but ensures that a small change in the inten-
sity of the forcing does not cause a discontinuity in the long time average
behaviour of observables that are at least Holder continuous.



Introduction

Outline of the thesis. In we recall the formulation of the two—
dimensional stochastic Navier-Stokes (SNS) equations as we will use it as
test model for the novel techniques, and present the deterministic two—layer
quasi—geostrophic (2LQG) model. We close the first chapter by introducing
the stochastic 2LQG model and its random version after [15] which we will
later use to show existence and uniqueness of solutions and the existence of
the invariant measure.

In we first show that there exists a unique solution of the
stochastic 2LQG model, both in a weak and strong sense. These results,
already known for the deterministic two-layer QG model, are now established
for its stochastic version by means of classic techniques for random systems.
In the second half of the chapter, namely and , we
consider respectively the stochastic 2LQG and SNS model and study the
dependence of the solutions on the strength of the deterministic forcing (for
2LQG acting only on the first layer). We will show for both models that the
solutions are locally Lipschitz and locally differentiable with respect to it.
These technical results, not explicitly in the literature but straightforward to
derive, will be crucial when studying the dependence of the invariant measure

by the same parameter in chapter 3.
Then in Ehaéter J we show existence and uniqueness of the invariant

measure for the stochastic 2LQG model. Both these new results require a
precise application of techniques available in the relevant literature pointed
out above. In particular we first show the existence adapting the approach
used for the stochastic Navier—Stokes equation in [32]. In the second part
we show its uniqueness, conditional to the bottom friction being sufficiently
large, using the asymptotic coupling method to deal with the nondegeneracy
of the noise.

In chaéter % we first merge the results from [44] and [12] providing a
clear set-up to show exponential stability and a spectral gap property for
nonlinear dissipative SPDEs. This set-up, which not only summarises the
results in [44] and [12] but we believe is more transparent and easier to use,
is a key contribution of this thesis. This methodology permits us for the first
time to establish exponential stability and spectral gap for stochastic 2LQG
model with moderately degenerate noise as discussed above. Furthermore
we illustrate the methodology applying it to the stochastic Navier—Stokes
equation.

Finally we dedicate to the dependence on the parameters of
the invariant measure and in particular linear response. We develop a new
methodology for SPDEs with moderate degenerate noise for observables that
are less regular than in [40]. In particular we study response with respect
to changes in the intensity of the forcing, as introduced in chapter 2. In
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we also provide a new toolkit for such SPDEs to ensure Holder
continuity of the invariant measure (fractional response). Both set-ups for
linear and fractional response are a major contribution of this thesis. Fi-

nally in

section 5.3

and

section 5.4] we apply these results respectively to the

stochastic Navier—Stokes equations and the stochastic 2LQG model showing
linear and fractional response. This is the first mathematical result on linear
response for the 2LQG model. With respect to the stochastic Navier-Stokes
the contribution of this work is a detailed proof of response theory for mod-
erate degenerate noise and in particular extending it to Holder continuous
observables.
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Chapter 1

Intermediate complexity
models for geophysical fluid
dynamics

An important class of models for atmosphere and ocean dynamics are quasi—
geostrophic models. Such medium complexity models, used in early oper-
ational numerical weather forecasts, capture the large scale features of at-
mosphere dynamics in the mid-latitudes and are still used extensively in
research. Quasi—geostrophic models with several layers in particular are able
to represent density stratification and provide insights into, for instance,
atmosphere-ocean coupling or baroclinic instabilities [46, Chapter 8]. From
a mathematical point of view we will see that these models are systems of
several 2D Navier—Stokes equations in vorticity formulation coupled to each
other. Therefore, while the centre of our investigation will be the stochastic
two—layer quasi—geostrophic equation, we will also present the 2D Navier—
Stokes model with additive noise.

We first recall some key concepts of stochastic analysis in Hilbert spaces
(referring mainly to [22]) and in we briefly present the 2D stochas-
tic Navier—Stokes equation (referring mainly to [69] and [62]). Then in

ion 1.3, after an introduction on the derivation of the quasi-geostrophic
approximation, we lay down the mathematical framework and notations for
the two—layer model. Finally in we introduce a stochastic pertur-
bation on the top layer and present the corresponding stochastic two—layer
quasi—geostrophic model.

11



12 1. Intermediate complexity models for geophysical fluid dynamics

1.1 Stochastic analysis in Hilbert spaces

Let U be a Hilbert space with scalar product (-, -) and associated norm | - |.
Given the probability space (€2, F,P), let (W (¢));>0 be an infinite dimensional
Wiener process with covariance operator () : U — U and natural filtration
{Fi,t > 0}. The operator ) is assumed to be a nonnegative symmetric
operator which is trace class, i.e. given {ej}ren, a complete orthonormal

basis of U .
Tr@ := Z(Qek,ek> < 00.
k=1

We denote by L;(U) the space of trace class operators on the space U. Equiv-
alently if ) is trace class then

1/2
(Z |Q1/26k|2> < 00, (1.1)

keN

namely Q2 is a Hilbert-Schmidt operator. We denote by Ly(U) the space
of Hilbert-Schmidt operators on U endowed with the norm

1/2
1T oy = <Z|T6k|2> :

keN

and by LY(U) the space of all Hilbert-Schmidt operators from Q'/2(U) into
U.

It can be shown (see e.g. [22, Proposition 4.3]) that a Q-Wiener process
W (t) can be written as a series of real valued Wiener processes more precisely

W(t) =Y VouB(t)g, (1.2)
k=1

where oy are eigenvalues of ) with {gx}ren a corresponding orthonormal
system of eigenfunctions, and 5i(t), k € N, are independent real Brownian
motions on (2, F,P).

A process ¢(t) with values in U is called stochastically integrable if it is
Ly-predictable and is such that

T T
[ lseyds = [ 1o ds <o Pas. (1)
0 0

Last, we define the quadratic variation of the process

M@—Aa@m%> (1.4)
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(M), =/0 ()17 ds.

We are now ready to present the first stochastic partial differential equa-
tion we will deal with, the two-dimensional stochastic Navier-Stokes equa-
tions.

1.2 Stochastic Navier—Stokes equations

In this section we present the classic mathematical set up for the two-
dimensional Navier-Stokes equation taking the main elements from the pre-
sentation for its deterministic version. We follow [69, Chapter III, Section 2]
and [62, Chapter 9] but the interested reader can also refer to [68], one of the
most complete references on the subject. For the stochastic version [22, Sec-
tion 13.11] provides a brief presentation and an exhaustive list of references.

Let D = [0, L] x [0, L] C R? with L > 0 and consider the two—dimensional
(2D) stochastic Navier—Stokes equation on D

du+vAudt — (u-V)udt = Vpdt + fdt + dW
divu =0 (1.5)

u(0,x) = ug.

Here u = u(t, ) is the velocity of an incompressible fluid, v is the viscosity,
p(t,x) the pressure of the fluid, f(z) is a time-independent deterministic
forcing and W is a Q-Wiener process on a probability space (€2, F,P) with the
covariance operator () nonnegative, symmetric and trace class. We consider
() with periodic boundary conditions and we assume that the average flow
vanishes, namely

/u(t,x)dxzo for all ¢ > 0.
D

Let L?*(D) and H*(D), k € N, be the Sobolev spaces of L-periodic func-
tions with norms respectively

|| ::/|u(x)|2dx and  ||ul| = Z |Duf?, o€ N2 (1.6)
D

0<]a|<k

and H=*, k € N the dual space of H*. Furthermore denote by L?(D) and
H*(D), k € N, the space of functions u in L*(D) and H*(D) such that

/ w(w) dz = 0.
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As the velocity u = u(t, z) is two—dimensional it is natural to introduce
the following product spaces

L3(D) = [L3(D)]> and HYD) = [H*D)]*, (1.7)

where for u = (uy, us),v = (vy,v9) € L*(D)
(u, U>L2(D) = (ul, Ul) + (UQ, UQ), (18)
[ul* = |ultz(p) = [ua|* + [uaf? (1.9

and for u = (uy,us),v = (v1,v2) € H¥(D)
(w, V) vy = (1, 01)) + (u2, v2)) (1.10)
lualli = lullEpe iy = luall® + [lual*. (1.11)
We now consider the Hilbert spaces

H={uecl®D): divu=0 in D} (1.12)
V={uecHYD) : divu =0 in D} '

respectively with norms |-| and |||| := ||-||;. Elements of H and V then satisfy
the divergence free condition and the boundary conditions by definition.
Let A denote the Stokes operator namely A is a linear operator on H
such that
(Au,v) = (u,v)) for all u,v € V.

Its domain in H, i.e.
DA)={ueV : AuecH}
can be shown to be
D(A) = {u e H3(D) : divu =0 in D} = H}(D)NV,

so that V = D(AY?) and |jul| = |AY?u].

Since we consider periodic boundary conditions, we have that Au = —Au
for all u € D(A). Moreover, the operator A is a self-adjoint positive operator
on H, and we denote by {\;} its eigenvalues and by {ex} a corresponding
complete orthonormal system of eigenvectors.

Denote by V* the dual of V, then we have

DAY CVCHCV”

where the inclusions are continuous and each space is dense in the following
one.



1.2 Stochastic Navier—Stokes equations

15

The weak formulation of the Navier—Stokes equation is obtained by clas-
sical arguments (see e.g. [68, 62]), namely by taking the H scalar product
of the equation with a test function v € V. In particular the term involving
the pressure disappears since the periodic boundary conditions and the fact
that dive = 0 imply (Vp,v) = 0. Therefore given the trilinear form b

b(u, v, w) := /Dw(x) (u(z) - V)v(z) de,
the original equation () becomes
(du,v) + v(Au,v) dt + b(u,u,v)dt = (f,v)dt + (v,dW) (1.13)
Alternatively, given the bilinear operator B(u,v) : V x V — V* defined as
(B(u,v), w) = bu, v, w),
we can rewrite ([l.13) as
du+ (vAu + B(u,u)) dt = fdt +dW u(0,w) = up(w) (1.14)

which we expect to hold as an equality in V* for f € V*.

Crucial part of the study of the Navier—Stokes equations is the treatment
of the trilinear form b and it is also where the main differences between the
two and three dimensional versions lay. Thanks to Ladyzhenskaya’s inequal-
ities it is known that the trilinear form b satisfies the following identities and
estimates:

Lemma 1.2.1 ([62, Propositions 9.1, 9.2]). Consider the two-dimensional
case D C R?. Then

b(u,v,w) = —=b(u,w,v) forall ueH, vyweV (1.15)

hence the orthogonality relation b(u,v,v) = 0.
For periodic boundary conditions

b(u,u, Au) =0 for all u € D(A). (1.16)
Furthermore the following bounds hold: for allu € L™, veV, w e H
[b(u, v, w)| < lulloo[[o]][w]. (1.17)
Ifu,v,wey
[b(u, v, w)| < kpllull 2 ul 2 ol Jw]?w] 2,
and if u eV, ve D(A), weH
[b(u, v, w)| < kpllull 2 [ul 2 o] Av| 2 ] (1.18)

for an appropriate positive constant kp.
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1.3 The two—layer quasi—geostrophic (2LQG)
model

We are interested in what Vallis in his most comprehensive book on atmo-
sphere and ocean dynamic, [71], described as “perhaps the most widely used
set of equations for theoretical studies of atmosphere and ocean”, namely
the shallow water quasi—geostrophic equations or simply quasi—geostrophic
equations. This model is ultimately an approximation of three dimensional
Navier—Stokes equations on a rotating coordinate frame which best models
the large-scale features, yet not planetary, of the atmosphere or the ocean at
mid latitudes. It is at this scale that the main agents of the weather phenom-
ena, like (anti)cyclons and oceanic currents like the Gulf stream, act and the
quasi—geostrophic model is an intermediate system between planetary scales
and smaller scales where convection enters predominantly.

We give a brief description of how the model can be derived but we refer
to [71, Section 5.3] for a detailed presentation, or [54, Section 4.6] for a
more rigorous mathematical derivation. As other GFD models, the quasi—
geostrophic equations are determined by means of appropriate scaling and
approximation by linear expansion around a small parameter. Consider the
momentum equation of the rotating shallow water equation ([71, pg.127])

ou+u-Vu+ fxu=—gVn

where u is the horizontal velocity, f is the Coriolis force, g is the gravitational
acceleration and 7 the height of the free surface. We consider the so-called
B-plane approximation (see [71, Section 2.3.2]): this accounts for the fact
that the vertical component of the rotation changes with the latitude y by
writing the Coriolis parameter f = f(y) as

f(y) = fo+ By, (1.19)

with fy and [ assigned constants.

By assuming the hydrostatic balance on the vertical direction, namely
that the pressure is proportional to the height n, the right hand side of the
rotating shallow water equations is nothing but the pressure gradient. By
scale analysis it can be deduced that the time derivative has the same scale
of the advection and we are left balancing the pressure gradient against the
rotation and the advection terms. The so-called Rossby number Ro is a
constant giving information on the relation between the advection and the
rotation terms: the smaller is the Rossby number the larger is the effect of
the rotation on the dynamic with respect to that of the advection.
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Apart from the hydrostatic balance on the vertical component, large-scale
flows are described in the zonal (horizontal) component by the geostrophic
balance, namely when the rotation and the pressure gradient are in equilib-
rium with each other. As the term itself suggest, in the quasi—geostrophic
equations these are instead almost in equilibrium as the Rossby number is
small but not identically zero. The idea is then to use Ro as parameter for
asymptotic expansion of the variables u and n in the rotating shallow wa-
ter equations and derive the limit equations when Ro — 0. This procedure
defines the quasi—geostrophic equations.

In absence of dissipation or external forcing the one layer quasi—geostrophic
model is nothing but the material conservation of a scalar quantity ¢(z,y,t)
ie.

d
d_il — g +u-Vqg=0, (1.20)
where ¢, called quasi—geostrophic potential vorticity, is defined as
Ji
Q=AY+ Py — .

Here 7 is the height of the free surface as above, h is the mean thickness of
the layer, fo + Sy is the Coriolis parameter by the f-plane approximation,
and 1 is the streamfunction of the fluid, namely u = V1.

We consider the top to have a flat surface. This choice provides a simpler
model but at the same time describes a case still relevant for example for the
ocean where the variation of n about its mean position is very small compared
to the mean depth of the upper ocean and with good approximation the
surface can be considered flat. Then the quasi—geostrophic potential vorticity
reduces to

and we can write () as

d
- =0+ J(,q) =0 (1.21)

q = Ay + By.

with .J the Jacobian operator J(a,b) = V+ta - Vb.

Let us now consider two layers of fluid one on top of each other with mean
height hy for the top layer and hy for the bottom one, assuming (without
loss of generality) that h; < hy, with density respectively p; and py with
p1 < po and streamfunctions ¢, and . This is a natural intermediate
step between the one layer case and the continuously stratified model which
account for a smooth density gradient on the vertical component, which
allows us to study more features of the ocean and/or the atmosphere within
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a still rather simple framework. For example the two-layer QG model is
one of the simplest models where crucial features of the weather system, like
baroclinic instabilities, arise. Such a model can be derived in the same way
as described above from the two-layer rotating shallow water equations (see
e.g. [[71, Section 5.3.2]) so that given the streamfunction ¥ = (¢1,12) we
have

d

% =01 + J(Y1,q1) =0

0 (1.22)
d_t2 = 0iq2 + J(2,42) = 0,

where, if we consider for simplicity flat bottom and top surface, the QG
potential vorticites for the layers are defined as

q1 = Ay + Fy(a — 1) + By
@2 := Ay + Fo (Y1 — 1) + By.

Here F, F5 are positive constants defined as

3
F;, = , 1.2
g'hi ( 3>

with ¢’ the reduced gravity ¢' = g(p2 — p1)/po (see [61, pg. 419]) where py is
the characteristic value for the density. Further, denote

2
thl = h2F2 = % = Pp. (124)

Equivalently we can define ¢, ¢ as

¢ = AP+ Fi (Yo — 1)

q2 = Ay + Fo(¢1 — 1ba), (1.25)

and () becomes

O + J(1, 0 + By) =0
Oiq2 + J (2, g2 + By) = 0.

In this work we will consider the case when the dynamic is affected by
external forcing and dissipation. On both layer we take into account the
effect of the eddy viscosity, on the top layer we consider a deterministic
forcing which accounts for example for the effect of the wind on the upper
ocean, and on the second layer the bottom friction r. In the next section
we lay down its precise mathematical formulation and the main notations
following closely the set up described in [8] and [15].
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1.3.1 Mathematical setup

Let D be a squared domain D = [0, L] x [0, L] C R? with L > 0 typical length
scale of the dynamic (e.g. 10°m for the atmosphere and 10°m for the ocean)
and consider the following equations

gy + J (Y1, qu + By) = vA*py + f
Orga + J (Y, @2 + By) = vAy — Ay (1.26)
q<07 X) = qO(X)
where x = (z1,22) € D, q(t,x) = (ql(t,x),7 x))! is the so-called quasi—
2

geostrophic potential vorticity, defined in () via the streamfunction of
the fluid, ¥ (¢, x) = (¢1(t,x), ¥a(t,x))?, or in vectorial formulation

a=(A+ M)y with M = (_F? _F;2> (1.27)

where A = (A, Ahy)t and Fy, Fy are positive constants as in () The
model (E) includes dissipation generated by the eddy viscosity v on both
layers and friction r on the bottom layer as well as a deterministic forcing on
the top layer f = f(t,x) with zero spatial averages, i.e.

/f(t,x)dx—() for all ¢ >0,
D

that accounts for the wind shear on the surface of the ocean. Furthermore
we assume periodic boundary conditions for @ in both directions with period
L and we impose that

/ Wb(t,x) dx = 0. (1.28)

Next we set the notations for the two—layer quasi—geostrophic model used
in this work. Let L*(D), H*(D), k € R be the standard Sobolev spaces of
L-periodic functions satisfying () with respectively L? norm defined as

Julfy = | JuGo?ax, (1.29)
D
and the norm in H*(D) defined as
Julf = [ 1-2) a0 i, (1.30)
D

so that
IVullf = flullzy, and  [[Aullf = [[ullfs-
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We also introduce appropriate norms on the product spaces to deal with
our coupled system. Given u and v elements of H* x H* k > 0 or L? x L?
for k = 0, define

1/p
s = (I1v/Aral + 1V hausl) (1.31)

and in particular for p = 2 we write

[ull = 3 = hallua [l + hollus | (1.32)
(w,v)g = hy(ug, v1)g + ho(ug, v2)g. (1.33)
Then we define
L’={ue L’ xL*: |ul§ < oo} (1.34)
H ={ue H*x H* : |u|f <o}, k>0 (1.35)

and we denote with H™* the dual space of H*, k > 0.
Then Poincaré inequality in H* reads as

lalls < A2 ullir, k>0, (1.36)

where \; is the smallest eigenvalue of the operator —A.
Define the operator A : H**2 — H* k € R as

Av = —(A+ M)v veH2 (1.37)

It is easy to see that A is self-adjoint, since —A is self-adjoint and for M
we have

(Mll, V) = —hl’UlF1(U1 - Ug) + hQUQFQ(Ul — UQ)
= —p(v1 — v9)(ug — uz) = (u, Mv).

Furthermore its range
Rp(A) = {Av : v e H?} c HF
is closed and A~ is a self-adjoint continuous operator in H*. Then we define
2. 12 k. prk
L?:= L2, ; and H:=HY, o keRk#0.

Remark 1.3.1. Since the L? and H' norms and the L? scalar product are the
most used throughout all the chapters we denote them as follows

o] == [[vllo and |[[v]| := [[v]
V| = hi|vi| + halva| := [[v]lo and [[v|| = hylvi]| + hellva|l == |[V]]

(u,v) := (u,v)g and (u,v) = hy(uy,vi) + ho(ug, ve)

also in accordance with what is typically used for Navier-Stokes equation.
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Finally we introduce two new norms in L* and H~'. For u € H™' by
definition there exists v € H! such that u = Av, and we can define the norm
on H-!

lall%, == [IvII* + plor = vaf?, (1.38)

and, for u € L? with v € H? so that Av = u, define the norm on L2
2
l[ully := [[vII3 + pllor — v (1.39)

We set
H=H"_,) and V= (L], (1.40)

Note that by Poincaré inequality [|q(t)[|*, < A\ ![la(t)]|? as by definition

we have

lla®Z, = 1911 + plr — vl

1.41
<A (1A% + pllyr = val?) = AT lla(®)15: A

Furthermore these norms are equivalent respectively to || - ||-1 and || - ||o, and
have a series of useful properties.

Lemma 1.3.2. Consider u € H™! and v € H* such that Av = u. Then the
following relations hold:

(w,v) = (Av,v) = [AV2v]* = [|ul|, (1.42)
V1P <l < aollv]? (1.43)

for some ag > 0. .
Foru € .2 and v € H? such that Av = u, we have:

(u, Av) = —|[ulll; (1.44)
(IAV] =)[Iv]3 < flulls < aollvll3. (1.45)

Proof. We start by showing ([l.42). By definition () of A we have
(0,v) = (Av,v) = —(Av,v) — (Mv,v)
then, by Green’s theorem
~(Av,v) = VP
and by (), namely Fih, = Fyhy = p we have

—<MV,V) = Flhl(l)l — Ug,’Ul) + FQ]’LQ(UQ — Ul,UQ) = p|’01 — V2 2.
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In a similar way we can show ([L.44). By definition of A we have
(u, Av) = —(Av,Av) — (Mv, Av)
then by definition of M (), the relation () and Green’s theorem

—(MV, AV) = thl(vl — V9, A?Jl) + thQ(UQ — V1, A’Ug)
= —p((=A)2(v1 — va), (=A)?v1) + p((=A) (01 — va), (—A)?vy).

Therefore we have
2
(u, Av) = —|AV[* = pllv; — vo|* = —[|u]l5.

Moving on to ([L.43), the lower bound follows by definition of ||-||_,. The
upper bound can be computed thanks to Poincaré inequality ([L.36) and the
parallelogram law. Indeed we have

plor — val® < pATH|or — val?
s
- )\1 Hlil’l(hl, h2)
=2\ 'max(Fy, F)||v|?.

(hallor]|* + haflva||?)

Then since we assume h; < hy, from () it follows that F; > F,, and
setting agp to be max(1,2F;/A;) we have the desired result

2
lallZ, = [vI1* + plor — vaf* < aollv*.

—

[he same calculation using the definition of ||-|||, and the Poincaré inequality
1.34) for & = 1 gives (@). O

—~

Similarly to the Navier-Stokes equation, taking the L? scalar product of
() with v € H? we obtain the weak formulation

(Oeqr, hav1) + (J (W1, 1 + BY), have) = v(A%1, hyvr) + (f, havr)

1.46
(81qa, hava) + (J (Yo, g2 + BY), hava) = v(A%g, hove) — 17(Aha, hovs). (1.46)

We can write () in vectorial formulation introducing the bilinear operator
B(u,v) from H? x H? into H™2 defined as

B(u v) _ J(ul,Av1)+F1J(u1,vg) (1 47>
’ J(UQ,AUQ) +F2J(U2,’U1) ’ '
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for u = (u1,u3), v. = (v1,v9) € H2 Then using the fact that J(u,u) =
V4w - Vu =0 we can write ([1.46) as

(0:q,v) + (B(, %), v) + B (019, v) = v (A%, v) + ( hi(f, v1) )

—rha(Aty, v2)
(1.48)
where 0; denotes the derivative with respect to x;.
Alternatively, regarding the variables q(¢,x) and ¥ (t,x) as trajectories
in H™! and H! respectively

[a()](x) = q(t,x) and  [h(t)](x) = (¢, x),
we can rewrite () as

dq _ /
T B, ) + Bovp = v + (—r&h)

q= —fh/).

Note that we expect the first equation to hold as equality in H=2 for f € H 2
and _the relation between q and 1) as equality in H.

contains a summary of the spaces and relative norms used
throughout this work when working with the quasi—geostrophic model.

(1.49)

Space Norm
L2 [V|? = hi|vi|? + ho|vs|?
H' VI = A lfor]? + allea)?
HE ) £0,1 IVIE = A Jor 2 + P 2
V=12 =L | Nl = [|-Av]| = IV + plloy - el
H=H" = H g | Il = || -4V = 1912+ plos - ool

Table 1.1: Notations for the two-layer quasi—geostrophic model. The first
block will be mainly used for the streamfunctions v, while the second block
is specific for the potential vorticities q, i.e. functions in the range of the
operator A.

1.3.2 Properties of the nonlinearity

The Jacobian operator
J(u,v) = Vtu - Vo,
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has a series of useful properties and estimates that will be extensively used
in this work. They are presented in [[15, Lemma 3.1] which we report here to
ease reference.

Lemma 1.3.3. The Jacobian operator verifies the following properties

J(u,v) = —J(v,u), Ju,u)=0 wuve H (1.50)
(J(u,v),w) = (J(v,w),u), (J(u,v),v)=0 wu,v,we H? (1.51)

and the following estimates hold

[(J(u,v), Au)| < col Avl||ul||Au|, wu,ve H? (1.52)
|(J(u,v),w)| < c1|Aul|Av||w|, u,v € H*,we L? (1.53)
|(J(u, ), w)] < erlfull|Av[[lw]],  u,v,w e H. (1.54)

_1
Here above ¢y = 24+ (V/2-7) "1 and c; = co\| ?, with Ay the smallest eigenvalue
of —A.

We stress that the form of these estimates is specific to the fact that we
have periodic boundary conditions. These results translate into the proper-
ties of the bilinear operator B (|L.47):

Lemma 1.3.4. Let B be the bilinear operator (), then for u,w € H!
and v € H?

(B(u,v),w) =—(B(w,v),u), (1.55)
(B(u,v),u) =0. (1.56)

Moreover there exists positive constant ko and kg such that the following
estimates hold for u,v,w € H?

|(B(u, u),v)| < kollul||Aul|Av] (1.57)
(B(w,v),v)| < §|Av[* + kp|Au*[[v]* (1.58)
(B(u,v),v)| < §]Auf” + k| Av[|[v]]*. (1.59)

Proof. The relation () follows from ( . The latter is a direct conse-
quence of the definition of the operator B () and of the properties of the
Jacobian (J(u,v),w) = (J(v,w),u) and J(u,v) = —J(v,u).

By the definition of B we have

[(B(w, w),v)| = [(J(ur, Aux), byvr) + Fi(J (ua, ug), havs)
+<J(U2, AUQ), thQ) + FQ(J(UQ, Ul), hg’l}g)l .
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Thanks to the estimates () and () we have

[(B(u,u), v)| < cohyllug || [Aus[|Avy| + crpl|ua [|||uz]|| Av: |
+ coha|[usg|| | Aug||Ave| + ciplju ||| uz]|| Avs|

Using Poincaré inequality (), the fact that ¢; = co)\l_l/ >and p = Fihy =
F5hs it is easy to see that

< cov/hallun1a0n| (V| Aus] + Y22 /By | Auo) )
+ cov/halluall| Ava] (/b A | + /o | Awa])

Since we assumed without loss of generality that hy < hy and F} > Fy,
rearranging appropriately we get

[(B(u,u),v)| < < max(1, %7 (\/ A+ v/h |Au2|>
- (hallus[[|Avi| + hol|uz|| Avs]) .

As a+ b < /2(a? + b?) we can derive the desired estimate ()

|(B(u,u),v)| < ko|Aul|[u[|Av]

where

ko = 2%[ max(1,

Next, both inequalities ([l.5§) and () derive from the same initial
estimate we are about to derive. By definition of B and triangular inequality
we have

\/PF1)
A1 :

[(B(u,v),v)| < hi|(J(v1,u1), Avi)| + Fiha|(J (v, ur), v1)]
+ hg|(J(’U2,U2),AU2)| ‘l‘ F2h2|(J(U1,U2),U2)|

so, by the estimates () and (),

[(B(u,v), v)| < cohu|Awr||Avi[[vr]| + cr Frha[Jo[[[[va][| Aw |
+ Coh2|AU2||AU2|||U2H + 01F2h2||U1‘|||U2|||AUQ|. (160)

Now we use Young’s inequality to get first () Indeed

2 i .
cohil Au | A ur]| < 2| A | + 252

22 ,
er FyhlJvg | o || A < S0 A | | + 2222 oy |12,

,|2
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so that

(B, v),v)] < 2 (halAu *[lor | + ol Aus *[|va]|?) + §|Av/*

2F2h 2F2h
+ A [Pfloa P + 22 Avg a2 + 2 IV

Then by Poincaré’s inequality, and since h; < hy and Fy > Fj,

(B(u,v),v)| < 7% (hf\AmIQHvlll2 + hi|Aus*[[2]]*) + §]Av]?

+ uhl)\l (h1h2|AU1| [[02]|” 4 haha| Avy[?||v: ] )
Finally setting
2 2
kp = max <1/h1’ uhil) (1.61)

we have

(B(u,v),v)| < §|AV[* + kp|Auf||lv]*.
To prove () we use Young’s inequality in a different way in ([L.60),
namely
C2hi Vhi
coh A | e o] < O |2l |2 4+ 22

A F?h; vh;
crEshil|vgl||lvs]| [ Aug| < %H%HQH%‘HQ + TZ|AW|2-

Therefore we have
2
(B(u,v),v)| <2 (ha]Avi P[Jo]]* 4 ho| Ava*|[0s]]?) + §|Aul?
2 2 2 2
+ L oy [z | + S22 v ]| |

Poincaré’s inequality gives

22 22 2p2p, 2[2h

L oaPllvzll* + = va P flon* < A5 [Ava P [loa]|* + = [Ava ][],

so that

|(B(u,v),v)| < 3% (h2|AU1| ||Ul||2+h2|AU2| [va]?) + %] Aul?
(h1h2|Av1| [[va]|? + hiha| Ava || ||?) -

VhlAl

Recalling the definition of kg we have the desired result

(B(u,v),v)| < §]Auf” + kp|Av]*[[v]*.
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We conclude this section studying the derivative of the operator B as it
will be useful when studying the differentiability of the solutions with respect
to parameters in Eection 2.4.3.

Lemma 1.3.5. Let B be the bilinear operator as defined () and consider
its restriction on the diagonal space D = {(u,u) : u € H?*}. Then the
operator B : D — H™? satisfies the bound

[1B(u, )| -2 < kol [ul[|Aul. (1.62)

Furthermore its derivative is well defined and is

DB(u,u)v = B(v,u) + B(u, V). (1.63)
Proof. By definition
B = sup POV
ivibzo — [[Vll2
Using the estimate () we have
kol[ul[[Au[|Av]

|B(u,u)|[—2 < sup
v20 vl

(1.64)

hence since ||v||2 = |Av| we get the desired estimate
[1B(u, )| 2 < kol[ul[|Aul.
Next, by definition DB(u,u) € L(H?* H?) is the derivative of B at u if

lim ||B(u +w,u+ W) — B(uau) — DB(]_I, ]-1>VV||—2
[wl|—0 W |2

= 0.

Now, by bilinearity one has
B(u+w,u+w) — Bu,u) = B(u,w) + B(w,u) + B(w,w),
therefore

|B(utw,utw)—B(uu - DBuw)wll _ [[Bw, W),
[w |2 - Wl
|B(u,w) + B(w,u) — DB(u,u)w||_o
[[wl[2

+
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To prove () we need to show that the first term on the right hand side
converges to zero as ||w|| goes to zero. Using the estimate found in the first

part, (E) we have
|B(w, W)l
[[wil2

Therefore, for all w € H2, 180xl=> g a5 ||w]|, — 0 and

w2

< kollw|| < koAy w2

DB(w,w)v = B(v,w) + B(w, V).
[

Now we are ready to introduce the stochastic version of the two-layer
quasi—geostrophic model we will study in this work.

1.4 A stochastic two—layer quasi—geostrophic
model

Stochastically forced QG models have been considered in applications (see
e.g. [B8, 23]) and mathematical studies (see e.g. [9, 25, 26, 27]). Regarding
the case of noise acting only on the first layer though, the only mathematical
reference seems to be [15]. In gection 1.4.1 we will present the mathematical
set up for a such model following closely [15]. In pection 1.4.3 we recall some
technical results on the Ornstein-Uhlenbeck process which will be particularly
relevant in chapter 2 and gection 3.]].

1.4.1 Stochastic and Random model
Consider the framework described in with H = (H™1, |||, Land

V = (L% ||ll,) and perturb the top layer of the deterministic model (@)
with a Q-Wiener process with values in L? to get

dgy + J (1, @ + By) dt = (v, + f) dt + dW

Outz + J (2, @2 + By) = VA — 171y (1.65)

and in vectorial formulation

da+ (B(, ) + o) dt = vA*pdt + <—r£¢1

q=—Ap = (A+ M) (1.66b)

) dt +dW  (1.66a)
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with initial condition q(0) = qo € H, where W the Wiener process on L2
defined as W = (W, 0)".

To study the existence of solutions as well as the existence of invariant
measure, concept that we will introduce precisely in chapter 3, we will use an
approach most common in the study of random dynamical systems associ-
ated to SPDEs: transforming the stochastic equation in a partial differential
equation with random coefficient by means of a change of variable (see for
example [17]). One of its early uses was the 1973 work of Bensoussan and
Temam on the stochastic Navier—Stokes equation [4] and this approach can
now be considered classic in the specific literature.

Let n(t,x,w) be an auxiliary Ornstein-Uhlenbeck process defined by the
solution of the linear equation

dn(t) —v(a+1)An(t)dt = dW(t), n(0) =mn, € L (1.67)

with periodic boundary conditions, same realization of the noise, and o > 0
a free control parameter. Now transform ([L.66) via the change of variables

Gr:=q1— 1 ¢2 = q2, (1-68)

and use ([L.67) to get
da+ (B, %) + B0rp) di = vA*p dt + (f —vlat 1>An(t>> "

—rav, (1.69)

q:(A+M>¢—(g>.

To ensure the new variable q is in the range of A, namely it has a formulation
as in ([L.66H), we introduce the process & = (£1,&2), solution of the linear
elliptic equation

(A + M)E = — (8) (1.70)

Then define the new variable 12) =1 + £ so that we can write () as

N U RS T |

a=—Ap=(A+ M.

f—via+ 1)A77>
_TA(% — &)
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Finally, using ([L.7(), we get the following random version of the stochas-
tically forced two—layer quasigeostrophic system in H

dq ~ R - - f—valAn
B 6 €0 €)= A 1)+ (o)
q=(A+ M)
a0 -a- ().

(1.71)

Last, note that given the definition of & (), it is clear that the processes
&1, & are more regular than the process 7 in the spatial variable, in particular
if n has values in H* then

[Gillerz < nlls, i=1,2, and [|& = &llkee < [Inlls keR. (1.72)

1.4.2 Some properties of the Ornstein-Uhlenbeck pro-
cess

Set U = (H*,|| - ||) and let A be the Stokes operator Au = —Au so that
U = D(A*/2) and let e=* be the bounded semigroup generated by —A in U
(see e.g. [22, Appendix A.4]). Given a Wiener process W with covariance
operator () commuting with A, we consider the Stokes equation

dn + ci Andt = dW, n(ty) =mno € U. (1.73)

with constant oy = v(a+ 1) > 0. By the classic theory of linear equations
with additive noise there exists a unique solution 1 which we can expressed
as

t
T](t) = noef(tfto)alA + WA(t) with WA(t) —_ / e*Oq(tfs)A dWs

to
The process Wy is called stochastic convolution and has the following prop-
erties.

Lemma 1.4.1 ([22, Theorem 5.2]). Let W be a Q-Wiener process on U.
Consider the process

t
Wa(t) = / e~ =90 g (s)
0
and assume that .
/0 le= 14| g 1y dt < o0 (1.74)

Then
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(i) W4 is Gaussian, continuous in mean square i.e. E|| X (t)||* is continu-

ous in t, and has a predictable version;

(ii) the trajectories of Wy are P-a.s. square integrable and Law W4 is a
symmetric Gaussian measure on L*(0,T;U).

Furthermore when () is a trace class operator the process W, admits a
continuous version. It will be evident from the proof that this result holds
true also for a less regular covariance operator but for sake of simplicity and
consistency with the rest of this work we will always consider () at least trace
class.

Theorem 1.4.2. Let W be a Q- Wiener process on U with covariance operator
trace class Q € L1(U). Then there exists a continuous version of W4 with
values in U.

Proof. Theorem 5.11 in [22] ensures that if there exists an § € (0,1/2) such
that

t
/ 3_25\|6_SQ1A||%g(U) ds < o0, (1.75)
0

then there exists a continuous version of W, with values in U. Let us then
prove that ([L.75) holds. Let € be an arbitrary small positive constant, then

t t
sl gy ds = [ 5 e AQ 0 ds
t
<NQUAT Py [ sHA e

where L(U) is the space of bounded linear operators on U. Furthermore it
is known that (see e.g. [22, eqn 5.23]) there exists ¢ > 0 such that

||A66_ta1A||L(U) S Ct_ﬁ

so that

t 2

t
_ _ _ C
s e g ds < 1QVA P [ s

Then for any 0 < § < ¢ the integral on the right hand side is well defined
and we have the desired result as long as

HQ1/2A€_1/2||%2(U) < 00



32 1. Intermediate complexity models for geophysical fluid dynamics

We can see that for such a condition to hold it is enough for ) to be trace
class in U. In fact, if {ex }ren is a complete basis of U made of eigenfunctions
of A we have

[QV2 A 2y = D 1Q2AT e = S AF Q2

keN keN

Since the eigenvalues of A form an increasing sequence in R™, for all ¢ < 1/2

we have
S AR el < A Y QMR = AE QI
keN keN
so that it is enough to have [|Q'/?[|7, ;) < . O

In addition we can find an explicit bound for the mean square norm of n
which can be made arbitrarily small picking a sufficiently large value of the

parameter_aq, i.e. of the control parameter «. This result will later prove
crucial in .

Lemma 1.4.3. Let n be the solution of () with initial data n(ty) = ny €
H* and covariance Q trace class in H*, i.e. Tr,Q = Trog A*Q < oo for
k> 0. Then

), @

E [n(8)[} < lnfto) [fe 210 + S (1.76)

forallt tg e R, ty < t.

Proof. By , since the function f(t) = E||n(¢)||? is continuous and

non-negative, if we show that

f(s)—f(r)g—v/ f(n)dr+ K(s—r) forall r<s (1.77)
then we have the desired result, i.e.
() < flto)e ) 4 K /vy for all t > 0. (1.78)

Take the H* scalar product of () with 7 itself and by It6 formula we
get

In(0)11% = llnto) % —2041/t ()% d7 + (8 — to) Ter+2/ (1, dW)s

to
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and in expectation
t
E [n(®)|; = E [n(to); — 204E / 1n()[7+1 dT + (¢ = to) Try, Q.
to

By Poincaré inequality ||| < A;'||n||z.; we have the desired expression

t
E|ln)l; < Eln(to)lli — 2040\1/ E [[n(7)lli dr + (t — to) T Q
0

so that, setting K = Try @ and v = 2a1 Ay, gives

TI'k Q

E In(t)[} < In(to) [fe> =) 4 7,

]

Furthermore, as we will see in an application of the results of chapter 4,
(tExample 4.1.14)) the Ornestein Uhlenbeck process solution of ([L.73) is er-

godic, i.e. for all summable f: U — R,

lim% /O Fn(s)) ds = Ef (n(0)) P-a.s.

t—o00

Summary and remarks

In this first chapter we set the mathematical framework for the models we
will work on. After recalling the stochastic Navier—Stokes equation, we fo-
cused on the two—layer quasi—geostrophic model, with and without additive
stochastic forcing. In particular, we introduced the Hilbert spaces essen-
tial in the analysis to come. see [Table 1.1, and estimates on the Jacobian
(Lemma 1.3.3 and tLemma 1.3.4]) which will be used extensively.

Going forward, it is useful to keep in mind the relation between the ve-
locity u, the streamfunction ¢ and the potential vorticity ¢: the velocity is
the orthogonal gradient of the streamfunction, so always one order of dif-
ferentiability lower than the streamfunction, while the potential vorticity is
comparable with the laplacian of the streamfunction, two orders of differen-
tiability lower than it. This, together with classic results for Navier-Stokes,
will give us an intuition on the spaces over which the stochastic two-layer
QG model is well posed, topic central to the next chapter.
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Chapter 2

Solutions and their properties

Given the similarities between the stochastic Navier-Stokes equation and the
two—layer quasi—geostrophic model, it is natural to first look at the results
for the former to prove similar ones for the latter. A possible approach to
prove the existence of solutions is the one presented in [4, B2, B1] which we will
briefly treat in gection 2.1 This is by no means the only way possible (see e.g.
[19]) but we selected it as it will prove extremely useful to show the existence
of an invariant measure in the next chapter. Moreover this approach provides
a direct proof of Theorem 3.1 [15] i.e. the well-posedness of the equation with
random coefficients () In this approach the regularity of the Ornstein-
Uhlenbeck process and that of the solutions of the random equation are
combined to derive information on the solution of the stochastic equation.
Afterwards, in pection 2.4 and gection 2.5, we will study how the solutions
of the stochastic quasi—geostrophic model and the stochastic Navier—Stokes
model depend on the intensity of the external forcing f. These results will
later play a crucial role in ‘chaEter ﬂ where we will study the dependence of the
long time average behaviour of these models with respect to this parameter.

2.1 Methodology and main results

We will explain the methodology first with the stochastic 2D Navier—Stokes
equation as an example.

Consider the setlﬁu‘clined in with the Hilbert spaces (H, |-|)
1.1

and (V, || -]|) as in ([l.12) and the stochastic Navier—Stokes equation
du+ vAudt + B(u,u) dt = fdt +dW u(0) = ug (2.1)

where ug € H, W is a Q-Wiener process in ‘H with () trace class operator.
The first concept of solution we introduce is that of weak solution (see
for example [22, Chapter 7).

35
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Definition 2.1.1. An H-valued process u(t), t € [0,7] is said to be a weak
solution of (@) if the trajectories of u are P-a.s. integrable,

u€ C([0,T);H)NL*0,T;V) P-as.

and if for all ¢ € D(A) and all t € [0, 7] we have

(u(t), ¢) + / (u(s), Ap) ds + / (B, u), ) ds = (o, 9)+
/0 (Fs) o) ds + (W(D)o) Pas. (22)

As observed in [31], a sufficiently regular noise would ensure the desired
regularity of the solution and its uniqueness:

Theorem 2.1.2. Let ug € H, f € L*(0.T;V*). If Q is trace class in V then
there exists a unique weak solution of (@)

u € C([0,T);H) N L*0,T;V) P-a.s.

Proof. The solution is derived thanks to the classic change of variables al-
ready introduced for the quasigeostrophic model in gection 1.4.1]. We consider
the linear equation

dz +vAzdt =dW, z(0)=0 (2.3)

with same realisation of the noise of (@), so that v := u — z satisfies the
random equation

d

d—;}+VAU+B(U+Z,U+Z) = f, v(0) = uy. (2.4)
It is known (e.g. [32, Proposition 4.1]) that there exists a unique solution
v € C([0,T);H) N L?(0,T;V). Furthermore given the regularity of the co-
variance operator, the linear equation () has solution z € C([0,7];V)
('Theorem 1.4.2). Then

u=v+z€C(0,T);H)NL*0,T;V)

as desired.
Finally we see that the solution is pathwise unique. Let u; and us be two
distinct solutions with same noise realisation, so that U = u; — uy satisfies

Cil_[t] +vAU + B(U,u1) + B(up,U) =0, U(0) = u;(0) — uz(0). (2.5)



2.1 Methodology and main results 37

Taking the H scalar product of (@) with U and using the properties of the
bilinearity, , we have
1d|U)?
2 dt

+u|UI17 < kpl|U]l|luall|U]

v|U|? N K ual?
2 2v

(by Young inequality) < U2

Honce dU P A
L U2 < EBIUL 2
o) < 2o,

and by the integral Gronwall’s lemma

U < U(0) exp( /||u1 P ds)

Since u € L*(0,T;V), the integral on the right hand side is well defined and
we deduce that u; = uy whenever they have the same initial condition. [J

used is that of generalised solution for (R.lf). This is introduced to make

possible working with a noise as irregular as possible, in particular for ¢) not
1

necessarily trace class but with values at least in D(A17), & > 0:

Remark 2.1.3 (Generalised solution). In [%amd [B1] the concept of solution

Definition 2.1.4 ([32, Definition 3.1], [B1, Definition 3.1]). A stochastic pro-
cess u(t,w) is called generalised solution of (R.1)) in [0, 7] if

ue C([0,T];H) N L*(0,T; D(AYY)  P-as.,

it is progressively measurable in these topologies and (@) is satisfied P-a.s.
in the integral sense, i.e.

(u(t), v) +/0 (u(s), Ap) ds —/0 (B(u, ), u)ds = (ug, p)
+ [ ()0 s+ 0.0

for all t € [0, 7] and all ¢ € D(A).

Note that this definition is different from the one of weak solution due to
the lower regularity of the solution. However if the process 7 is continuous
with values in )V the generalised solution is a weak solution itself. Let us

finally remark that, as seen in the proof of | , to ensure that n
has a version continuous with values in V the covariance operator does not
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have necessarily to be trace class in principle. However it is not our goal to
stretch the boundaries of regularity for the noise and we will simply require
trace class type of noise within the most suitable space. For a clear concise
presentation of the link between the noise and the type and regularity of the
solutions we refer again the reader to [31].

Naturally, increasing the regularity of the initial condition and of the
forcing, the solutions will be smoother and we talk about strong solution
(e.g. [BY, Theorem 3.3], [22, pg 122]). In fact in this case the equation does
not hold as equality in H~! but in L.

Definition 2.1.5. A stochastic process u(t,w) is called strong solution of
£.1) in [0, 77 it

u € C([0,T); V)N L*0,T; D(A)) P-as.,

and (@) is satisfied P-a.s. as a pathwise identity in H , i.e.

u@+Aﬁm$k3[Bmm@—w+AU@@+W@

for all ¢t € [0,T7.

Note that every strong solution is also a weak solution.
Then the following result holds:

Theorem 2.1.6 ([Bl, Theorem 3.3]). If the initial condition ug is in V,
f e L*0,T;H) and Q is trace class in D(A), then there exists a unique
strong solution uw € C([0,T); V) N L*(0,T; D(A)) P-almost surely.

Proof. In this case z is continuous in time with values in D(A) and it can be
shown that v € C([0,T]; V)N L?(0,T; D(A)) (e.g. [32, Proposition 4.1]). [

In summary we see that the solution of the random Navier—Stokes equa-
tion, v, has the same regularity of the deterministic two—dimensional equa-
tion and consequently the regularity of the solution of the stochastic Navier—
Stokes equation, u, is given by the combined regularity of the process z and
v.

For the stochastic two—layer quasi—geostrophic (QG) model we will follow
the same approach as outlined for the Navier—Stokes equation. Consider now
the spaces H and V defined as in () ie.

Ho=E"1-y) and V= (L2 [,)
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and equation (|1.66) i.e.

f

da+ (B(sh, ) + BOyp)dt = vA™p di + <—mw2

a=-Ay = (A+ My

) dt + dW (2.6)

with initial condition q(0) = qo € H and define the solution as follows:

Definition 2.1.7. A process q is a weak solution of (2.6) on [0, T'] if P-almost
surely q € C([0, T); H)NL*(0,T;V), and it satisfies (2.6) in the integral sense:

(q(t)790)+/0 (B(,%), @) + B (019, @) ds = (qo,so)+V/O (A, Ap) ds
—l—/o ha(f, 1) — rha(Atg, vo) ds + hy (W (L), 1)

for all o = (p1,¢2)" € H? and t € [0,7] where (-,-) denotes the L? scalar
product.

As seen in the variables of interest q and %), represent re-

spectively the QG potential vorticity and the streamfunction. Recall that
the velocity of the fluid is defined as the orthogonal gradient of the stream-
function. Therefore, as the velocity is continuous in time with values in L?
and square integrable with values in H!, we expect the streamfunctions and
the potential vorticities to have the same regularity in time but with values
in H' and H?, and H~! and LL? respectively. Then as in Navier-Stokes we
required the noise on the level of velocities to be with values in H! in order
to ensure existence of a unique solution, as the noise is now on the level of
potential vorticites we expect to be sufficient to have W with values in L?
to have a unique weak solution. We will show that this is indeed the case by
verifying in gection 2.5 the following result:

Theorem 2.1.8 (Weak solutions). We are given the initial condition qg € H,
the deterministic forcing f € L*(0,T; H=2) and the covariance operator Q
trace class in L*. Then there erists a unique weak solution to (R.6)

q< C(0,T);H)NL*0,T;V) P-a.s.
and as a consequence

Y € C([0,T; H) N L*(0,T;H?) P-a.s.
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As seen for the stochastic Navier—Stokes equation, increasing the regular-
ity of the initial condition and of the forcing the solutions will be smoother
and we talk about strong solution. In fact in this case the equation does not
hold as equality in H=2 but in H = H™!.

Definition 2.1.9. A stochastic process q is called strong solution of (@) in
0, 7] if
q<C(0,7;V)NL*0,T;H") P-as.,

and (@) is satisfied P-a.s. as a pathwise identity in #H for all ¢ € [0, 7.

Theorem 2.1.10 (Strong solutions). We are given the initial condition qo €
V, the deterministic forcing f € L*(0,T; H™') and the covariance operator
Q trace class in H'. Then there exists a unique strong solution

q<C(0,T); V)N L*0, T;H") P-a.s.
and as a consequence
¥ =c O([0,T); H*) N L*(0,T; H?) P-a.s.

We will prove this result in .

2.2 Weak solutions for stochastic 2LQG
Consider the linear auxiliary equation introduced in , namely

dn+ a1 Andt = dW, n(0) =n, € L* (2.7)

with W Wiener process with covariance matrix () trace class operator in L.
By ITheorern 1.4.ﬂ we know there exists a solution of (@) with continuous
trajectories taking values in L?, that is n € C'(0,T; L?). Then if we can show
that the random differential equation ([L.71)) for ¢ = q — (5, 0), namely

% —— L ~ f— g&An
5 TBW €9 &)+ PO — &) = vA(A + ME) di + (—m(wg —52))
a=(A+ M)

(2.8)

has a unique solution with trajectories continues with values in H and square
integrable in V, the process

Ui

q:=q+ (0> e C([0,T;H)NL*(0,T;V) (2.9)
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is a solution of the original stochastic equation (@) Therefore we_will
dedicate most of the section to showing that the random equation ([L.71))
has a solution with the desired regularity. We will close with proving the
pathwise uniqueness of the solutions corresponding to a given realisation of
the noise.

The proof of the existence and uniqueness of the solution for the random
equation has the same structure as the one for the deterministic equation, but
we will have to take care of the new terms in n. The original deterministic
model ([1.49) has been treated in detail in [§]. There, for a k-layer model
with Dirichlet boundary conditions the work shows existence, uniqueness
and continuous dependence on initial condition of the solution. Furthermore
the existence of a global attractor, bounded in I.?, compact and connected in
H~! is established. We will adapt the original argument in [§] to the random
equation ([L.71)), also drawing from some of the estimates already showed in
[15]. Moreover we will consider deterministic forcing f independent of time
as this will be the framework used in the rest of the chapters, although the
following result can be extended without too much effort to time dependent
forcings f € L*(0,T; H2).

Theorem 2.2.1. Let T > 0, qo € H and f € H%D). Then for P-a.e.
w € Q, the system (R.§) has a unique solution q such that

aeC([0,T;H)NL*(0,T;V),
and consequently
¢ e C([0,T);H") N L* (0, T; H?).
Moreover the solution depends continuously on the initial condition qo € H.

Proof. Note that to ease the notation of this proof we drop the tilde for the
random equation (|L.71)).

Step 1: A priori estimate in H = (H1, ||| _,)-
First of all, using ([.42), i.e. (q,%) = —||al|?,, we have

da )~ L) - (¢ 9%

~ dllall?, i di
(o)
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and since the operator A is self-adjoint

dq \ _ dllallZ, d(—Ay)
(E’w)__ dt _<¢’ dt )

dg dllall,
2 — =— :
(dt ’w) dt

Then, taking the L? scalar product of (@) with @ we have

1d|llal2,

5 1 V‘A’lﬂ‘2+7’h2“w2”2: (B(lb—f;iﬁ—ﬁ)ﬂ/))

— B (O, ) — B(01€, ) + V(AME, ¥) — (f, hath)
+ VO[(AT], h1¢1> — 7"(62, h2¢2). (210)

From Equation (2.1(), using the properties of B (i;emga 1.3.%) as well
as the estimate ([L.79) it can be shown (see Lemma 4.2 in [15]) that

%Illq(t)lllz_l + VAP ()* < doln(t)]*[[9|* + mft) (2.11)

with
m(t,w) = duln(t, )| + dal(t, )| + ds (2.12)

and dy, dy, ds, d3 constants depending on the parameters of the system. The
only difference in the computation carried out in [[15], where f is assumed in
H~! rather than in H~2, is in treating the term (f,%1). There the authors
have

9h vh
—2ha(f, 1) < 2m| fll-allgnll < —1||f||2 —1!A¢1|2
and so d3 = 9hy||f||2,/vA1, whereas we consider f € H 2
9h vh
—2hy(f, 1) < 2| f]]-2|Adh| < —1||f||2 _llAw1|2

and d3 = 9h1”f”2_2/1/
By the estimate () and Poincaré inequality () it is easy to see
that

I < flall; < $21Aw)?
and as a consequence () becomes

Slla@I?, < (dolne)? =2 lla@l?, +m(n). (213)
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Therefore, by Gronwall’s inequality , we get a pointwise bound

a1, < 9Oy exp(~220-+ [ dulucr? ar)
+/0teXp<—%l(t—8)+/:d0|77(7)|2d7>m(s) ds. (2.14)

Note that the integral

[ ot i

0

is well defined as 7 has continuous trajectories with values in L?(D).

Step 2: Integral bound in V = (L2, ||-|l,)-

From (@) can also derive an integral bound in V = (L2, ||-|[,). Integrating
(@) over [s,t] C [0,7] we have

lla@®Z, = lla()IIZ, + V/ |[Agp(r)[* dr < do/ (In(m)PllplI* + m(r)) dr,

then, using the estimate ([1.43) and dropping ||q()||*;, we get

V/ |A(r) [P dr < [la(s)]I, +do/ (In(™)Plla(m)ll?, +m(r)) dr. (2.15)
Note that

llall? = [Av[* + plln — s |)?
< [AY?+2F, (ha]|vr* + hollvo|?)
< |AY + 21|l

It follows that
T T T
| e ar = [ 1aprar s 2m [ la@IE, i
T
<o a2, + [ v tdomr)dr
0

’ (2.16)
+ /0 (vt do|n(T)* + 2F) |la(n)|*, dr.

Thanks to equation () we know that ||q(t)||”, is bounded, so q €
L2(0,T; V).
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Step 3: Galerkin approximation.
The results presented so far are only formal and to ensure existence of a
solution we use the classic Galerkin method considering the truncated eigen-
function expansions of the variable of interest q. Given an orthonormal basis
(ex)ren of H made of eigenfunctions of —A define

q" = (Z(QI7€k)€k7Z(QQ>€k>€k> :

k=1 k=1

Equivalently we write q = II,,q, where II,, is the projection operator in H'
onto the space spanned by the first n eigenfunctions of —A. First note that
the linear operator (A + M) commutes with the projection II,, so that

q™ =1,q = II,(A + M)y = (A + M)p™ (2.17)

where 9™ := II,4. Consider the equation for the n-dimensional approxi-
mation {q(™, ™}

dt

IL, f — vall,An

(n)
VILA(AY'™ + ME) + (_anA( én) — &)

) (2.18)

with initial condition
q™(0) = IL,qo = q((]n) with q((]”) — qo for n — oo.

We want to find a bound for H|q(”)m_1 uniform in n. Take the L? inner
product of (R.18) with ™ and note that

(IL,An, ™) = (An, ™) and (IL,AE p™) = (AL, ™).
Hence we get

dflla =,

AR+ rhyl[ | = (B — €9 — €),9™)

— (2™, ™) — (9,€, ™) + v(AME, ™) — hi(f, ")
+va(An, ) — (&, B8,

Then the formal bounds (), () derived for () can be shown for q(™

as in Step 1 and 2. Most important is the fact that such bounds are uniform in
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n as it implies that q™ is bounded uniformly in n in L>=(0, T; H)NL?*(0,T; V).
Therefore we can find a subsequence (q(k”))neN such that

q) —~ q e L®(0,T;H) N L*(0,T; V) (2.19)
and as a consequence
plkn) ap € L2000, T; HY) N L*(0, T; H?). (2.20)

Now the limit q is the candidate solution and to close the argument one
should ensure that it satisfies (@), by showing the appropriate convergence
in n of each term in () Similarly to the classic approach for Navier—Stokes
equation (see [62]), the result (R.20) for 1p*») is sufficient to show convergence
of the linear terms, whereas for the time derivative and the bilinearity B extra
arguments are necessary. The convergence of the bilinearity, that is

B(yp™,4™) = B(y,4) (2.21)

in L?(0, T; H~?), follows from the same arguments for the deterministic model
so we will omit them here (see [7] and [8]). We will instead show that dq™ /dt
is bounded in L?(0,7; H~2) uniformly on n so to extract a converging sub-
sequence. Note that the limit will then be precisely dq/dt by definition of
weak derivative.

To prove that dq™ /dt is bounded in L?(0,7; H2) uniformly in n we
show that each of the terms on the right hand side of

dq(n)
dt

= —ILB" — € — &) - H($" &)
I, f — vall,An

(n)

) (2.22)

is bounded in such a space uniformly in n. For the viscosity term vA2%1)p we
have

T T
[ 182902 s < [ 18 g s B9 ds
0 0
T 2
2 n
<18y [ la®lyds
and since A is a continuous linear operator from L2 into H™2 and q™ €

L*(0,T;V) we have that A%p™ is bounded in L?(0,7; H~2) uniformly in
n. Next, the a priori bound (2.14) of H!q(")m: implies that ||4™ %, and
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in particular 9,9, is bounded in L?(0,7;H~?) uniformly in n. Since f
is assumed to be in H~2 and (IL,f,v) := (f,v™), it follows that II,f is
bounded in L*(0,T; H™?) uniformly in n.

The main difference with the deterministic model is surely in dealing with
the random coefficients, those involving the processes n and &, but we see
next that their boundedness is ensured by the regularity of the Ornstein-
Uhlenbeck process 7. By the definition of M, namely

—-F F
- o)
Fy  —F
and the estimate () for |A|, i = 1,2 we have

|AME? = p(Fy + F)|A&G — A&
< p(F) + Fy)|nl?

and in particular then

T T T
|18l as < [ 1avgas < pri+ F) [ ias
0 0 0

Since 1 has continuous trajectories with values in L?, MA£ is bounded in
L?(0,T;H~2). With the same argument also A&, and 9;£ can be shown to
be bounded as desired. Finally notice that

T T
/0 1ML, A2, ds = / 1AGCI2, ds

T T
f/() ||AH%(L2,H*2)|77(”)’2 ds < ”AH%(LQ,HQ)/O |77|2d3>

so that the regularity of random process n gives the desired result once more.
It is left to show that the bilinearity B is bounded in L2(0,7;H™?).
Indeed

LBy — £,9p" — £)]|_o < | B(xp™ — £,9™ — £)]
and by the estimate () for || B(u,u)||—o we have
[B@™ — &9 — )| < kol —€]|Agp") — Ag].

Therefore

T T
L 1B@® 6w i< i s s - [ 2 - At
0 0

te[0,T
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and by ([L.79)

T
<akg s (191 + ) / AP & |2 dr.

te(o,

To conclude that IT, B((™ —¢&, 4™ —¢€) is uniformly bounded in L?(0, T; H=2)
it is enough to recall fact that n has continuous trajectories in L? as well as the
results from the previous step, namely that 4™ is bounded in L>(0,T; H')
and in L?(0,T; H?) uniformly in n.

Finally all terms in (R.18) converge in L?(0,7; H~2) and the limit function
qin (E; is a solution of (E) with q € L>(0,T;H™') N L*(0, T; 1L?).

We actually have a better result, namely q € C(0,7;H~') N L?(0, T;1.2)
thanks to the following result:

Theorem 2.2.2 ([62, Theorem 7.2]). Let (H,|-|) and (V,|| - ||) be Hilbert
spaces such that V. CC H. Suppose that a function u € L*(0,T;V) is such
that du/dt € L*(0,T;V*). Then u is continuous from [0,T] to H with

sup [u(t)] < C (lullz2oziv) + ldu/dt| z200+)) -
t€[0,T]

Step 4: Uniqueness and continuous dependence on initial condition. Let
q and p be two solutions of (@) with respective streamfunctions ¥ and ¢
and initial conditions qg # po. Then the differencesu =q—pandv =9 —¢
satisfy

(ji_l: + B¢ — &,v) + B(v,¢p — &) + BOrv = vA*v + (—rOAvg>
O (2.23)
u(0) = qo — po

with periodic boundary condition, where we have used that B(u, u)—B(v,v) =
B(u —v,u) + B(v,u —v).
Now take the L? scalar product of () with v to get

2
C1du)l?,

S (B — £,9),v) + 01, v) = VIAV] + rhofl

where we have used again () and the property ([L.50) of the bilinearity.
The periodic boundary conditions give that (0yv,v) = 0 so we are left with

Ldlull?,

5 &t +u]AV|2+7“h2Hv2H2 =(B(y —&,v),v).
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We can bound the right hand side using the estimate () for the bilinearity

(B(yp — €,v),V)| < Lkp|Ayp — AEP|V]]® + £|Av]?
< (kp|At|? + kpha|n|?) |v]* + 4| Av]?

It follows that, also using the fact that ||v|| is bounded by [[ul|_,,

1d
2dt

and by Gronwall’s lemma

t t
mu@)uhsn|u<o>m21exp(2k3 / AP ds + 2khy / st). (2.24)

14
Il s + SIAVE + rhafloa]|* < (kp|ABI + kphalnl?) ull,

Clearly, by () and the regularity of n, the right hand side is well defined
and this bound gives continuous dependence on initial conditions and the
desired uniqueness when qg = pg. Il

Consequently we can show that the solution q := q +n as in (@) is
unique and continuous with respect to the initial condition.

Proposition 2.2.3. The solution of the stochastic equation (@) depends
continuously on the initial condition. In particular the solution is pathwise
UNLQUE.

Proof. Let p be a solution of the stochastic equation (@) with initial con-
dition pg # qo, streamfunction ¢ = (—fl)_lp and same realization of the
noise. Then the differences u = q — p and v = ¢ — ¢ satisfy the following
(integral) equation

(31—1; + B, v) + B(v,¢) + v = vA®v + <—7’0sz)
u=(A+M)v (2.25)
u(0) =qo — Po

To bound [[u]|_, we take the L? product with v, to get

2
1dju)l?,
2 dt

+ (B(¢,v),v) + (B(v,¢),v) + B(01v,v) =
V(A*V, V) — rhy(Avy, vy).
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Using the property () of the bilinearity and the fact that (0;v,v)

Ldlull?,

5 &t +V\Av\2+'r’h2Hvz|]2 = (B(¥,v),v)

Again by the bound on the bilinearity ([L.58) and Young inequality we have

dff[ull*
= VAV o 2rhalos|* < 2| APl .

and by integral Gronwall lemma we have that for almost all
times

@), < (0}, exp(%B/O |A¢|2d8)-

Since q € L?*(0,T;1L?) and that q = —Avyp = (A + M)t we have that
A € L*(0,T;L?) so that the exponential factor is well defined and we
obtain uniqueness when we consider the same initial condition qg = pg.

]

2.3 Strong solutions for stochastic 2LQG

In this section we will prove ITheorem 2.3.]], namely the existence and unique-
ness of strong solutions for the stochastic two—layer quasi—geostrophic model.
Now the covariance operator @ is assumed to be trace class operator on H*!
so that n € C(0,T; H'), the forcing is f € H~! and the initial condition
qo is in V. Therefore if the random equation (R.§) has a unique solution q
with trajectories continues with values in V and square integrable in H' the
process

q:=q+ (g) € C([0,T); V)N L* (0, T;H") (2.26)

is a solution of the original stochastic equation (@) and it can be shown
to be unique. As every strong solution is in particular a weak solution, the
uniqueness of strong solutions follows from that of weak solutions which we
established in the previous section. We dedicate the rest of the section to
proving the following theorem for the random equation (R.§)

Theorem 2.3.1. If gy € V = (L2 ||-|l,) and f € H (D) then there is a

unique solution of (R.§) that satisfies

q e C([0,T;;L*) N L*(0, T; HY)
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and as a consequence
W e C(0,T]; H?) N L*(0, T; H?).

Furthermore the solutions depend continuously on the initial condition qq.

Proof. The proof has the same structure used for tTheorem 2.2.]J for the ex-
istence and uniqueness of the weak solutions and for the deterministic case
in [§]. Here we will only show Step 1 and Step 2, namely the appropriate
bounds for the strong solutions. We omit the Galerkin approximation ar-
gument which will bring little novelty at this point. In the presentation we
drop the tilde to ease the notation.

Step 1: A priori bound in (L2, ||-|[,). We want to obtain an estimate of
the form

d
3 llalls < gr®llalls + g2() (2.27)

in order to recover a bound like
t
lla(®)llls < elo ot %|jlqq]||3 +/ elo 9104 o (s) ds, (2.28)
0

thanks to Gronwall lemma . At the end of this step we will find

such estimate where g; and g, are random functions dependent on 7 and all
the parameters of the system.
Let us start by taking the L? inner product of (@) with At

(i—? Aw) +(B(p — &, — &), M) + B(01 (¢ — €), Ap) = v(A, Agp)

+ V(MA&, A’lb) + hl(f — VO[A?], A¢1) — hQT(A¢2 — Agg, AI/JQ) (229)
First of all by () we have that

dq . 1d 2
(52 2%) = 5l (2.30)

Next, observe that by Green’s theorem and the periodic boundary con-
ditions, equation (2.29) can be written as

Sl + AN + (B — €% — €), A + 501 (3 — €), Aap) =

V(MAE, Arp) + hn(f — valn, Agn) — hor|Ave]* + hor (A&, Ays).  (231)
Using Cauchy-Schwarz and Young inequalities we have

Bl(01(3 — €), M%) < F I + §Ag + Sop* + §|AgP
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and by the estimate () on &
Bl =€), Ap)| < B2|9[|* + 5| AY[* + hafn]*. (2.32)
Secondly, using the definition of & () and the definition of the matrix M
(@) we derive
I/(AM&, A’(/)) =vp (Agl - Aé-Q, Alpg - Alpl)
< vplA& — AL ||AYy — Ay

and, using Young’s inequality and the estimates () for the process &, we
have

V(AME, M) < 22|02 + LA,
Next,

P (f = valin, Agpo)| < Z [ fI2y + 2vhao®|[nl® + 22 ]| Ay |2,

Finally, () gives

hor (A&, 8) < 22 (186 + |Aval?) < 2 (f? + |Bwa?).
Therefore pulling these estimates together in () we get
saillally + 5127 + 52 A ? < 52|l ))* + AP
Fnf? (ho+ 2+ 22) + 2212, (2.39)
+2vhia®nl* + (B(¢ — & 4 — €), Avp).
Finally we treat the bilinearity. By definition of B () we have
(B — &y —§),Ay) =

hl(‘](wl - 517 A@/}l - A§1), A¢1) +p(‘](¢1 - gl» ¢2 - 52)7 Aqu)l)
+ho(J (Yo — &ay Athy — A&y), Athy) + p(J (Y2 — 2,01 — &1), Athy)

which, thanks to the properties of .J in , reduces to

= —hi(J(r = &, A + F1&s), Ahy) + p(J (Y1 — &1, 12), Ahy)
—ho(J (V2 — &2, Aby + F2&1), Athg) + p(J (Y2 — &2,11), Ato)
(

Now recall the definition of &;, &, in ) namely

A§ —Fi(6 — &) = —
A&y — Fy(§ — &) =0
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With simple manipulations and using the fact that J(v,v) = 0, we see that

(B(Qb - &Y — 5)7 A¢) = hl(J(wl - 51,77); A?/Jl) _p(J<¢17§1)7 A?/Jl)
+p(J (Y1 — &1, ¥2), Ahr) — p(J (2, &2), Ava) + p(J (2 — &2, 1), Ary)

so finally

= hl(‘](wl - gl? 77)7 Awl) - p(J(wlu £1>7 A¢1) - p(J(%? 52)7 AwQ)

+p(J (b1, ), Athy — Avhy) — p(J(€1,99), Avy) — p(J(€2,901), Avhy). (2.34)

Then we are left to bound each of these terms. By the estimates on the
Jacobian ([1.53), 1.54]), and Young inequality we have

—

(1 — &0, m), Av)| < huey | A || A |0 + hacr| A& [ Ay [In]
c? 162
< B Ay |12 4 2141 2 Ay + 225 Ag 2] 2

and using once more the relation (|1.72) between € and 1 and Poincaré in-
equality
v 4hqc? 4hyc?
< B2 Ay ||+ 2 ||| Ahy [ + 5 ]| (2.35)

Secondly, by means of estimate () for the Jacobian, we derive for
i=1,2

Pl(J (i, &), Avs)| < cop| A& [[10i]]| Ars| < % (JAY 2 + [AG [ 4i]]?) -

By Poincaré inequality and estimating the terms in £ by 1 as above, we get
P, &), Atbr) + (T2, &), Ato)| < (25 + 2l ) |Awl (2:36)

Moving on to the next term in (), using the estimate () and Young
inequality we have

DI(T (W1, ), Aoy — Ath)| < crpl|n ||| Adba] | Ay — Ady|
< P |12 Ao 2 + 2| A 2. (2.37)

Finally, the estimates ([L.53) and ([L.72) give

P(J (&1, 2), A1) — p(J (&2, 11),A%) < arp (|A&] 4 |A&]) | A || A,
< 2¢i|n] (B ]AY|* 4 22| Ayyl)
< e Fnl| Ay (2.38)
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Therefore using the estimates (}235|), (}23d), (}237|) and () just ob-
tained in (R.33) we get

I/2
el + §1A%I + 5218l < 57 apl + Inf” (R + 752 + %52
. e hic?
+ (42595 4 coRlgl + SR + T )2) 1A 2112 4 2vhsa

4h F
+ 2 gl + 2 g P A .

Using Poincaré inequality on || and the definition of the H™' norm for
q we have the following more compact estimate

allalls + 5IAD| + rho| Avo|* < callnl® + csllnll* + 26%|lall?,
+ P12+ (e + 2e0 Bl + cslnf + eshllnll® + eallallZ,) llallg,  (2.39)

where

Y
vhq

co=14+F+coly, c3=

—ohy | rhy | V’p 2 _ 8mct _ wh
C4—2/\1—|—>\1+)\1 +4Vh10(, Cy = VIR Cg — N

Then, by Gronwall inequality we have that

a1l < lla)iexo ( [ () i)+ | ' gals) exp (/ e i) s

(2.40)
with

qi(t) = e+ 2e B n(t)] + eslnl® + eshlln@)* + esllalIZ,,  (241)
92(t) := calln@®* + eslln@)[* + 282 [la@)Z, + 2 F1I2,. (2.42)

Note that () is well defined for any fixed ¢ thanks to the pointwise bound
on [|q(s)||”; given by the a priori bound (@) in the H norm and since the

process 7 has continuous trajectories in H!(D).
Step 2: Integral bound in H'. First of all we have that

lall? = [[(A 4+ M)ap||? < 2[|Av|* + 2| M ||?
= 2| A||* + 2p(Fy + Fy)|[vr — o

so that by definition of ||-||, we have

s)||? ds tA $)||? ds 1 5 t s)||I? ds.
/an( )| gz/o JAg(s)] +2p<F+F>/O a2
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We can bound the second term on the right hand side by means of the a prior:
bound () derived in the previous step. For the first term we integrate
over time the energy estimate (R.39) to get

v / 1Ag(s) |2 ds < [laoll? + / 01(3)lla(s) 12 ds + e / In(s)|12 ds

t t
e / ()|l ds + 28° / (), ds + 22 72,

For the terms containing ||q(s)[|”, and [|q(s)||? we use the a priori bounds
() and (R.40), respectively. For the terms in 7, the continuity in H?! is
sufficient to ensure they are well defined.

]

2.4 Regularity with respect to the forcing for
stochastic 2LQG

Consider the system ([L.66) with covariance operator @ trace class in L? and
the forcing f € H~? with intensity modulated by a multiplicative constant
a >0,

dq + (B(, ) + Bonp) dt = vA*yp dt + (_Tagw) dt +dW
a=(A+ M)y 243)
q(0) = qo € H.

In this section we will study the dependence of the solution q(¢, w; qo, @) with
respect to the parameter a showing that it is locally Lipschitz continuous but
also differentiable. These results will prove crucial in to study the
dependence on a of the associated Markov semigroup P and its invariant
measure (see for a precise definition of this concepts).

Let us first introduce a series of results which will be useful throughout
the rest of the document.

2.4.1 Energy estimate for stochastic 2LQG

The following lemma is a classic result of stochastic analysis which will be
used extensively when proving energy estimates for the stochastic 2LQG
model or stochastic Navier—Stokes equations.
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Lemma 2.4.1. Let (2, F,P) be a probability space with filtration {F;, t €
(0,7} and let ¢(t) be a process adapted to {F;}i<r with

T
E/O $*(s) ds < oo.

Further, {W(t)} is a {Fi}i<r Brownian motion. Let X;, t € [0,T] be a
continuous martingale defined as

Xo= [ o) aws),

then for all v >0 and R >0

P ( sup X, — L(X), > R) < e MR, (2.44)
te[0,T 2
Furthermore we have
E exp (K sup (Xt - z<X>,5>) < 00 (2.45)
te[0,7 2

forall0 < K < 7.

Proof. First of all note that

2
P | sup Xt—z(X>tER =P sup exp(th—l(X>t) > R
t€[0,T) 2 t€[0,T] 2

The exponential process

2
Z) = exp ('th — ?(Xﬁ)

is a right continuous supermartingale (as it is a positive local martingale).
Then the submartingale inequality, see e.g. [47, Theorem 1.3.8(ii)], gives

Y Y\ -
P ( sup 7] > evR> < BRG]

R
t€[0,T] ev

where 7 = max{—=x,0}. Since Z7 is a positive process and Z] = 1 we get

P < sup X; — %<X>t > R) < e MR

te[0,T]
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In order to show () it is enough to note that for the random variable
Y = sup,eqo 1 (Xt — %(X>t) and any K > 0

EemXK33==/1-KemﬂﬁwﬂPO’Zy)dy
<1+ / K exp(Ky)P (Y > y) dy.
0

Therefore, by ()

E exp (K Sup} (Xt — %(Xﬁ)) <1+ /OooKexp(—y(v —K))dy (2.46)

tel0,T
which stays finite for all K < 7. O

Furthermore in the context of , observe that the random
variable
Ey = sup Xy — (X
t€[0,T]

is almost surely finite.

For the quasi—geostrophic model () we define

Xo o /0 (W1 (s, a), AW (s)) (2.47)

so that its quadratic variation is

¢
(X = [ (s 0). Mg (2.48)
By the definition of L3 norm we have

10 )2 = S 11, Q%)

keN

so by Cauchy-Schwartz inequality

<D PR e = 1P Y 10 e

keN keN

and by the definition of trace we conclude that

(1, )7 < T @ . (2.49)
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Consequently we can bound the quadratic variation () as follows

t
(X%, < TrQ/ (s, @) 2 ds. (2.50)
0
Therefore holds for
2 i=sup X{' — (X*) (2.51)
>0

giving
Eexp(KEf';) < oo forall K < 2.
In particular, from () we can compute the explicit bound

Eexp(KE2) < for all a > 0. (2.52)

2v— K

The next theorem provides a crucial estimate for the model of interest by
means of [Lemma 2.4.1].

Theorem 2.4.2. Consider the stochastic 2LQG model () with initial
condition q(0) = qo € H and f € H%(D). Let q be its unique solution and
set

Toi=Te (@2 A1Q"?]. (2.53)
Then, given = as in (), for all 0 < § < v there exists v > 0 such that

t
lla(IIZ, + 5/0 A ds < llaoll”, + ¢ (Bllafls + To) +2m=;. (2.54)

Proof. Let us apply It6 formula (see e.g. [22, Theorem 4.32]) to compute
2 i
d|lal|” . Since q = —At) we have

~dllall?, = d(a,%) = ~d (a,4™"q).

By Itd formula for the transformation F(t,q) = <q, A‘1q> and since A is
self-adjoint we have

d (q, fl’lq> = 2(dq, A7'q) + Tr [(QUZ)*AAQUQ} dt

(see e.g. [51, pg. 129] for a detailed computation). Therefore, given (),
we have that —d||q||”, = 2(dq, ) — Tg dt, which gives

—dllall?, =2 (VA% ) + ha(af,tn) = r(Ais, o) — 3To) dit+2(4p, dW)
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where we have used that (B(w,%),%) = 0 and (019,1) = 0. By Green’s
theorem and the definition of W

dllallz, = =2 (VAW + ki (af, 1) + rhe|lga])? = §Tq) dt — 2k (41, dW).

(2.55)
Next, using Cauchy-Schwartz, Young’s and Poincaré inequalities we can
bound the deterministic forcing term as usual

=2(af, hatn) < 2/(af, hatpn)| < Bllaf ]y + vha Avn]®
and using this estimate in () we have

t t
la@I2, - laoll?, +» / AG[ ds + 2rhy / a2 ds < r(a)t + 200X,

(2.56)
where k(a) = 2|af|?, + Tg and X, is as in () Then with a simple
manipulation we get

t t
lla)I, — laoll, + V/O |[Avp|* ds + 27“h2/0 42| ds <
Kt + 2h =5 4 2hy (X (2.57)

where Z¢ is as in ()
Using Poincaré inequality twice in () we have

TI"Q / Ay [? ds. (2.58)

which in () gives

2fyTr
|||q<t>|||2_1—|||qo|||2_1+(u— ) / A2 ds + 20k, / el ds
k(a)t + 2 =7

Setting
27 Tr @
¥
so that, for all 0 <y < v — (A?)/(2Tr Q) we have 0 < § < v and

0:=v—

t
lla)lIZ, + 5/0 [Ay[?ds < [laoll”, + r(a)t + 20 =S (2.59)
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2.4.2 Lipschitz continuity with respect to the forcing

We will show that the solution of () is locally Lipschitz in the parameter
a with respect to the H-norm |||-||_,.

Theorem 2.4.3. For a € R, let q(t,a) be the solution of () with initial
condition qo € H. Then for any ag € R, T > 0 and a.a. w € §Q there is
finite C' = C(ag, t,w) such that

llatt,a) — a(t, a)ll, < Cla—ao? forall a € R, t € [0,T).  (2.60)

Proof. Let q(t) and q(t) be the unique solutions of () respectively with
parameter a and ag, and same realization of the noise. Then the difference
u ;= q — ¢, with corresponding streamfunction ¢ := 1 — b, satisfies the
following equation

i—ltl—f-B(Qb ¢)+B(¢ ¢)+681¢:VA2¢+ ( (a—ao)f>
A
(2.61)
u=(A+M)o,
u(0) =0

that should be interpreted in the integral sense.
To bound |[|ul|| _, we take, as in the proof of [Theorem 2.2.1|, the L2 product
with ¢: by the properties of the nonlinearity and Green theorem we get

Ldlul?,
2 dt

By the bound on the bilinearity () we have

(B(, 0). #)| < ks|A9[*||b]|* + 5|Ap|*

and by Young’s inequality

V|IAGP + rho|léal|* = (B(4. ¢), @) — hula — ao)(f, ¢1) (2.62)

f vh
ufa — a0)l(F. 001 < Ja - ag? P2y 705
so that
Ld|luf?, v )
ST LIAGE + rhalla ) < kil ABL |6

RLKIE

+ ‘CL — CL()|2

hal[ £ !
14
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Finally, rearranging and using () we have

dfull?,
dt

and by Gronwall’s lemma we have that for almost all times

t t
OIE, < la - a2 [exp (2 [ Jadiar) as (201

2h1||f||2—2
ao| —

14 ~
|G +2rhs||6o]” < 2k | A [ |2, +|a— - (2.63)

h“heorem 2.4.j ensures that the integral of |Al/}|2 is almost surely finite and
in particular gives the following estimate when using (2.54))

lla@®1%, < la = aol*hir 1 F122 exp (B2 (laollZ, + w(ao)t + E5°))
(2.65)

where r(ag) = T + hiv ™ ao f %, =

As a consequence of fTheorem 2.4.j we can also show the following integral
property:

Corollary 2.4.4. For a € R, let q(t,a) be the solution of () with initial
condition qo € H and corresponding streamfunction ¥ (t,a). Then for any
ap € R, T'> 0 and a.a. w € Q2 there is finite K = K(ao,t,w) such that

t
/ |A(s,a) — Ap(s,a0)* ds < Kla — agl*  for all a € R, t € [0,T].
0

Proof. Consider again () and integrate both sides between 0 and ¢ to
find,

tha|| f)?
/|A¢I2ds<2k3/ A [ufl®, ds + |a — ag2 L 1=2 1||f||

and, by h“heorem 2.4.3|, we have

/ |A@|* ds < |a — ag|? (4]{73 / C(s)|Ap|? ds + %5”22) . (2.66)
0

By h“heorem 2.4.j the integral on the right hand side is well defined for almost
all w, concluding the proof. Il
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2.4.3 Differentiability with respect to the forcing

The solution of () is not only locally Lipschitz continuous with respect
to the parameter a, but we now show it to be differentiable. Formally the
derivative D,q(t, a)|,_,, would satisfy the following equation

a=a,

d(D.q)
dt

+ DB(3,%)(Dath) + B0 (Dutp) = vA*(Duth) + (—TA(];D w2>>

(2.67)
where 1 = (¢, ap), since the additive noise is not depending on a. The
result is divided in two parts, first in [Theorem 2.4.5| we ensure that ()
has a unique solution. Then in ITheorem 2.4.d we show that such a solution
is the desired derivative.

Consider the system for the variable v € H on the time interval [0, 7]

d

d_‘t/ + DB(¢,¥)g + foig = vA®g + (—rig)

at oo (2.68)
v(0) =0

where ¥ = 1(t, ap) is the streamfunction solution of () when a = aq.

Theorem 2.4.5. Let T > 0 and f € H *(D). Then the system () has a
unique solution v such that

v e 00, T;H)NL*0,T;V) P-a.s.

so that
g € C(0,T;HYN L*0,T; H?) P-a.s..

Proof. Consider the n-dimensional Galerkin approximation of () with IT,
the projection onto the space spanned by the first n eigenvalues of —A. The
operators (A+ M) and A are linear bounded operators which commute with
II,, so that

v = T1,(A + M)g = (A + M)ILg = (A + M)g®™

and
dv(® 11,
Y L ILB(, g™) + 1L, B(g™, ) + o1g™ = vA2g™ + d
dt —T‘Agén)

(2.69)
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where we have used to express the action of the operator
DB(%,v). We want to find a bound for H}V(”)HLl which is uniform in

n. As in the previous results, we take the L? product with g e II,H! and
get

1d

2dt
As usual we apply Cauchy-Schwartz, Young and Poincaré inequalities to the
deterministic forcing term to get

IV, 1A Prrha |87 17 = (B3, 8™), 8™) —hu (L £, g{").

vhy
4
and use the estimate () for the bilinearity and the fact that ||g(™||? <
IV, o se

|Ag™]

o hallfI2
(o) < ML

dlllv@ 1|2
I | ) agorp 4 2ol < 2 12, + 2ol

dt 2
(2.70)
By Gronwall’s inequality we have

t t
V@I, < 20012, [ oo (2t [ Iavar) as @

Again rTheorem 2.4.j ensures the integrating factor is well defined for al-

most all w and as a consequence |||v™ (t)H‘: is bounded uniformly in n in
L>(0,T;H) for a.a. w e Q.
Integrating () over time we have

t t
5/ |Ag™|? < %H/ 2]{;B|A¢|2H}v(")m2_lds, (2.72)
0 0

so that by the definition of the ||-||, norm ()

t t
[ Ivlis < 20U vy [ ateplagp|v |, ds.
0 0

Using the a priori bound () and again 'Theorem 2.42, we can conclude
that v € L*(0,T; V).

With arguments similar to the proof of 'Theorem 2.2.]J we can show that
dv(™ /dt is bounded uniformly in n in L2(0,7;V*) so that we can extract
convergent subsequences

v, = v in L®(0,T;H)N L*0,T;V) (2.73)

d
% v in LX0,T;H™). (2.74)
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Then, with arguments that require little novelty at this point there exists a
solution of (R.6§) such that

v e C(0,T;H)NL*0,T;V)

and one can ensure as well that the solution is unique and continuous with
respect to the initial condition.

]

Next we have to ensure that such a unique solution v is exactly the
derivative of the potential vorticity q with respect to the parameter a:

Theorem 2.4.6. Let q be the solution of () and v the corresponding
solution of () Then

q<t7 CL) - q(t7 (lo)
a — Qg

lim

a—ag

—v(t,ap)

=0 foralltel0,T],P-a.s..

-1

Proof. For brevity of notations let us introduce the following variables

d(t) = (1, a) — (L, ao)
u(t) = q(t,a) — q(t, ap) = (A+ M)

() = ad)—(tc)bo ~ g(t. ao) (2.75)
o) = UL yta0) = (A + M,

a — Qo

so that, given (M) and (M), the variables of interest {0,~} satisfy
a0 B6.9) + B,

dt a — ag

Using the formula () for the derivative of the bilinearity

— DB(,)g + Bo1y = vA®y + <—7‘A72)'

B(¢,¢)+B(¢,¢)_DB@,,,;,)g:B( ¢ ,¢)+B(w, ¢ )

a — Qo a — Qo a — Qo

— B(¢,g) — B(g,v),

so, introducing an appropriate term, we have

B(¢, ) + B(y, )

a — Qo
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Therefore @ satisfies the following equation with a now familiar structure

de 7 n B<¢a ) 2 0
—+ B B _— =rvA )
3 TBOn¥) + B¥.) + — + oy = vA Ty + A,
Take the L2-scalar product of both sides with « so that
1d|j@llZ, (B(9,9),7)

A 2 2:—B 7 o
S+ I8+ ol = —(B, ). ) — 22

where we have used _the properties of the nonlinearity () and ()
By (@) and ([1.59) we have respectively

[(B(h,7),7)| < £A~]* + ksl A |||, (2.76)
(B(o,®),7) _ kp|Ad|?|| |
o —ag S §|A'7|2 + (a—ag)? (2.77)

which provide the following energy estimate for the variable 0

di6l*, _ 2kslAgP]]

< =L 2k AL

Recall that [|v]|> < ||@]|]*, so that, by Gronwall’s inequality, we have

t 2 2 t 5
16wIIe, g/o 2ksl APl (%B/ A2 dT) ds.

(a — ap)?

We have shown in fTheorem 2.4.3 that q(¢,a) is locally Lipschitz with
respect to a and in particular

2 t t ~
SO < IOIE, < Ja— a2 [ oxp (2 [ adpar ) as (275)
0 s
so that

2 t ~ t ~
0@, < ZehlfiEe oy, (4/<:B / A dr) / A2 ds.

The Lipschitz continuity of 4 in L?*(0,7; H?) given by borollary 2.4.41, in
particular estimate (2.63), gives

2 t ~
161, < Zehliizs o (41@ / A dr) -

t
2th 2 ~
- ((a g2 sk / |||u||\21m¢|2ds> .
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Thanks to () we have
' 2 7512 2th1||f||22 ' 7|2 ' 7512
[l 89 s < - 2 e (21 [ iadiar) [ 1892 ar
0 0 0

hence

2 t ~
0@, < ZEhlie oy, (41@ / A df) (a - ap)?

2th 2 Atkgh 2 b b
( 1||f||_1Jr BV12||f||—2 exp<2k3/ ‘szdT)/ \A¢\2d7>-
0 0

V2)\1

Rearranging appropriately we find a well defined function R(t) such that
t
16O, < (0~ RO ( [ Thalsd@la). @
0

Since 1 € L?(0,T;H?), the exponential is well defined and therefore we can
conclude that

u(?)
oo, = [| 2~ vt 00|
vanishes on the limit of a to a¢ as desired. O

2.5 Regularity with respect to the forcing for
stochastic Navier—Stokes

We conclude this chapter with an investigation of stochastic Navier—Stokes
model as presented in where H = (L2,|-|) and V = (H',| -
||). Consider () with the deterministic forcing f € H~! modulated by a
constant a > 0, i.e.

du+ (vAu+ B(u,u)) dt = af dt +dW u(0) = uy. (2.80)

Here W is a Q-Wiener process with @ trace class in H! so that the solution
is

u(t) € C(0,T;H) N L*([0,T); V).

As we did for the stochastic two—layer quasi—geostrophic model, we will show
that the solution wu(t, a) is locally Lipschitz continuous and differentiable with
respect to the parameter a, after proving some useful bounds.
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2.5.1 Energy estimate for stochastic

Similarly to what done in (R.4 )—() let us now s

Navier—Stokes

et

t
X = / (u(s,a),dW(s)) (2.81)
0
so that its quadratic variation is
t
(X = [ luls.a). IRy ds
and, given the estimate () for the integrand, we have
t
(X < TrQ/ lu(s,a)|* ds. (2.82)
0
Furthermore holds for
22 = sup (X7 — (X)) (2.83)

>0

and we have the following result parallel to ITheorem 2.4.i

Theorem 2.5.1. Consider the stochastic Navier-Stokes model () with

initial_condition u(0) =ug € H, f € H™ ' and ¢ :=
in (@) for all 0 < 6 < v there exists v > 0 such t

t CL2
0 +6 [ o) ds < aoP ¢ (1112,

Proof. Consider () and take the H-scalar produ
use of [t6 lemma,

TrQ. Then, given =% as
hat

+ q) + 2232, (2.84)

ct with wu itself to get, by

2 _ 22t 2d:tz d T 2t~dWs.
()] — Juo? + / ()| ds / (af uyds +ETEQ + /0<u,>

where we have used that (B(u,u),u) = 0 and that
Using Poincaré’s inequality in (R.82) we get

t
()<t [l s
0
We bound the deterministic forcing term as follows

2
all—
2(af.u) < 1L 4y

(2.85)
(Au,u) = Jull.

(2.86)
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so that, using the estimate for the quadratic variation in () we have

- t a2 .
O + =20 [ ulPds <o+ (S15 P+ o) + 225
0

For 0 < v < vA1/q, define
0 =v—\'

to get the desired statement.

2.5.2 Lipschitz continuity with respect to the forcing

Thanks to ITheorem 2.5.]J we can show that the solution of () is locally
Lipschitz continuous with respect to the strength a of the forcing.

Theorem 2.5.2. For a € R, let u(t,a) be the solution of () with initial
condition ug € H. Then for anyag € R, T > 0 and a.a. w € § there is finite
C = C(ap,t,w) such that

lu(t,a) — u(t,ao)]* < Cla —ao|* forall a e R, t<T. (2.87)

Proof. Set u(t) := u(t,w;ug, ap), v(t) = u(t,w;up,a) and w := u — v. Then
it is easy to see that w must satisfy the following equation

C;—Zj + vAw + B(w,u) + B(v,w) = (a —ag)f, w(0)=0. (2.88)

As usual we compute an energy estimate taking the H scalar product of
(E.SO) with w

1 djwl|?
Ll + (Bl w) ) = (0~ ag) (),
where we have _used that (B(v,w),w) = 0. Using the estimates for the
trilinear form (), Cauchy-Schwartz we get
1 d|wl|?
5 T VIwl® < kslwllwlllull + e = aol L f -]l (2.89)

and by Young inequality

1d\w|2 v 2 ksz 20 12 |a—a0]2 2
- 4+ — < = - ) 2.90
g gl < P fulPlel + == £ (2.90)
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By Gronwall’s inequality we get

2 22012, ' % ' 2
(w(t,w)|” < la—ap|*==—+ | exp ” lu(T)||* dr | ds. (2.91)
0 s

Thanks to [Theorem 2.5.1 part (i) i.e. () we have that

lw(t,w)|* < |a— ao|22”f—1/”2*1 t exp (% <|u0\2 +t (M + q> + 253()))
(2.92)
O

Next we show another immediate consequence of rTheorem 2.5.2*.

Corollary 2.5.3. Fora € R, let u(t,a) be the solution of () with initial
condition ug € H. Then for any ag € R, T'> 0 and a.a. w € ) there exists
K = K(ag,t,w) such that

/||uta u(t,ao)||* ds < Kla — ao|* for all a € R, t € [0,T].

namely the solution is locally Lipschitz continuous with respect to a in the
L*(0,t;V) norm.

Proof. To show () holds we integrate in time () to get

t 2]{5 f 2
[ s < 22 [l ds-+1o - aop 2205 (2.93)
0
Then using () and the fact that v € L%*(0,7T;V) almost surely, we get
local Lipschitz continuity of u in the L?(0,7;}V) norm. O

2.5.3 Differentiability with respect to the forcing

Finally we show that the solution of () is differentiable with respect to
the parameter a. Taking formally the derivative of (R.80) we have

d(l;Zu) + VA(Dott) + DB(u,w)(Dau) = f,  (Dau)(0) = 0.

As done for the bilinear operator of the 2LQG model in , it can

be showed that the operator DB(u,u) € L(V,V*) has explicit formulation

DB(u,u)v = B(u,v) + B(v, u). (2.94)

Then as done for the quasi—geostrophic model, first we show that this equa-
tion has a unique solution, second we ensure that this solution is precisely
the desired derivative.



2.5 Regularity with respect to the forcing for stochastic
Navier—Stokes

69

Theorem 2.5.4. Letu = u(t, ap) be the solution of () Then the equation
over the time interval [0, T]

X VAC T DB wE=f, £0)=0 (2.95)

has a unique solution with values in C'([0,T]; H) N L*(0,T;V) for almost all
w which is continuous with respect to the initial condition.

Proof. Existence. We take the n-dimensional Galerkin approximation

dem™
dt

and show that (£(),,cx is bounded in L>(0,T;#) and L?(0,T; V) uniformly
in n. Taking the inner product with £ we get

+ vAE™ 4 1L, DB(u, w)é™ =1I,f €™ (0) = 0. (2.96)

Ld|g™ P
2 di

Using the relation () and the fact that (B(u,v),v) = 0 we obtain

+V[[EM P+ (DB(u,u)e™ TLEM) = (£, 11,6™).

Ldg™P () 1y em)y (n)

Therefore, via the trilinear form estimates (), as well as Cauchy

Schwartz and Young’s inequalities, we have

1djg™]?
2 dt

k
+ Lz < g 4 1

(2.97)

Finally, via Gronwall’s inequality,

t t
€0r < [ Mep(2 [upe)as o)
0 s

Since v € L?(0,T;V) for almost every w, we have that ¢™ is bounded uni-

formly in n in L,T;H) for a.a. w € Q.
)

Integrating (P over time we have

s < [l s + I
[ e pds < [ Pl s +
0 0 2v

and the a priori bound () gives us that the sequence £ is bounded in
L*(0,T;V) uniformly in n for almost every w.
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Now, we know we can extract a subsequence converging weakly both
in L>°(0,7;H) and L*(0,7;V). By further arguments that do not require
any novelty one could show its limit £ is precisely a solution of the desired
equation and & € C([0,T];H) N L*(0,T; V).

Uniqueness. If n = € — € is the difference between two solutions then it
satisfies

d _
d_Z+yAn+DB(u,u)77:O no =& — &

and, treating as usual the derivative of the nonlinearity, the following energy
estimate holds
LdlnP v o _ ki 20,12
il LA o < 2B .
SEIL o 2l < S P

Therefore
9 t
@) < m<o>|2exp(%8 / uur|2ds)-
0

and, by the fact that u(w) € L?(0,T;V) for almost all w, we have the result.
O

We close this section by showing that £ is indeed D,u(t), derivative of
the solution v with respect to the parameter a .

[

[heorem 2.5.5. Let u(t,a) be the solution of () and & the solution of
@) Then for allt € [0,

~

u(t,a) — u(t, ap)
a — Qo

lim —&(t,ap)| =0 P-a.s. (2.99)

a—ag

Proof. Let u(t) and v(t) be solutions of () respectively for the parameter
a and ag and set w(t) = u(t) — v(t) and

o(t) = —&(t, a), (2.100)

then @ satisfies the following equation

B a0+ DB(v,v)0 = DB(v, v)aw(t) _ Bluu) = B(v,v)

dt — ag a— ag

Given the fact that

DB(v,v)8 = B(v,6) + B(6,v)
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and the bilinearity of B we have

d_@ +vAO + B(v,0) + B(0,v) = B(v,w) + B(w,v)_
dt 0 — ag

B(u,w) + B(w,v)

Y

a — Qg

hence " B
4+ VA8 + B(v,6) + B(6,v) = _Blw,w)

d a—ay

(2.101)

Taking the H product of () with 6 and using the properties of the
bilinarity we get

1djg?

kp|wl||wl][|0]]
2 < B—
SS V617 < kol o) + 2L

and by Young’s inequality

1d|g)?
2 dt

kplw]||w]”
-

AL

v
16112 <
+QH I"= v v(a — ap)

(2.102)

It is then enough to have local Lipschitz continuity in H and in L*(0,T; V) of
the solution u(t,a) with respect to the parameter. In fact, using Gronwall’s
inequality, we have

2 t ¢ 2 |w|2
0(t)]> < 2= [ exp = ||o||* dr ﬁHwH2 ds. (2.103)
0 s ((1, (lo)

Thanks to the local Lipschitz continuity of u(¢) with respect to the parameter
a in the H-norm (R.91)) we have

t
6(8)|* < ge%zflﬁf l[ur (a0)|* dT/ 12/||f||2_162k2f1f5 lur (@) I” 4714512 ds
t
e e
0
Furthermore using the bound () for ||wl|z2(0,;v) We get
t
OO0 < B2 el e o (2 [ s +
0

tII2

2

‘Ha—&()’Q

) . (2.104)
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Using once more thanks to the local Lipschitz continuity (), after some
simple computations, we get

10(t)]* < |a — ao|*R(t) exp (/0 @HuT(ao)H2 dr) (2.105)

with R(t) depending on || f||_1, the viscosity v and kp constant from the
bound on the trilinear form which carries information on the domain D.
Since v € L?(0,t;V) we can conclude that |0(¢)]> — 0 almost surely for
a — ag as desired. ]

Summary and remarks

In this chapter we discussed two major topics, the solution theory for the
stochastic two—layer quasi—geostrophic model (@), and the regularity with
respect to the intensity of the forcing of both the stochastic two-layer quasi—
geostrophic model and the stochastic Navier—Stokes equation.

We first introduced the concepts of weak and strong solution, drawing
a parallel to Navier-Stokes, and then showed that such solutions exists and
are pathwise unique. We achieved these results by means of the associated
random equation (R.§). We ensured well-posedness of the random equation
with methodology proper of the theory of partial differential equations. Some
estimates established along the way, like the a priori bounds (E) and
(@), will prove crucial in the next chapter when studying the existence of
an invariant measure for the system.

In the second part of the chapter, we dealt with the regularity of the
solutions with respect to the parameter of interest, showing almost sure local
Lipschitz continuity as well as almost sure differentiability. These results
are essential to study further the dependence of the long—term dynamics on
the parameters, topic which will be the focus of Ehaéter 9. Furthermore,
the estimate (@), as well as energy bounds in [['heorem 2.4.3 for the quasi—
geostrophic model, and in [Theorem 2.5.1| for the Navier-Stokes equation, will
be extensively used in all the chapters that follow.




Chapter 3
Unique ergodicity

We are interested in studying the long time average behaviour of the solutions
of the stochastic 2LQG model studied in the previous chapter. This type of
information is the focus of ergodic theory and specifically we talk of an ergodic
system if the long time averages of an observable can be approximated by its
averages with respect to a measure that is invariant for the dynamics.

For Markovian systems we study these properties by means of the Markov
semigroup associated to the stochastic process {X;,t > 0} of interest, in our
case the solution of a stochastic partial differential equation (SPDE) mod-
elling atmosphere or ocean dynamics. Let us introduce these key concepts
precisely (we refer to [39], [22] and [21]).

The following concepts can be defined for more general spaces but here
we are in particular interested in Hilbert spaces. Let (H,]|-|) be a Hilbert
space with Borel o-algebra B(H). We denote B,(H) the space of all real
bounded Borel functions on H, M(H) the space of signed measures on H
and M (H) the space of probability measures on H.

Definition 3.0.1 (Markov transition function). The map P,(x,T"), = € H,
I' € B(H) is called Markov transition function on H if

(i) Pi(x,-) is a probability measure on (#H, B(H)) for each t > 0, z € H;
(i) P(-, I') is a B(H)-measurable function for all ¢t > 0, I" € B(H);
(iii) Puys(x,T) = [ Ps(y,T) P(z,dy) for each t,s >0, z € H, I' € B(H);
(iv) Py(z,T) = 1p(z) for each z € H, T' € B(H).

Definition 3.0.2 (Markov semigroup). Let P, ¢ > 0, be a Markov transition
function, then we define the associated Markov semigroup as a family of linear

73



74

3. Unique ergodicity

operators {P; : t > 0} on By(H) by

ﬂﬂ@ri/MwBWAw (3.1)

forallt >0, x € H, ¢ € By(H), such that P, s = P, o P; for all nonnegative
s,t. Furthermore for any ¢ > 0 and p € M;(H) we define the dual operator
P as

ﬂ%@%=/PwaMM) (3.2)
fort >0, € B(H).

Note in particular that then

mmm—/ammmmx (3.3)

and for ¢ € By(H)

/@@MWMM@—/Pw@umn—//w@ﬂ@@@mwy (3.4)

Note that P; for each t > 0 is itself a Markov operator according to:

Definition 3.0.3 (Markov operator). A Markov operator over H is a bounded
linear operator P : By(H) — By(H) such that

(i) P1=1;
(i) Py >0 if ¢ > 0;

(iii) If a sequence (¢n)nen of functions in B,(H) converges pointwise to an
element ¢ € By(H), then Py, converges pointwise to Pp.

A measure on H, p € M(H) is called invariant with respect to P; if
Pip=pforallt >0, ie.

/gpd,u:/PtLpdu for all ¢ € By(H), t > 0.
M H

Furthermore an invariant measure y is called ergodic if, any p € L*(H, p)
such that
P =¢ p-a.s. forall t >0, (3.5)

is p-a.s. constant. Given the Markov semigroup P, a sufficient condition to
show ergodicity is the existence of a unique invariant measure, see for example
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[21, Theorem 3.2.6]. This is the approach we will follow for the stochastic
two—layer quasi—geostrophic equation by showing first the existence of an
invariant measure and secondly, in , its uniqueness. We close this
introduction showing how to define the Markov semigroup associated to the
solution of an autonomous stochastic differential equation.

Consider the following general setup to be later used to lay out the
methodology in pection 3.1.1 and Bection 3.2.1. Let (V.|| - ||) be another
Hilbert space with ¥V CC H and consider the stochastic equation on [to, T']

dX + AX dt = F(X)dt +dW, X(t) ==z € H, (3.6)

where W is a Wiener process on (€2, F,P) with covariance operator ) trace
class in V, the operator A : V — V* is invertible and nonnegative selfadjoint
in H. It follows that A=! : H — H is compact with eigenvectors giving an
orthonormal basis of H. The mapping F' : )V — V* is such that there exists
a unique solution X = X(¢) for any initial condition x € H and

(i) X € O([to, T]; H) N L*(ty, T;V) P-a.s. for all T > 0;
(ii) (@) holds as an equality in L*([to, T]; V*);
(iii) X is continuous with respect to the initial condition.

Since the solutions are defined over the time intervals [ty,T] for all T, by
Kolmogorov extension theorem, it is possible to have the law of { X (¢), ¢t > 0}
well defined.

Given that X is continuous with respect to the initial condition, [22,
Theorem 9.14] ensures that {X(¢,tp,x), t > to} is a Markov process. In
addition, since (B.6) is autonomous, the solution is time-homogeneous i.e.

Law X (t;tg, z) = Law X (t — t5;0,z) for all ¢y < t.

We can define the associated Markov transition function P;(z, I') as the
probability for the process to end in the set I' at time ¢ when starting from
x at time 0

P(z,T) =P(X(t;0,2) € T),

namely the measure of I' under the law of X (¢;0,z). Furthermore since
{X(t), t > 0} is time-homogeneous

Py (2, 1) =P(X(t —tp;0,2) € ') = P(X(t;tp,2) € I).
Then we define the associated Markov semigroup acting on B,(H) by

Prp(r) :=Ep(X(t0,7)) (3.7)
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forallt >0, x € H and ¢ € By(H). By time-homogeneity we have
Eo(X (£ t0, 7)) = Ep(X (= t0;0,2)) = Progyp(x) (3.8)

for all t > ty, v € H and ¢ € By(H). See for example to [22, Section 9] for
further reference on the relations and definitions here introduced.

3.1 Existence of invariant measures

3.1.1 Methodology

A classic technique to show the existence of an invariant measure is the
Krylov-Bogoliubov theorem for Markov semigroups, see [21, Section 3.1] or
B9, Section 6] for reference. Its statement requires the following two con-
cepts:

Definition 3.1.1. A Markov semigroup P;, t > 0 is called a Feller semigroup
if for any ¢ € Cy(H) (the continuous bounded functions on H) and any ¢ > 0
one has Pyp € Cyp(H).

Definition 3.1.2. A collection of probability measures M C M;(H) is called
tight if, for any € > 0, there exists a compact set K, C H such that

wK,)>1—e forall pe M.

Then the existence theorem reads as follows:

Theorem 3.1.3 (Krylov-Bogoliubov). Let Py, t > 0, be a Feller Markov
semigroup over the space H. Assume that there exists ug € Mq(H) such
that the sequence {Pfuo} is tight. Then, there exists at least one invariant
probability measure for Py.

When the semigroup is defined by the unique solution of a stochastic
equation as in (B.7), the Feller property is a direct consequence of the con-
tinuous dependence with respect to the initial conditions of such a solution:

Proposition 3.1.4. Let X (t,w;ty,z) be the unique solution of (@) which
depends continuously on the initial condition x. Then the associated Markov
semigroup Py (@) is Feller.

Proof. Let ¢ € Cy(H). The solution X (¢,w;tg, x) is continuous with respect
to the initial condition z then ¢(X (¢, w; o, x)) is continuous in x. Moreover
as ¢ is bounded, by the bounded convergence theorem we have

Ep(X(t,;t0,x)) = Ep(X(t,;t9,2)) forx — 7. (3.9)
It follows that P;p is continuous at any = € H. ]
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For the two dimensional stochastic Navier-Stokes equation, the Krylov-
Bogoliubov theorem is used in [B2] to ensure the existence of an invariant
measure when the Wiener process W is D(A_%JFE)—valued with e > 0. We
will mainly follow the presentation in [32], but also [20] and [21, Section 1ﬁ
to study the stochastic two-layer quasi—geostrophic model (B.58) in gec
. For a general equation like (@) |Theorem 3.1.d will show the
existence of an invariant measure following closely the proof of Theorem 3.3
in [32] for the stochastic Navier—Stokes equation. In order to do so we extend
(@) to negative times.

Let W (t) be a Q-Wiener process with ) trace class in V and let V(t),

t > 0 be a Wiener process with same law as W (t) and independent of it.
Then we define a Wiener process for ¢ € R as follows

S Wi t>o0
W(t) == {V(_t) C< (3.10)
with filtration
Fe=0(W(ts) =W(t1) : 1 <ty <t) teR. (3.11)

Note that {W(t)} is not adapted to {F} but for any ¢, € R, {W(t) —
W(ty), t > to} is a martingale with respect to {F;}.
Then, instead of (B.G), consider the general equation

dX + AX dt = F(X)dt +dW, X(t)) =z € H, (3.12)
for t,tg € R, ty < t.

Theorem 3.1.5. Let X be the unique solution of (), P, t € R the
associated Markov semigroup, and suppose X is time—homogeneous i.e. for
allz e H,teR

Law{X (t + s,-;t,z), s > 0} = Law{X(s,-;0,z), s > 0}. (3.13)
Consider the family of solutions
{X(0,w; —7,0) : 7 >0} (3.14)

with initial condition X(—7) = 0, and the associated family of laws {V, €
My 7 >0} e

9.1 =P(X(0,w; —7,0) € I) (3.15)
for ' € B(H). If {0;};>0 is tight and P; is Feller, then the system ()

has at least an invariant measure.
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Proof. Define the family of measures {ur ; T > 0} as

pr(A) = %/OT U,(A) dr forall Ae B(H). (3.16)

By the tightness of {1, },>¢ for any € there exists a compact set K. such that

1 T
nrie) = 5. [ 0n(Kdr <
T 0

so that also {pr}r>o is tight. Then, by Prohorov theorem, there exists at
least one accumulation point p, € M; and a sequence i, converging weakly
to py for t, — oco. We are left to ensure that p, is indeed invariant, i.e.
P, = p, forall t > 0.

Observe that

[ o= [ (0.0 -7,0) Blds) = Bo(X(0, 1 -7,0)
and, by the homogeneity of X (),
Ep(X (0,5 =7,0)) = Eo(X(7,-;0,0))].
Moreover
Bo(X(r,50,0)) = (Po)(0) = [ Prpdsy = [ o d(Pito)
It follows that 9, = P*dy. Then by the semigroup property of P; we have
P10, = PrProy = Py = Vrse (3.17)

By the definition of pr and () we have

1 [t 1 [t
Pl = — / P, dr = — / sy dr,
tn 0 tn 0

so that

1 tn 1 tn 1 0
P, = —/ O, dr + —/ VrypsdT — — Uy odT.
tn 0 t'ﬂ tn—s

tn ) .

Taking the weak-x limit on both sides for n — oo we get

. . .
lim P;ue, = m py, = .
n— oo n—oo
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From the Feller property of P,, it follows that P; is continuous in the
weak-+ topology of My ie. if p, = u for n — oo then Piu, = Pipu,
meaning

/P#Pd,un — /thd/,b* Vo € Cy(H).

Since P; is Feller, P;p is also continuous and bounded, and the convergence
in weak-x topology of p; against p concludes the argument.
In conclusion,

Pop=P;(lim pip,) = lim Pl = p.
n—oo n—oo
as desired. O

Recall the setup of () which was introduced in connection with (@)
In particular we have two Hilbert spaces (V, || -||) and (H, |-|) with V dense
and compactly contained in H so that the bounded sets in V are a class of
compact subsets of H. We will exploit this useful fact in [Lemma 3.1.6 which
gives a verifiable sufficient condition to prove tightness of the family {9, }.

Lemma 3.1.6. Let X be the unique solution of () and {0, € My :
T > 0} the family of laws as in (@) If there exists an a.s. finite random
variable R(w) such that

sup || X (0,w; —7,0)|| < R(w), (3.18)

>0

then the family of measures {0, }.>0 is tight in ‘H

Proof. Given € > 0 and a positive constant r. define the set
Ke={z eV : [z <r}

which is bounded in V, hence compact in H since )V is assumed compactly
contained in ‘H. Then

0.(K) = P (| X(0,0; —7, )] > r.) <P (sup 1X (0,5 —7,2) | > ) |
7>0

If (3.18) holds, then
0-(K¢) <P(R(w) > 7e).

As R is almost surely finite, for every € we can find an r. large enough such
that
P(R(w) > r.) <&,

hence the result. ]
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From the proof of rTheorem 3.1.d it is easy see that it would be enough

to have the family of laws of X(7.w;0,0) being tight rather than those of
X (0,w; —7,0) and from it would be enough to show that there

exists a random variable R such that

sup X (r,w;0,0) < R(w)

>0

However it is not clear if this condition holds as in fact on the limit for large 7
the solution is expected to approach a stationary process, if ergodic. On the
other hand considering the final time fixed and pulling the initial condition
to —oo the solution will converge to the value of the stationary process at
such fixed final time.

In the rest of the section we will show that the quasi-geostrophic model
satisfies the hypothesis of [[heorem 3.1.&.

3.1.2 Stochastic two—layer quasi—geostrophic model

Given an arbitrary ¢ty € R and t > ¢, then q(t, w; t, qo) is the unique (weak)
solution of

dq+BWmM+ﬁ&¢:VN%dﬁ%( / >+dcy)

—T‘Al/)g 0
q=(A+ M)y
q(to) =qo € H

(3.19)

with deterministic and stochastic forcing now more regular, i.e. f € H~!
and W being a Q-Wiener process, as in (8.10), with Q trace class operator in
H'. Then we define the associated Markov semigroup acting on the family
of bounded measurable functions ¢ : H — R as in (@) ie.

Pi—top(d0) = Ep(q(t; to, qo))-

Consider the auxiliary Ornstein-Uhlenbeck equation () now for all
teR
dn + aAn = dW. (3.20)

Let 1w (), t € R be the stationary solution of () for which we have the
following explicit formulation

Neo(t) = / exp(—ay (t — s)A) dW (s). (3.21)

—00
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Given the properties seen in ~(t) is ergodic, has trajectories
continuous with values in H* ([Theorem 1.4.2) and, taking the limit of initial
time ty — —o0 in (1.75), is such that

Tro Q
Elnoo (t)|* < 2

With a careful adaptations of the proofs seen in it can be
i

shown that q + (n,..0)! is solution of ) and has the same properties as
seen in [['heorem 2.2.]J. Then the Feller property is a direct consequence of
the continuity with respect to initial conditions of the solution q.

Making use of we will show that the family of solutions
() is bounded uniformly in the initial time, so to ensure the family of
their laws {0, }, is tight. The statement is a parallel version of Theorem 3.2

in [B2] adapted and proved for our model of interest instead of 2D Stochastic
Navier Stokes.

(3.22)

Theorem 3.1.7. Let q = q(0,w;ty,0) be solution over [to,0] of () with
initial condition q(to) = 0. Then the family of their laws {Uy : to < 0} is
tight in H.
Proof. Recall that given

H=H" [, and V= (Ll)

we have in particular ¥V CC H so that a closed set in V is compact in H.
Therefore, given [Lemma 3.1.6, we want to show that

sup [|a(0,w; to, 0)l, < R(w). (3.23)

to<0

for an appropriate R(w) random variable almost surely finite. Given 1, =
(Dae.0)f, let @ = q — Moo be the solution of the random system associated to
(@) in the time interval [to, 0] with initial condition q(tg) = —Nuo(to). To
simplify the notation we write q(¢,to) for q(t,w; to, —Maa(to))-

Consider the a priori bound in (L2, ||-]|,) as in () over the time in-
terval [r, 0], with o < r <0,

0
(0.1 < 1lat: el exp [ an ot s

0 0
—l—/ exp(/ gl(s,tg)ds)gg(t,to)dt
r t
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with

91(t, to) = 2+ 2e1 Fi[noc (8)] + colnoo () + esha [l (D1 + esllat, to)lI2,

(3.24)
92(t,t0) = callmoo(DI* + esllmo (O)II* + 26 la(t to) 12, + 2241 £,
(3.25)
Integrate r over [—1,0] to get
lla(o. to)lly < (4) - (B) +(C) (3.26)

with

(A) = exp ( /_ (1 (. to) dt) (3.27)

(B):= [ lla(r,to)llgdr (3.28)

-1

(©) = / ’ exp ( / ’ g1(s, t0) ds) ga(r, to) dr- (3.29)

-1

We now want to bound the right hand side of (B.26) with an a.s. finite
random variable uniformly in t, and we will do it in several steps, starting
with the exponential term (A).

Bound for (A). By the definition of the function ¢, (¢, ) we want to find
a bound uniform in ¢y for

0

exp <C2 + / 201 F1 [110o (1) + 6|00 (1) 2 + e5M |70 (8)]|% + eslll@(t, to) I, dt)-
—1

(3.30)

The terms involving 7., namely

0 0 0
20,y / e (8)] dt + ¢ / e (6) it + sAy / I ()11 dt
—1 —1 —1

are independent of ¢y so we only have to know that they are well defined,
which is true since 7 is continuous with values in H'. Therefore we are left
to show that there exists an almost surely finite random variable R(w) such

that
0

lla(t,to)||>, dt < R for all t, < 0.
-1
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Consider the a priori bound () for q in H, for to <t <0, i.e.

N - Lo
a0 < Hal exp( [ =22 + dli ) )
to
t t VAl
+/ exp(/ + do|Neo (u, w) | du>m(s,w) ds. (3.31)
to s

—
with m(t,w) given by (), namely
m(t,w) = di|nee(t,w)|* + da|ne (t,w)|* +ds, dy,dy,d3 >0,

and let us first focus on the integrating factor. We assumed the Ornstein-
Uhlenbeck process 7 to be an ergodic stationary solution of (B.21]) contin-
uous with values in H!, hence Birkhoff ergodic theorem ensures that

1 0
lim W/ Moo (1, ) > drr = E 050 (0)*  P-a.a. w. (3.32)
§ S

S§—>—00

By the estimate () for ¢ = 0 we have

TrQ
E 0. (0)]* < ,
1O < 505
so that, for values of the control parameter « large enough, E|n.(0)|* can be
made arbitrarily small and in particular, we pick o such that

I/)\l

dO]E|7700<0)‘2 <

2&0 .
Consequently, with such a choice of a, we get

L[ wA A A
lim —/ I ol (ryw) P dr = =22 4 dE o (0)2 < — 22
s——o0 || J, ag ag 2a0
and in particular there exists a random time 7(w) < 0 such that, for all
s < 7(w)

v|s]

0 V/\1 2
- + do| Moo (1, w)|* dr < — (3.33)
s 0

2@0 '
By continuity of the trajectories of the process 7, we can find a bound

for the remaining part of the interval, [7(w),0], meaning that there is an
a.s.-finite random variable C'(w) such that

0
A
sup / —Va—ol + do| o (r, w) |2 dr < C(w). (3.34)

7(w)<s<0
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Next, given k = (vA1)/(2ap), define the process

) —rls] s < T(w)
C(s,w) = {C’(w) () < 8 (3.35)

so that for all £ € [7(w), 0] we have the following estimate

- + do|Noo (1, w)|* du < ((s,w).
s 0

Using this estimate in (), we have that for all t € [7(w),0] and ¢, < ¢,

t
la@)ll?, < e la(to)l|®, + / < )m(s, w) ds. (3.36)

to

Given the initial condition q(to) = M (to) and the definition of () we
have

ke“Olna(to)l2y 7 <t <0

3.37
kel ()2, to < 7 (3.57)

~ 2
™latto)lZ, < {

where we have used that ||-||_, is equivalent to || - [|_;.
As 1. is a continuous stationary Gaussian process and L? C H~1, the
following lemma provides a useful bound.

Lemma 3.1.8 ([21, Lemma 15.4.4)). Let Z be a continuous stationary Gaus-
sian process on a separable Banach space U. Then for arbitrary 6 > 0 there
exists a random variable Ys such that P-a.s.

1Z(®)]lo < Y5(1+1¢°) (3.38)
for allt < 0.
In particular there exists a random variable Y such that
[0 (t0) 2 < Y (1 + [to])*.
Then, using this result in (), we see that

sup e |llato) |2, < Ye (L +|7]) + Y sup e l(1 + [to]) =: M.

to<0 to<Tt

We have hence found a random variable almost surely finite that bounds the
first term in (@), uniformly in the initial time t.

It is then left to ensure that also the integral on the right hand side
of (E) can be bounded uniformly in #,. Recall the definition of m =
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d1|Mso|* + da|nse|® + ds. Then by there exists a random variable

Y (w) such that P-a.s.

Mo (t)] <Y (1 +1t]) VE<O. (3.39)

Hence relabelling Y appropriately

t t
/?wwm%ﬁwsww/?“ﬂﬁrﬂwws (3.40)

to to

In the case ty > 7(w), then ((s,w) = C(w) for all t; < s < ¢ and so

t t
/eg(s’w)(1+|5|)2 ds:ec(“’)/ (14 |s])2 ds

to to

0
< ec(w)/ (1+|s])? ds =: Ry(w).

(@)

Conversely, when tg < 7(w), for s < 7(w) we have ((s,w) = ks and therefore

t 7(w) ¢
/ewma+wvwz/’ewu+wfw+£@/ (1+|s])? ds

to to T(w)
NG P v N ~ 2

) (II)

Then since ©
Sup/ e (1 4+ |s])? ds < oo

to<0 Jtq

there exists an almost surely finite random variable Ry such that

t
sup/ e (1 4 |s])2 ds < Ry(w).

t0<0 Jtq

Therefore, going back to (), we have shown that there exist a random
variable R3(w), a.s. finite, such that

t
/ e dy 0o |? ds < Rs(w) (3.41)

to

for all ¢ € [T(w), 0] and all ¢, < t.

Similar calculations, using again to get
(I < Vi(L+ [t V<O,

will give a bound also for ftz e B)FC@ g, In, |4 ds.
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Finally we can conclude that there exists an a.s. finite random variable
R,(w) such that

llé(t, w; to, qo)lI2, < Ra(w)

for all ¢ € [7(w),0] and t; < t. Assume without loss of generality that
T(w) < —1, then,

ll(t, wito, qo)l|?, < Ra(w) forall ¢ € [~1,0], to < ¢. (3.42)
Finally looking back at the entire term (A) in ()
0
(A) = exp (Cz + / 21 F1[oe (8)] + [0 (1) + es A0 (D)1 + esll@(t. to) I, dt)
-1
by the estimate () just obtained, it can be bounded as follows

0
(A) < exp (02 + / 201 F1|Noo (t)] 4 6100 (1) |2 + c5 M1 |00 () ||* dt + 03R4)

-1

Bound for (B). Next to find a bound for (B) defined in () we need to
show that

0
/ latr o)l dr

is bounded uniformly in ¢y.
From the a priori bound () for q in L?(0,T;V) we have that

0 0
[ Mt tllpdr < v -1l + [ v domr)dr
—1 -1

[ 7l + 2R) o)l dr. (34)

-1

By the estimate () obtained for [[|§(r, to)||*, in the previous step for all
r € [—1,0], we have

Ry Ry [° dy [°
(B) < A (do|neo (r)|* + 2Fy) dr + 70/ m(r) dr.
1

v v )

Bound for (C). Let (C) be as in () ie.

(C) = /_01 exp </TO gl(s,to)ds> go(r, to) dr
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and g as in ()7 ie.
~ 2
Callmoo (0117 + csllmee (B)I1* + 26712, to) 12, + 2 IFII2-
Since r € [—1,0], by the estimate () we have that

0 0
exp (/ g1(s,t0) dS) < exp (/ g1(s,to) ds) < R;
r 1

so that, again by the estimate () for ||a(t, to)[l*,

0 0
252/ exp (/ gl(s,to)ds> lla(t, to)|I”, dr < 2B8*RsR,.

-1

Then

0
(€) < R5/ cal|1oo (0) |17 + esllnee ()]|* dt + 28° Rs Ry + %2 1|2 Rs =: R

-1
and the right hand side is a well defined almost surely finite random variable
since 1o is continuous with values in H'!.

Finally putting together the estimate for the expressions (A), (B) and (C')
we have

sup [|@(0, w; to, @o)[llZ < Re(w),

to<0

where R;(w) is an a.s. finite random variable. Since q(0,ty) = q(0,t0) +
N0 (0) and [|macllly < [Mool? = P |noc|?, we have

a0, to)lo < 160, to)lllg + halne(0)* < Ry + b |ne(0)]* =: R (3.45)
for all ty < 0, as desired.
O
We have then shown that the family of measures on H
Y, = Law(q(0,w; tp,0)), to <0
is tight, and consequently we have the following result.

Theorem 3.1.9. The stochastic two—layer quasi—geostrophic model ()
has an invariant measure.

Proof. First of all q(t) is time-homogeneous: in fact 7, is stationary and
the forcing f is time—independent, hence q is time—homogeneous, and con-
sequently q + M is.

Next, fI‘heorem 3.1.7| ensured tightness of the family of measures {¥;,}.
Finally, P, is Feller as q is continuous with respect to its initial condition.
Then fTheorem 3.1.51 ensures the desired result. O]
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3.2 Uniqueness of the invariant measure

3.2.1 Methodology

A classic approach to establish unique ergodicity of a Markov process is based
on Doob’s theorem (see for example [21, Section 4.2]):

Theorem 3.2.1 (Doob). Let P; be a stochastically continuous Markov se-
migroup with invariant measure . If Py is to-regular for some ty > 0, i.e.
all transition probabilities Py, (z,-) are mutually equivalent, then p is unique,
strongly mizing and equivalent to all measures Py(x,-) for all t > tg.

In particular, if the Markov semigroup is irreducible at some time s,
i.e. for any nonempty open set I" and all x € H, P, (z,T') > 0, and strong
Feller at some time ty, i.e. for any ¢ measurable bounded function, P, ¢
is continuous and bounded, then P, can be proved to be (g + s¢)-regular
(see [21]). This was the approach used for example in [33, BO] to prove the
ergodicity of stochastic Navier—Stokes equations for non degenerate noise.

However for SPDEs the strong Feller property fails to hold in cases where
the noise is spatially degenerate. To cope with this problem the concept of
asymptotic strong Feller was introduced in [41], providing a comprehensive
approach for the 2D Navier Stokes equations forced only in a four dimensional
subspace.

Alternatively, for moderately degenerate noise, the asymptotic (or gener-
alised) coupling method has proven successful. Introduced in the early 2000s
U8, 110, 29], it was used under minimal assumptions to prove unique ergod-
icity for Markov operators on Polish spaces in [44] and applied to several
nonlinear SPDEs in [37]. The main idea of this approach is to add a control
in the stochastic forcing to synchronize solutions with different initial data.
In finite dimensions, Girsanov’s theorem ensures that the controlled equation
and the original equation generate equivalent distributions. In the infinite
dimensional case, an appropriate finite dimensional control on the unstable
degrees of freedom is often sufficient to ensure synchronisation and permits
application of the classical Girsanov theorem.

We present such a method following closely [37] and [44]. Let H be an
Hilbert space with norm |-| and consider two probability measures p; and o
on it. A probability measure I' on ‘H x H is called coupling of iy, ps if, given
Iy (z,y) = z, ly(x,y) = y the projections of H x H onto its two components,

[T =g and TG = p.
We denote the set of all such couplings as C(u1, u2). Equivalently we call

a pair of random variables (£1,&) a coupling of py, o if Law & = py and
Law & = pa.
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A weaker notion of coupling is that of equivalent coupling, namely when
we require the marginals to be only absolutely continuous with respect to
the target measures rather than equal:

Definition 3.2.2. Given two measures p1, ps on H, a probability measure
I on H x H is an equivalent coupling of py and puy if TTI; 1 << py, 4= 1,2,

Let P be a Markov operator on H. We denote as HY the pathspace
representing trajectories of P over H. For any measure p on H, we denote
as PN the suspension of p to HY. Then it can be shown (see e.g. [21]) that
1 being ergodic on H for P is equivalent to uPN being ergodic on H" for the
classic shift map.

Consider now two measures ji;, i on the pathspace HY. Then a proba-
bility measure on HY x HN is called asymptotic coupling when it satisfies the
following definition:

Definition 3.2.3. The diagonal at infinity D are the sequences elements of
HY which converge to each other, i.e.

D = {(u,v) € HY x H" : li_)m |un, — vp| = 0}. (3.46)

Then given two measures pi;, po on HY, a coupling I' € C(uy, p12) is called
asymptotic coupling if I'(D) = 1.

It can be proven ([44, Theorem 1.1]) that given two ergodic invariant
measures fi1, ito for a Markov operator P, they are equal if there exists an
asymptotic coupling I' of u PN and poPN.

Actually a seemingly weaker condition is enough to give uniqueness of the
invariant measure for P, for which we use the notion of equivalent coupling
instead.

Theorem 3.2.4 ([37, Corollary 2.2],[44, Theorem 1.1]). Let D be the diagonal
at infinity. If for any ug,vo € H there exists an equivalent coupling T of §,,PY
and §,, P such that T'(D) > 0, then there exists at most one ergodic invariant
measure for P on H.

We omit the proof of this result which can be found in the references
above, and we continue focusing on how we can apply this method to stochas-
tic differential equations in Hilbert spaces. As previously discussed, we will
use a control to synchronize solutions with different initial condition, but then
the controlled system loses its connection to the uncontrolled one. Girsanov
theorem provides such a connection but only ensuring that the controlled
process has at most equivalent distribution to the original. Nevertheless
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as we will see in h“heorem 3.2. é this equivalence will be enough to ensure
uniqueness of the invariant measure thanks to rTheorem 3.2.4. Let us first
recall the precise formulation of Girsanov theorem. We refer for example to
[47, Section 3.5] for a proof.

Theorem 3.2.5 (Girsanov). Given the probability space (2, F,P,F;), let
(B(t))tcp,00) be a n-dimensional Wiener process with covariance matri
and (h(t))icio,00) @ n-dimensional stochastically integrable process (see é
tion 1.1). Assume the process

Zh(t) —exp( /Q 'h(s) dB(s /yQ 2p(s)[2 ds) (3.47)

is a P-martingale, and for each T > 0 define the probability measure Py on
Fr by -
Pr(A) :=E [1.2"(T)], forall A€ Fr.

Define the Ité process B(t), t > 0, with filtration {F;}; by
¢

B(t) := B(t) +/ h(s) ds, te€[0,00) (3.48)
0

Then for each fived T € [0,00), the process (B(t))icjor) s a n-dimensional
Wiener process on (0, Fr,Pr).

A classical sufficient, but not necessary, condition for tTheorem 3.2.d to
apply, namely for (B.47) to be a P-martingale, is given by the following result:

Lemma 3.2.6 ([64, Theorem IV.37.8]). Let (h(t))icp,00) be a n-dimensional
process adapted to the filtration generated by the Wiener process B with
covariance matrix (). Suppose that for each t > 0 there exists a constant K,
such that:

t
/ O V2h(s)Pds < K, P-as. (3.49)
0

Then the process

Z"(t) —eXp( /Q 'h(s) dB(s /yQ 12h(5s) ]2ds>

is a P-martingale.

Therefore, under rTheorem 3.2.d the laws of B and B, denoted pp and g,
are equivalent measures on C'([0, 7], R™) for all compact intervals [0, 7], T > 0
and we have a precise formulation of the Radon-Nikodyn density, which is the
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exponential martingale (Zth)te[()ﬂ. However, in some of applications which
follow, we would like the process B to be defined for all t € [0,00). There
exists a version of Girsanov theorem on C([0,00), R") for drifts h which
are progressively measurable, see for example [47, Corollary 3.5.2]. Then
without further conditions, the probabilities P and P are mutually absolutely
continuous when restricted to FZ, T € [0,00). On the other hand, when
we do not require explicit knowledge of the density, the following weaker
formulation of Girsanov theorem is enough to ensure absolute continuity of
[t With respect to pp.

Theorem 3.2.7 ([b1, Theorem 7.4]). Given the probability space with filtra-
tion (0, F,IP, F), let (B(t))icp,00) be a n-dimensional Wiener process with
convariance matriz Q, and (h(t))icj,00) @ n-dimensional progressively mea-

surable process. Let up be the associated Wiener measure on C([0,00),R?)
and pig the law of the process B in C([0,00),RY) defined by

B(t) :== B(t) + /th(s) ds, te€[0,00). (3.50)

Then, if

/ O V2h(s)Pds < 50 P-as. (351)
0
the law of B is a absolutely continuous with respect to the law of B, i.e.
pg < pp as measures on C(]0,00), R™).

Recall that the )-Wiener process W in a Hilbert space H can be expressed
as in ([..2), i.e.
W(t) =Y VorBi(t)er (3.52)
keN
where o, and e, are respectively the eigenvalues and eigenfuctions of the
covariance operator (), forming an orthonormal basis of H, and [(t) are
mutually independent real valued Wiener processes.

Define
W =Y VouB(Der, and W™= " /o Bi(t)er, (3.53)
k=1 k=n+1

so that W = W,, +W". Notice that (see e.g. [22, Section 4.2.2]) W,, and W"
are independent Wiener processes with covariance matrix respectively

Qn = Z OLer X e and Qn = Z OLer X €. (354)

k=0 k=n+1
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Let W, be a n-dimensional Brownian motion independent from and equal in
law to W,,. Then, as all 5, are mutually independent, W(t) =W, + W" is
a ()-Wiener process equal in law to W.

We are now ready to state the main theorem of this section. This is
a detailed yet compact summary of the framework introduced in [37] for a
series of nonlinear stochastic partial differential equations. This will give
verifiable conditions to be then used for our model of interest.

Theorem 3.2.8. Consider the system of equations

dX(t) = AX dt + F(X)dt +dW(t), X(0) ==z (3.55)
dY (t) = AY dt + F(Y) dt + G(X,Y)Lyer dt +dW(t), Y(0) =y (3.56)

where G : H x H — H,, is such that G(X, i/)ﬂth € range @ and T is a
stopping time with respect to the filtration generated by {(X,,Y;) : s < t}.
Assume there exists n > 0 such that the control G and the stopping time T
satisfy the following conditions:

(i) the system ()-() has a global solution

X € C(0,00;H) N L*(0,00; V);
(ii) the following condition holds

/OO Q. 2G(X (), Y ()P Lic, dt < C P-a.s.; (3.57)
0

(iii) P(T = o0) > 0;
(iv) | X(t) =Y (t)| = 0 for t — oo on the event {T = oc}.
Then () has at most one invariant measure.

Proof. Let Py, t > 0 be the Markov semigroup (@) associated to () We
want to apply tTheorem 3.2.4; so, for some t > 0, we have to find a suitable
asymptotically equivalent coupling I' of §, P} and §,P; for any pair of initial
conditions z, y.

Given condition we can apply rfheorem 3.2.7|, hence the n-dimensional
process

Wi (t) == Wy(t) +/t G(X(t),Y(t)li<rds t>0
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is a Wiener process with law absolutely continuous with respect to the law
of W,,. As a consequence the process W =W, +Wn"is absolutely continu-
ous with respect to the original Wiener process W and Law Y is absolutely
continuous with respect to Law Y with Y solution of

dY (t) = AY dt + F(Y)dt + dW (1), Y(0) = y.

This means that the law of the pair (X, 17) has marginals which are absolutely
continuous with respect to the solutions to (B.55) starting respectively from x
and y. Therefore, for some ¢ > 0, the law induced by {(X (nt),Y (nt)) : n €
N} on HY x HY, which we denote by L' xy), is an asymptotically equivalent
coupling of 6, P and §,Pr.

Finally conditions ((iii) and ensure that I'(x ) gives positive proba-
bility to the diagonal at infinity D, as

P ((X(nt), Y(nt)) € D) —P (111320 X (nt) — Y(nt)| = o) > 0.

Therefore by rTheorem 3.2.41 there exists at most one ergodic invariant mea-
sure for P;. O

In the rest of the section we will prove that the conditions of
are satisfied for the stochastic two—layer quasi—geostrophic model.

3.2.2 Stochastic two—layer quasi—geostrophic model

Consider again our model of interest i.e.

dq+ B(y, ) + Bo1p = vA*p dt + <—r£w1> + (dI(;V)'
q=(A+ M)

Recall that in this case the noise is straightforwardly spatially degenerate
as it acts only on one of the two layers. Consequently the classic Doob’s
theorem does not apply. At the same time on the first layer we assume that
the noise is full, so as a whole it is only moderately degenerate, allowing us
to apply the asymptotic coupling method just presented.

The main result of this section is an application of the general
Eem 3.2.8 to our model of interest and its proof follows closely the arguments
developed in [37] for stochastic Navier—Stokes equation, among other exam-
ples. We will find an appropriate control function so that all the conditions of
[Theorem 3.2.§ are met, but under a restriction on the parameters of the sys-
tem, in particular when the bottom friction parameter r is sufficiently large.
We will later discuss what the physical interpretation of such a result could
be and if conditions on other parameters can be considered alternatively.

(3.58)
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Theorem 3.2.9. For set of parameters such that

2 > ke | £2, + 26 Ty [(QUV2) A1Q 7 (3.59)

the system () has at most one ergodic invariant measure.

Proof. Consider the modified system

f+G(aq,q )1t<7—) AW

d—q+B(¢¢)+ﬁﬁ1?L=VA21,Ldt+( PAG
- 1

dt
Q= (A+ M)y

(3.60)

with periodic boundary condition and initial condition q(0) = qo # qo, where
G(q,q) : H xH — Hy is a finite dimensional control function, which we will
specify later, and 7 a stopping time with respect to the natural filtration for
(q,q). To prove the uniqueness of the invariant measure pu for P;, we look
for N > 0, G and 7 satisfying the conditions in rfheorem 3.2.

Given q, solution of (@5 with streamfunction v, define the variables

u=q-q and v=1 —1. (3.61)
Then u = (A + M)v and it satisfies the integral equation

G(q7 (Nl) I]-tST
rAvs

du

— + B(v,9¥) 4+ B(3,v) = vA%v — (

4 (3.62)

with initial condition uy = qg — qo # 0.

Let A, be an increasing sequence of eigenvalues of —A with corresponding
eigenvectors e forming an orthonormal basis for 4. Consider the following
finite dimensional control

G(q,q) = olly (A — Atyy) = allyAv, (3.63)

where Il is the projection onto Hy = span{eg, k =1,... N} and a > 0 is
a parameter to be found below.
Define the stopping time

T .= inf {t >0 : _I/QQHNAvl

* s > K} (3.64)

so that

/ \Q‘m Dl | dt <K
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and condition in rTheorem 3.2.4| holds.

The existence of a unique solution for the controlled system, i.e condition
, can be shown as in the last chapter but transforming the stochastic
forcing with the use of Girsanov theorem ([Theorem 3.2.5). Following [50,
Remark 8] where this is done for the stochastic Navier—Stokes equation, we
can rewrite the equation for the first component of (B.60) as

d(jl (t) + J(@El, q~1 + ﬁy)dt = (VA - OfﬂtSTHN)A@/;l dt + fdt
+ OéHNAlpl ]]-tST dt + dW(t)

and define the process W by

W(t) = W(t) + /t QHNA¢1(S)ﬂt§T ds.

To ensure that we can use Girsanov theorem 'Theorem 3.2.5| we show that
condition () holds. First observe that

| =172 2 1/2 !
| |oxtam v tie | ds < ani @3 P [ s as

then by 'Theorem 2.4.j we have a bound for the L?(0,T; L?) norm of A1)

—1/2)12
o Qx| )
< S (ol + ¢ (411 + To) +2,)

where =, is an almost surely finite random variable. Then by

Z" is a martingale and W is a Brownian motion equivalent with respect to
W for every finite interval [0,7]. Furthermore the term —allyAdy Ti<,dt
will not affect substantially the estimates derived in the last chapter to prove
the existence of a solution. In fact to provide an a priori bound in H we
took the L? scalar product with 1) of the random equation associated with
the controlled system. Therefore this new term appears on the left hand side
of () as

—(aIly Aty i) = af| Tyt |2

and all the subsequent calculations can be easily adapted. Another difference
with the previous case is that in this case the auxiliary Ornstein-Uhlenbeck
process will satisfy

dn + oan Andt = dW

where W is a Brownian motion with respect to a different probability measure
but this will not affect the solution theory. Then the controlled equation
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() with control () has a unique solution defined for all [0,7], T" > 0
and by Kolmogorov existence theorem we can extend it to R*.
Next we want to show condition [iv) holds, namely

lim [Ja()[*, =0 on {rix = oo},
Taking the L? scalar product of () with v, we obtain

du
(E,V) + (B(1,v),v) = V|AV|* — hi(allyAvi Li<r, v1) + Tho|[vs]]?,

where we have used the fact that (B(a,b),a) = 0 ([L.56). Recall that by

(L43) we have
KL LTI
dt”’ o 2dt -1

so that we have the following equation

1d
5&WUWZJFV!AVPH“@HU2H2 = (B(v,v),v)+hi(allyAvi Li<r,v1). (3.65)

Note that we can write G as
G(q,q) = aAv; — Ey

where, denoting the orthogonal complement of Il as [Iy, Exy = oIl Av;.
Recall (see e.g. [62, pg 366]) the generalised Poincaré inequalities for any
N >1i.e.

Myl < AvlTyedflf and [Ty <A Tyolfe. (3.66)
Then we have an appropriate bound for the norm of the error term Ey as

(G(qv Q))? Ul) = Oé(AUl - HJ]\_IAUM Ul)
= —ahi[o|]* + aha|[yo|?
< —ah|jvr]]* + ahi A A2
Consequently using this estimates in () we get for t € [0, 7x)
1d
2dt
By () we have

(B, v),v) < §|AV] + k| Ag*||v ], (3.68)

[[all®, + VAV + rholloa||* < (B(3,v),v) = abajos||* + aha Ay Ay [
(3.67)
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so that
d
5|!|u|||31+V|AVI2+2ah1HvlH2+27“h2||vz\|2 < 2kp| A vI[*+ 20l Ay | Av .
Therefore, setting a > r, we have
d _
&IIIHIHQ_l + (v = 2aAy") AV < VI (2kp| A" — 2r) (3.69)

and we choose N so that
v —2a)\y > 0. (3.70)

Therefore Gronwall lemma () gives

t
@I, < ()], exp (—zw 2kp [ rmpr?ds) for all t € [0, 7).

3.71
It is only left to bound appropriately the L?(0,¢; H?) norm of t. [Theo
)51

rem 2.4.2 gave the estimate (R.54) i.e.

t
I, — ol + 5/0 Al ds —t ([ f]1%, + Tg) < 2ME,

for 6 =v — (2yTrQ)/(A\}) > 0 with

=, —sup (Y= (X)), X [ (n.aw).

t>0

Define the event £ to be

eni= { I, ~ NI, +5 [ |agds
(RIS +To) SR W20} (372)

By the exponential martingale estimate () we have

Y

~

P(£S) < P(2ME, > R) < ¢

and as a consequence &g is a set with positive probability.
Therefore on the set £z we have

t
5/0 (Ap[*ds < [la(0)I%, + ¢ (5I1f11% + To) + R
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and so going back to () we find on the set Eg N {7k > t} that

@I, < ()], s Bl exp (¢ (2r — Za7g — mke | £12,)).

Then, setting the arbitrary parameter ¢ € (0,v) to be for example 6 = v/2,
whenever

G =27 — BT — bk )2, > 0, (373)

we have that [[u(t,w)||”, is exponentially decaying in time over [0, 7x) and
SO

tlim llut,w)|I?, =0 forall we &N {rx = o0}

—00

Finally it is left to ensure that there exists a K so that Eg N {7k = oo}
is non empty and has positive probability. We will actually show that there
exists K > 0 such that &g C {7 = o0}.

Recall the definition of the stopping time () and observe that the
following estimate holds

t
/‘Q‘l/ aHNAvl‘ ds<a2||Q_1/2||2/ Ty Avy[? ds
0 (3.74)
< #1057 [ 1avias

We can focus on showing the right hand side is exponentially decaying in time.
Integrate (@) over [0,¢] with ¢ < 7x, and use again that ||v|| < [[uf||_; to
get

(v = 20m) [ | ds < IO, + [ I, C2r+ 2hal ) ds
and by () we have the bound

(v = 2ahi M) /Ot |Av[2ds < [[u(0)]*, exp (—27’t + 2kp /Ot |Avp|? ds>.
Since

enc {0 [ 100P ds ~ NaOIE, - ¢ (31712, + To) < 7]

we conclude that on &g for t € [0, 7x)

t u 2
/0 IAV]?ds < ﬂﬁ—;k%exp (22 (|lqoll?, + B) — Cvt) . (3.75)
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Then using () in () we have that

t 211 ~—1/2)2 2
/ | ijl/2ozHN Avi|? ds < © 1N 212 u(0)]|
0

hi(v—2ahi AyY)

exp (22 (J|aol|?, + R) - Cvt)

for all w € g and t € [0, 7x(w)]. Choosing the parameter K large enough
we can conclude that

K
2

t
/ |QJ_V1/204HNA1)1\2 ds < for all ¢t < 7x (3.76)
0

and by continuity this is true also for ¢ = 7. Now suppose w is such that
Tk (w) is finite, by the definition of the stopping time we have that

TK
/ |Q;V1/2(XHNAU1|2 ds = K.
0

This leads to a contradiction with (B.76) and proves that no such w exists.
Hence there exists K > 0 such that Eg C {7k = oco}. In conclusion we have
found a set of positive probability over which ||q(t) —q(t)||_, converges to
zero on the infinite time horizon. []

Remark 3.2.10 (Finite dimensional noise). From the literature (e.g. [37])
we know that the asymptotic coupling method applies also when the noise
acts only on finitely many modes, as long as enough of them are activated.
This lower bound on the dimension of the noise arose also in the argument
just presented, when we required the condition ( to be satisfied by V.
Therefore, with few modifications to the proof of [Theorem 3.2.9, the er-
godicity holds also for the model perturbed on the top layer only by a N
dimensional noise as long as () holds.

It is interesting to highlight that the ergodicity result for the 2LQG model
holds also under conditions different from () In fact with a simple mod-
ification in the proof of [T'heorem 3.2.9 we can retrieve a condition also, or
solely, involving the viscosity. From (B.69), namely

d —
SlRall, + (v = 2005 [AVE < [[vI[? (2ksl Al — 2r)
where N is such that v — 204)\]_\,1 > 0, by Poincaré inequality, we get

d .
&\HUIIIZ + A1 (v = 2003") [v]* < [Iv)1* (2kp|Ag[* — 2r) .
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Using (L.43) i.e. [[v] < [|u]|_; < aol|v] with ap = max(1,2F;/\1), we derive

d _
Slhll?, <l (2bsl A% — 20 - & (v —20031))

2
ap

so that, thanks to Gronwall lemma,

I, < ), exp( ~t(2r + 3 (= 2005)) + 285 [ 1),

With the same arguments developed in the proof of h“heorem 3.2.9| we can
conclude that

. 2
lim [Ju(®)[l2, = 0
on a set of positive probability, whenever
24 3 (v - 2000 > 20Ty + B2 ]2, .17

In particular this result provides ergodicity of the model also when r = 0 as
long as the viscosity is large enough. The presence of a large viscosity would
also imply that we can consider smaller values of N, namely more degenerate
noise on the first layer. A similar result holds also for the stochastic Navier-
Stokes equation. In fact in [56] ergodicity is ensured in a large viscosity
scenario even with a finite dimensional stochastic forcing.

On the one hand, it is clear, from a physical point of view, that we
can expect ergodicity when there is strong dissipation on both layers, for
example, as just discussed, by means of a large viscosity. On the other hand,
the imposed parameter condition (B.73) requires sufficient dissipation only on
one of the two layers by requiring the bottom layer (the one without noise)
to be enslaved by the top one, or to converge autonomously, by means of a
minimum requirement for the friction. However, a natural question which
arises in this context is whether the ergodicity result can be achieved even
when no particular condition on the parameters is imposed. This is not clear
directly from our analysis nor the available literature and it will be discussed
further in the Conclusions.
We close the section on the ergodicity of the two-layer quasi-geostrophic
model by discussing our result from a quantitative point of view. In @
rem 3.1.§ we required (B.73) to hold, i.e.

2r > 2Ty + M| f)12,

in order to establish uniqueness of the invariant measure. Is this a quan-
titatively meaningful requirement or should it rather be interpreted as a
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qualitative statement? We will see that the latter is the case, as the typical
range of values for r is on significantly smaller scales than hikg|| f||?,/v?.
The constant kp is given by (I61) ie.

G CGFY
I/hl7 l/h1>\1

where ¢, ¢; are as in , namely ¢y = 2-+(7v/2) "' and ¢; = CO)\II/2.
The smallest eigenvalue of —A is )\i/ > = 27/L where L is the side of th
domain (see e.g. [62, Lemma 5.40]). Then, using the definition of F}, (@

by - 2@V (1, ( L f2po ))) |

vhy 4m2ghy (p2 — p1

kg :max<

(¢

~—

Recall that the gravitational acceleration is ¢ = 9.81ms™2 and the average
Coriolis force at mid-latitude is fy = 8 x 107°s~!. Next, let us consider the
values for the ocean as presented in [15]: the horizontal spatial scale L in the
ocean is typically 1000km, the depth of the layers is 500m, the eddy viscosity
v is 50m?s~1, the mean density py is 1025kgm 3 and the density difference
between the layers is 25kgm 3. By using the values listed above we have

L2f2po 2 £(10"m?)(8 x 107557 1)2(1.025 x 103%kgm—3)\?
Am2ghy(pa — p1)) 472(9.81ms=2)(5 x 102m)(25kgm—3)

= 1.836

so that

hp =

9 2)-1)2 2 f2 2

2+ @v2)™) ( _ Joro ) = 3.636 x 10~4sm >,
vhy dm2ghi(p2 — p1)

Next, we consider the mean deterministic wind forcing f to be as in [[15]

27Ty . 2wy
flay) = i sin =L,

(3.78)

where 79 is the wind tension and is of order 0.1Nm~2. By explicitly comput-
ing || f[|2,, we get

L L
1112, = / / AP dedy
0 0

LN (5[ L1y
=(— drdy = .
(52) [ e ()
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As a consequence

1712, = (102m?2)(10~ ' Nm~2)
—2 0\ 27(1.025 x 103kgm=3)(5 x 102m

2
)> = 9.644 x 108mSs~*.

Finally, pulling these measures together we see that

hikp

2

; (5 x 10%m)(3.636 x 10~ sm=3)(9.644 x 108mSs~*) 1 -1
I711=2 2.5 x 103m*s—2 A0

However, according to the data reported in [15] the parameter r should be
of the order 10755~ 1. Therefore, the ergodicity result h“heorem 3.1.9 cannot
provide a realistic physical constraint on the bottom friction, but rather
qualitative information on the long-time behaviour of the model.

Summary and remarks

This chapter includes a number of original results regarding the stochastic
two—layer quasi—geostrophic model. In the first part we showed that there
exists an invariant measure for the model. To do so, we particularly focused
our efforts in proving [heorem 3.1.7, namely that the family of laws of the
solutions indexed by the initial time is tight.

In the second part, we ensured that, when indeed there exists an invariant

measure, this is unique. Given the spatial degeneracy of our noise, we used
a recently developed technique, the asymptotic coupling method. The idea
behind this method will be central also in the next chapter when we will
show the exponential convergence of transition probabilities to the invariant
measure. Moreover, Girsanov theorem, which we recalled here, will be an
important tool when studying the dependence of the invariant measure with
respect to parameters, as we will do in chapter 5.
In using the asymptotic coupling method, we introduced a control, in
(%), which is solely dependent on the top layer. This choice led to the
desired ergodicity, but also to it being conditional on parameters like the
bottom friction being sufficiently large. As discussed, the result holds also
with the following modifications: having a finite dimensional noise on the
top layer instead of full noise, as long as (E) holds, or, for sufficiently
large values of the viscosity, having a very degenerate noise and even no
bottom friction. It is not clear though whether ergodicity holds without
extra conditions on the friction or viscosity. Intuitively, it may be that a
different coupling, carrying information of the whole dynamics rather than
just of the top layer, would help achieve this result.




Chapter 4

Exponential stability and
spectral gap

In this chapter we will use a general form of Harris’ theorem developed in
[44] to prove exponential convergence of the transition probabilities to the
invariant measure, a result stronger than unique ergodicity, for our model of
interest. In particular we will use the framework for SPDEs introduced in
[12] and show sufficient conditions for the convergence.

In the first section we provide the details of the methodology from the
literature iving streamlined proofs of the desired results. In Eection 4.2 and

section 4.3 we apply these techniques respectively to the stochastic Navier—
Stokes equations (section 1.2) and the stochastic two-layer quasi—geostrophic
model (Eection 1.4).

4.1 Methodology

In the finite dimensional context Harris’ theorem (see e.g. [44, Theorem 1.5],
[43], [67]) provides conditions under which the transition probabilities of a
Markov process converge to the invariant measure. In this case the con-
vergence is with respect to the total variation distance which is defined as
follows. Let H be a Hilbert space with scalar product (-, -) and associated
norm |-|. Given a probability measure pn € M;(H), the total variation norm
of v is (see e.g. [b7, pg 315))

llellry = sup {|{p, u)| : ¢ : H — R continuous, |p(z)| < 1 for all z € H}
= sup u(A)

AeB(H)

103
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where we denoted
(pon) = [ olo) ulda).
H

Then we define the total variation distance between two probability measures
fi, po € My as
drv (pa, p2) = |pa — pallzv- (4.1)

Harris” theorem ensures convergence of transition probabilities if there
exists a so-called small set which is visited infinitely often by the process,
and the speed of convergence is related to how fast the process return to such
set. Precisely a small set for a Markov process P; with transition probabilities
P, is defined as follows:

Definition 4.1.1 (small set). A set A C H is small if there exists a time
t > 0 and a constant € > 0 such that

drv (Py(z,-), P(y,-)) <1—¢ forall z,y € A.

Then a major difficulty with applying Harris’ theorem in the context of
stochastic partial differential equations is that the transition probabilities
P,(z,-) and P,(y,-) might be singular for different initial conditions = # y.
In that case

dTV (Pt(x’ ')7 Pt(y7 )) =1

and there are no small sets.

In [44] a weaker notion of small set is introduced and a version of Harris’
theorem in infinite dimensions is proved, which gives exponential rate of
convergence in a Wasserstein-like distance, rather than in total variation.

Let us define precisely such Wasserstein-like distance to state the result.
We call a function d : H x H — R, to be distance-like function, or equiv-
alently a semimetric, when it is symmetric, lower semi-continuous and such
that d(z,y) = 0 & x = y. When the symmetry fails, we refer to d as a
premetric.

A semimetric d on H can be lifted to a semimetric on the level of prob-
abilities called Wasserstein semimetric Wy: given two probability measures
1, o € Ml(H) set

Waljro i) i= _int [ d(e.g) Dlde.dy), (42)

reC(p,p2)

where C%Lh,,uz) is the set of all couplings of g, e as introduced in
ion 3.2.1]

. The classic coupling lemma (e.g. [72, Theorem 4.1],[49, Proposi-
tion 4.3.3]) ensures that the infimum in this definition is always reached by
some coupling, given the lower semi-continuity of d.




4.1 Methodology 105

Lemma 4.1.2 (Coupling lemma). Let X be a Polish space and the distance-
like function d be lower semi-continuous. Then for any probability measures
i, po on X, there exists a coupling I'* € C(puq, o) such that

Waljir, 12) = / d(z,y) T*(de, dy)

or equivalently there exists a couple of random wvariables (&,,1.) such that
Law (&) = p1 and Law(n) = ua,

Wa(pa, p2) = Ed(&., m.).

We call any such T* or (&, n.) a d-optimal coupling.

We can also use the coupling lemma to give an equivalent formulation
of the total variation distance (@) which we will use often later on. The
total variation distance has probabilistic representation by the discrete metric
l(z,y) = 1(x # y) i.e. given two measures [, [io

drv (p1, p2) = 2Wilp, pi2).

Then by the coupling lemma there exists a l-optimal coupling (&, 7n.) €
C(u1, p2) such that

dTV(:ula ,u2) = QP(g* 7& 77*) (43)

Given a distance-like function d, define the associated Lipschitz seminorm

) o) (0
il = sup L5 (4.4

It is immediate that ||ap|ls = |all|¢|la for all @ € R, and the triangular
inequality holds as

lp1(7) + pa(x) — p1(y) — w2(y)|

[p1 + p2lla = sup
! ? T#y d(l‘,y)
@ =), o) — )]
Ty d(,y) Tty d(x,y)

On the other hand ||| = 0 only implies that ¢ is a constant function as for
all C € R, [l = Clla = [l¢lla-

When d is a distance function, the Wasserstein distance W, has a useful
equivalent formulation by means of the Kantorovich-Rubinstein formula (see
e.g. [28]) ie.

sup [(p, 1) — (. p2)| = Walp, o). (4.5)

llella<1
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On the other hand when d is only a distance-like function, like in the
framework we are about to work with, we retain the following weaker relation

sup [{p, 1) — (@, pa)| < Walpa, pa). (4.6)

llella<1

In fact, for any coupling I' € C(ju1, o)

oo p12) — (s o) = \ [ et = et r(das,dw\ < el | dto. ) P ).
By taking the infimum over I', we get

(05 1) = (o p2)| < [[ollg Walpa, pi2) (4.7)

which in particular implies (@)

We are now ready to relax the definition of small set swapping the total
variation distance for the Wasserstein semimetric associated to a distance-like
function d.

Definition 4.1.3 ([44, Definition 4.4]). Let d : H x H — [0, 1] be a distance-
like function on ‘H and P a Markov operator on H. A set K C H is called
d-small for P if there exists € > 0 such that

Wd(F)t('Ta')aPt(y?')) < l—e¢ (48>
for all z,y € K.

As explained for example in [43], the proof of the original Harris’ theorem
relies on the existence of a small set which is visited infinitely often. Usually
candidates for small sets are the level set of the so called Lyapunov functions:

Definition 4.1.4 ([44]). A measurable function V : H — R, is called Lya-
punov function for P, if there exist positive constants Cy,, v, Ky such that

P,V (z) < Cye "™V (z)+ Ky forall € H,t>0. (4.9)

It can be shown (see [11, Lemma 4.1]) that Lyapunov functions are in-
tegrable with respect to the invariant measure p,. Then we also have an
explicit upper bound for its integral by means of lDeﬁnition 4.1.4]: by the
invariance of p, with respect to P;, ¢ > 0 we have that

(V, ps) = (PiV, ) forall t >0,

and by lDeﬁnition 4.1.4]

(V, sy = (PV, pa) < Cye "V, ) + Ky
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It follows that

(V, p) < (4.10)

for any fixed t > v~ 11In Cy .

As the authors in [44] observe, there is a last ingredient necessary to
give a general form of Harris’ theorem for Wasserstein-like distances: the
semidistance is contracting for the semigroup {P;, ¢ > 0}. In the original
statement this condition is not made explicit as it is automatically verified
by the total variation distance. In fact it is easy to see that the total variation
distance is always contracting with respect to a Markov operator: given a
Markov operator P and two probability measures 1, p2, by definition of the
total variation distance (4.1), we have

dpy (P i1, P* pi2) = sup [(P*p1)(A) = (P"p2) (A)]
= sup [(PLa, ) = (Pl jr2)|
and since (P14)(z) = P(xz,A) € [0,1] for any A € B(H)

< sup [{f, pa) = (fs p2)| = drv (pa, pa).
flfI<1
Therefore the price to pay for being able to use other distances-like func-
tions and for a weaker concept of small set is to ask explicitly the distance-like
function to be contracting for P;.

Definition 4.1.5 ([44, Definition 4.6]). Let P be a Markov operator on H
with associated transition function P(-,-). Given a time ¢ > 0, a distance-like
function d : H x H — [0, 1] is called contracting for P if there exists a < 1
such that for every pair x,y € H with d(z,y) < 1

Wa(P(x,-), P(y,-)) < ad(z,y). (4.11)

Going through the proof of Theorem 4.8 in [44], namely the part dedicated
to their general version of Harris’ theorem, it is clear that first and foremost
they demonstrate the following intermediate result:

Theorem 4.1.6 ( [44, Theorem 4.8] ). Let Py, t > 0, be a Markov semigroup
over H admitting a continuous Lyapunov function V. Suppose that there
exists T > 0 and a distance-like function d : H x H — [0,1] which is
contracting for Pr, and such that the level set {x € H : V(x) < 4Ky} is
d-small for Pr. Then {Py, t > 0} has at most one invariant measure fi,.
Furthermore defining d(x,y)? = d(z,y)(1+V(z) 4V (y)), there exists t, > 0
and p <1 such that
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From it two important corollaries will follow, namely the exponential con-
vergence of transition probabilities to the invariant measure, Corollary 4.1.7|,
and a spectral gap result, [Corollary 4.1.8. The precise formulation of the
rate of convergence in (Corollary 4.1.7 will be particularly useful in gection 5%
and when we will show properties of the invariant measure of the
stochastic Navier—Stokes equations and the stochastic two-layer QG model
with respect to system parameters.

Corollary 4.1.7. |Theorem 4.1.4 implies that there exists v > 0 such that
given p,v € My

WPttty P ) < e Wo(u,v) forall x € H, k € N. (4.13)

Furthermore if p, is the invariant measure for Py, there exists C' > 0 such
that

Wi P (2,-), 1) < C(1+ V(2))e ¥ for all x € H,k € N. (4.14)
Proof. First of all we can prove that, as a consequence of (), we have
Wi( Py, (), Pr. (y,-)) < prd(z,y) for all k€ N. (4.15)

By the semigroup property for all ¢, s > 0
Pras(o.dv) = [ Pldo)Pufa,dz) = [ Po(edo)Pi(a,d2),
H H

For any z,y € H and k € N, let F ) be the o?tlmal coupling for Py, (x,-)

and Py, (v, -), which we know ex1sts by emma 4.1.2 and define the measure
on H xH

7Tkt 9 (dvy, dvs) - //H %F(Zl ") (dvy, dvy) TS (ke 1)t (dz1,dz).
X

It is easy to see that W,(cf;y) is a coupling for Py, (z,-) and Py, (y,-) and

consequently
Wi Per (@), Par. (4, ) < / dvr, va) 780 (dvn, dvy)

// V1, ’UQ #1,22) (d'l}l, dUg) F k 1 (le, dZQ)

= [ WilPuer. ), Pl DT (0, )
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since I‘ %) is the optimal coupling. Therefore using the estimate ()

WP (2. ), P () < p [ (o1, )T (o, )

= pWi(Pi—1ye. (2, ), Py, (¥, )

In particular for k = 2 we have
WJ(PQt* ([L‘, ')7 P2t* (ya )) S PWJ(Pt* (ZI?, ')7 Pt*(y7 )) S P2J<x>y)

and () follows iteratively.

|
Let us now show that (h) holds. As in the proof of [44, Theorem 4.8]
we observe that, since Wy is convex, by Jensen inequality

Wi(Prt. s Pre.v) /W (Pre. (), Pee. (y, -)) I'(de, dy),
for any p, v € My and coupling I' € C(u, v). Then by () we have
Wi(Pie.tt, Pra.v) < p° / d(x,y) T (dx, dy),
for any T' € C(u, v), hence setting v := —t, ' In p > 0 follows

Wi(Pre. pt, Pre.v) < p"Wylp,v) = e "™ Wip, v).

Finally it is easy to see that () holds. In fact setting pu = J,, Dirac
measure, and v = p,, the invariant measure, (4.13) gives

WJ(Pkt* (I‘, ')7 ,LL*) < e*’ykt* WJ(d'm M*)
< e / d(z,y) p(dy).

By the definition of d
[ tan < [0+ V) + Ve )
<14+V()+ /V(y)W . (dy).
Given the bound ([£.1d) we have
/&awmwms1+wm+(at§%;5fm

for any s > v~ !In Cy, hence there exists C' > 0 such that
WJ(Pk:t* (:L’, '),,u*) S C(l + V(I))e_%t*,
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As pointed out in [44, Remark 4.10] if the assumptions of [Theorem 4.1.6
hold uniformly in ¢, belonging to an open interval of times, then
lary 4.1.7 holds for all ¢ and not just for integer multiples of ¢,. In particular

in [11], Theorem 2.4 shows that ({4.14) can be extended to all positive times
t>0i.e.

Wi(Py(x, "), ) < C(1+V(z))e ™ forall z € H,t>0. (4.16)

From h“heorem 4.1.d we can derive a further property for the semigroup P;
which will prove crucial in the next chapter to establish regular dependence
of the invariant measure with respect to the parameters. Recall that p, being
invariant for P, means that pu, is eigenvector of P} with eigenvalue 1. Then
the next corollary implies that all other eigenvalues are contained in the disk
of radius e~ around the origin, or we may say P; exhibits a spectral gap.

Corollary 4.1.8 (Spectral gap). Suppose all conditions in |Theorem 4.].6*
are met and let || - ||; be the Lipschitz seminorm (l.4) associated to the
distance-like function d. Then there exists p < 1 and t, > 0 such that

1Prsp = (o ) lla < plle = (@, 1) lla (4.17)
for all ¢ : H — R such that ||¢||; < oo.

Proof. By definition of the Lipschitz norm (@) and of transition semigroup

e have (s P ) — () Pl )|
) Z,: - ) 5 "
1Pip — (i, 1) ; = sup " 7 = A8 T (4.18)
TF#Y d(l’,y)

By (@), the weak version of the Kantorovich-Rubinstein formula, we

have
VVd~ (Pt(fzv ')7 Pt<y7 )) )
d(z,y)

Now 'Theorem 4.1.d ensures that there exists t, > 0 and p < 1 such that

[P — (o, )|l g < HSOHJSiP (4.19)
T#y

WJ (Pt* (l’, ')7 Pt* (yv )) S pd(l‘, y)

and so
[Pe.p = (s ) la < pliella = plle = (s )l (4.20)
as desired. O
In [44] the authors proceed to show the general form of Harris’ theorem to

hold for stochastic delay equations using the asymptotic coupling approach.
Recently [12] provided a set of general verifiable conditions for nonlinear
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dissipative stochastic model to apply the asymptotic coupling approach not
only to show the uniqueness of the invariant measure as seen in the pre-
vious chapter, but to have an explicit rate of convergence of the transition
probabilities to it. More precisely the assumptions in [12] are shown to be suf-
ficient to apply the main result in [[11], i.e. subgeometric rate of convergence
to the invariant measure, as well as the results from [44] presented so far,
i.e. exponential rate of convergence. However the result in [12] may appear
challenging to navigate when one wants to retrieve the formulation of the
appropriate distance-like function d and see immediately how the conditions
for SPDEs imply h“heorem 4.1.d.

In the next section we will open this tool box for SPDEs provided by
[12] and give a compact proof of how their conditions gives a contracting
semimetric d and the existence of a Lyapunov function with level sets which
are d-small.

4.1.1 Framework for SPDEs

Let (H,]|-|) and (W, || -||) be Hilbert spaces with VV CC H and consider the
stochastic equation

dX = (AX + F(X)) dt +dW, X(0) =z (4.21)

where A is a nonnegative linear operator, W is a Wiener process on (2, F,P)

with values in H and trace class covariance operator (), and F a nonlin-

ear function such that there exists a unique solution for any initial con-

dition X (0) = z. As for Navier-Stokes equations and the two—layer quasi—

geostrophic equations, we assume the solution to be in C([0, T]; H)NL*(0,T; V)
for all T" > 0 and a.a. w € (), and to be continuous with respect to initial

condition. Then define the Markov semigroup P; as

Prp(x) = Eo(X(tx)) (4.22)

for all ¢ : H — R bounded measurable functions.
As in the previous chapter consider Y solution of

4y = (AY/ +F(Y) + G(X, ?)) dt+dw, Y(0) =y (4.23)

with G : H x H — H,, where H,, is an n-dimensional subspace of H. In
particular given the expansion of the Wiener process

W(t)=Wa(t) + W"(t) =Y Voub(ter + > oubu(t)er,  (4.24)

k=n+1
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where W, and W" are Wiener processes with covariance matrices respectively
@, and Q", as in (), the expression |Q;1/2G(X(s), Y (s))|? is well defined.

We are now ready to state the set of verifiable conditions laid out in [[12]
for SPDEs as ()

Assumption A There exists a n > 0 and a finite dimensional control
G :HxH — H, such that X, solution of (@) and Y, solution of the
controlled equation (), satisfy the following conditions

A1 There exist kg > 0 and x; > 0 such that for all t > 0
IX(t) =Y ())? < |z —y|[>exp (—/{Ot + K1 /t 1 X (s)? ds>. (4.25)
0
A2 There exists k9 > 0, k3 > 0 and a random variable =, such that
X (®)|* + ko /t |X(s)|?ds < |z]* + kst +Z, t>0 (4.26)
0

with kg > K1k3/Kk2 and

P(Z,>R)<e % R>0. (4.27)

A3 There exists a positive constant ¢ > 0 such that for each ¢ > 0 and
s € 0,1] ) )
G(X(5), Y (s))* < e|X(s) = Y (s)]*. (4.28)

A4 There exists a measurable function V : ‘H — R, such that for some
v >0, K>0

EV(X(t) <EV(X(s)) + /t (—mEV(X(7)) + K) dr, t>s>0.

(4.29)
Furthermore for any M > 0 the function x — |z|? is bounded on the
level sets {V < M}.
Given k1, kg from @ and @ respectively define the premetric 6, de-
pending on a positive parameter o as
R1

— y|Pel with v = L (4.30)

On(,y) = |x p

and given N € N define a distance-like function dy as

dy(z,y) := NOy(x,y) AN NO,(y,z) A 1. (4.31)
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We will see in tTheorem 4.1.1d that, thanks to [Assumption there exists
ap such that for all a € (0, ap) the conditions of I heorem 4.1.5 are satisfied
with respect to the associated distance-like function dy for N large enough.

First though we show that thanks to |Assumption Al, the process Y is
absolutely continuous with respect to the solution of

dY = (AY + F(Y)) dt +dW, Y(0) =y #z. (4.32)

A similar result has already be shown in the proof of 'Theorem 3.2d with
the main difference that now we do not restrict the equivalence to the set

{T = o0}.

Proposition 4.1.9. Let the process Y be the solution of () so that
P,(y,-) = Law(Y (t))._Then if Assumptions @— hold, Y solution of the
controlled equation () is absolutely continuous with respect to'Y .

Proof. Given the Wiener process W and its decomposition (4.24) we define
the process

t
Wa(t) = Wat) + / G(X, V) ds. (4.33)
0
Then, as seen in the previous chapter, W =W, +Wnis absolutely continuous
with respect to W = W, + W™ if W, is absolutely continuous with respect to
W,, and Girsanov theorem helps showing the latter. To make use of Girsanov
theorem, we have to ensure that the hypothesis of is satisfied
ie. forall T >0
T 2
/ ‘Q;lﬂG(X, Y/)‘ ds < oo P-as. (4.34)
0

By and @ we have that for any 7> 0 and ¢t € [0, T
t
GO O < o~ P exp( st +1 [ X ds),
0
and by
GX (), V(1) < el — y|2exp<— (no - K—%) o (fof? + 57)).
It follows that for any 7" > 0
T 3 T
| 1@ e vinr < 10, P [ I6ee, vo)?
0 0

c —1/22 p —_ _
S, s (e 2)) (- ) (13
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where x = ko — %% > 0. Note that, given the estimate (), the random

variable =, is almost surely finite. Then () holds as desired and Y is
absolutely continuous with respect to Y on [0, 7] for all T > 0. O

We are ready to state the main theorem of this section which is a sum-
mary of Theorem 4.2 and Theorem 2.4 in [12]. Such a result combined with
[Theorem 4.1.G provides a synthesis of the results in section 2.2 and section 4.2
in [[12].

Theorem 4.1.10. Suppose |Assumpti0n AJ holds and, given ki, ke and v as
m and , set

1 2
v:ﬂ and og=—=A 7 .
Ko 2 vH42y
Then the function V' given by is a Lyapunov function with Cy, =1 and
Ky = K/v. Moreover, for all a € (0, ), there exists N, € N and t, € Ry
such that for allt > t, and N € N such that N > N,:

(i) the distance-like function dy () is contracting for P,

(4.36)

(i7) the level set {x € H : V(z) < 4Ky} is dy-small.

In order to prove this result we introduce first the following three lem-
mas. The first one is the so-called gluing lemma, see e.g. [[2, pg.11] or [49,
Lemma 4.3.2].

Lemma 4.1.11 (Gluing lemma). Let (§,1) and (§',1') be two pairs of random
elements valued in a Borel measurable space (X, Z") such that n and £ have
the same distribution. Then on a proper probability space, there exist three
random elements (1, (o, (3 such that the law of ((1,() in (X X X, 27 Z)
coincides with the law of (§,m) and the law of ({2, (3) coincides with the law

of (§',1').

The second lemma gives upper bounds for the total variation distance of
two finite dimensional Wiener processes like W,, and W,, as in (4.33).

Lemma 4.1.12 ([12, Theorem A.5]). Let B be a n-dimensional Wiener
process, (h(t))i>o a progressively measurable n-dimensional process and define

B(t):/oth(s)ds+B(t) £>0.

Fiz t > 0, then, if for some § € (0, 1)

Ms:=E (/Ot \h(s)\st)(s < 00 (4.37)
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the following bounds hold:

dry (Law(B(s))s<t, Law (B(s))scy) < 2079/040) g1/ 050), (4.38)
dry (Law(B(s))s<t, Law(f?(s))sgt) <1- émin (é, eXp<—(22_5M5)1/5)> ‘
(4.39)

The last lemma gives an estimate for the distance of two transition proba-
bilities with different initial condition which will be the first block in building
the proof of tTheorem 4.1.1d.

Lemma 4.1.13. Let X(t) and Y (t) be the solutions o and ()
respectively and Py(z,-), Pi(y, ) their respective laws. If|Assumption A holds,
then there exists oy > 0 such that for all a € (0,0) and N € N there ezists
two positive constants C= and 7y such that

Way (Pi(z,.), Pi(y. ) < gdrv (Law (W (1) s, Law (Wi () s<)
+ NC=0y(x,y)e X, (4.40)

forall x,y € H.

Proof. First of all we show that by means of the coupling lemma and the
gluing lemma

Way (Py(x,.), Py, ) < 3drv(Pi(y, ), Law Y (1)) + E[dn (X (), Y (1))].

By the coupling lemma we know that there exists a coupling (Yi,Y.) €

C(P,(y,-),Law(Y (t))) such that
drv(Py, ), Law(¥ (1)) = 2B(Y, £ V.. (4.41)

Consider the two pairs (X, Y) and (Y,, Y,), then since Y, and Y have the same
law, the gluing lemma [Lemma 4.1.11] ensures that there exist three random
variables 7, Zy, Z3 such that Law(Z;, Zs) = Law(X, 17) and Law(Zy, Z3) =
LaW(K,Y*). Therefore

Law(Z;) = Law(Y,) = Law(Y) and Law(Z;) = Law(Y.) = Law(Y).
It follows that (Z1, Z3) is a coupling of Law(X'), Law(Y") and as a consequence

WdN (RE<I7 ')7 Pt(yv )) < EdN(Zla Z3)
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Therefore, using the fact that dy <1,

Way (P, ), Py, -)) < Eldn(Z1, Z3)1(Z2 # Z3)]
VE[dn(Z1, Z5)1(Zs = Z3)]
<E[1(Zs # Z3)] + Eldn (21, Z2)). (4.42)

Now, by the fact that Law(Zs, Z3) = Law(Y,,Y.) and (4.41)
E[1(Z; # Z5)] = E[1(Y. # Y.)] = $drv(Pi(y, ), Law(Y (1))).

Back to Equation (4.49), since Law(Zy, Zo) = Law(X,Y), we have the desired
result

Way (Pi(2,.), Pi(y, ) < 5 drv(Po(y, ), Law Y (1)) + Eldn (X (2), Y (¢))] -

) (11)

—~

(4.43)

Next we look at the two terms separately starting from (I). From the

theory of stochastic differential equations the solutions of (4.32) and (@)

can be seen as image via a measurable function ®¥ of their driving noise,

W and W respectively i.e. Y (t) = ®¥((W(s))s<s) and Y = ®¥((W(s))s<t).
Then

dry (Law Y (t), Law Y (t)) < dpy (Law (W (s))s<t, Law(W(s))s<y).  (4.44)

By the coupling lemma there exists a coupling (B,, B,) of Law(W (t))¢o and

Law(W(t));>0 such that
dpy (Law (W (t))1s0, Law (W () )ss0) = 2P(B, # B,)

and a coupling (&, £,) of the finite dimensional Wiener processes Law (W, (t))¢=0
and Law(W,,(t)):>o such that

dTv(LaW(Wn(t))tzm LaW(Wn(t))tzo) = QP(f* # g*)

Since the Wiener processes W = W,, + W" and W = Wn + W™ differ only
for the their first n-dimensional part we have that for all couplings &, & €

C(Law(Wo(s))s<t, Law(Wa(s))s<t)

P(B. # B.) <P(£ #€).
Then, by the definition of optimal coupling

dry (Law (W (s))s<t, Law(W (s))s<t) < dy (Law(Wa(s))s<e, Law(Wi(s))s<t)
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giving the first part of ( .
Next we look at (II) in (4.43). By definition of dy () we have

Edy(X (), Y (t)) < NEO.(X(t),Y (). (4.45)
Combining Assumption @ and |A2 we have that
X (1) =Y ()] < |2 =yl exp(—xt + v(ja]” = [X(B)P +Z,))  (4.46)
namely, for all « > 0
X (1) — Y (1) 22X OF < |z — y22el 2l exp(—axt + avE,).
Therefore by the definition of the premetric 6, ()
E 0, (X (1), Y (t)) < C=a(x,y) exp(—xat) (4.47)

where

Cz :=E exp(vaZzZ,) < oo if va < 27y (4.48)

Putting together these results in () we have that () holds for all
a € (0,ap) setting ag 1= 27v/v.
[]

We are now ready to show ITheorem 4.1.1d:

Proof of |_Theo7°€m 4. Z.Jd. First we show that V' is a Lyapunov function as in
tDeﬁnition 4.1.4 thanks to a classic comparison theorem [Lemma A.3. By
we know that there exists v, K strictly positive such that

PV (z) — PV (z) < / t (—nP-V(z) + K) dr, t>s=0. (4.49)

Therefore the hypothesis of are satisfied by the function f(t) :=

P,V (x), which has non-negative values and it is continuous in time, and we
have the desired result

PV (x) < eV (x) + Ky. (4.50)

with Ky = K/m
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@ the semigroup P; is dy-contracting. We have to show that there
exists p < 1 such that

WdN(Pt(ma ')>Pt<ya )) < pdN<£L',y)

for all z,y such that dy(x,y) < 1. Thanks to Lemma 4.1.13 we have that
for all a < 2v/v

Way (Pi(z,.), Pi(y,.)) < Sdry(Law W, (t), Law W,,(t))
+ NC=0,(z,y)e X" (4.51)

We want to apply [Lemma 4.1.12 to bound the first term_on the right hand
side so we have to ensure that () holds. As seen in Proposition 4.1.9, in

)
our context

¢ 5
Ms=E (/ Q- 2G(X, V) ds) . (4.52)
0
and we have the bound (), ie.

t -1
/0 @ 2G(X, V)P ds < L r — g exp (v (|af + ,)) (1— )

where
R1
v:=— and x:=kg—vk3>0.
)

By the properties of =, () we have that
E exp(vd=,) < oo if vd < 2y

and so for all 0 < § < (2v/v) A 1

2 2 _ (dex1P\ m viz,
M; < Cslz — y|* exp(vé|z|*)  with C5 = - Ee”=.  (4.53)

Therefore, since condition () holds, the bound (|4324) in tLemma 4.1.1j
and (4.53) give

. o
dry (Law W, (1)), Law W, (t)) < 2(179/0+9) pr1es
)
< Cjs (|x — y|QeXp(U|x|2))m
where we relabelled the constant Cys appropriately. Since ¢ € (0, (2v/v) A1),
the exponent §/(1 + §) =: « is in the interval

1 2 2
O<a<ay=-=-A 7 < ,Y.
2 v+ 2y v
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which is consistent with () Given the definition of the premetric 6,
(@) we have then shown that for all a € (0, o) there exists C, > 0 such
that

dpy (Law W, (1)), Law W, (t)) < Caba(z,y) forall z,y € Hx #y. (4.54)
Going back to (), we have proved that

WdN (pt(x> : )7 Pt(ya : )) < ana(-T, y) + NCEe_Xateoc(ma y)
= Nb,(z,y) (CaN_l + Cge_xat)

and, inverting the roles of x and y, we get in the same way
WdN (Pt('r7 ’ )7 Pt(y7 : )) < N@a(y, LC) (CaNil + CEeixat) .
Therefore

Wan (Pi@,-), Pi(y,)) < (N6u(z,y) A N (y,2)) (CaN ™" + Czee?)
(4.55)
and since x,y are assumed to be such that dy(x,y) < 1 we have that

WdN(‘Pt(xv : )7 Pt<y7 ' )) S dN(xa y) (CaN_l + CEe_Xat> .
Then for all N € N and ¢ € R, such that
pi=C,N 14 Cge X < 1 (4.56)

we showed that P; is dy-contracting.

The sublevel set of V' is dy-small. We have now to prove that there
exists € > 0 such that

WdN(Pt(x7')7Pt(y7'>> <l-c¢ (457)

forall z,y e {z € H : V(2) <4Ky}.

In the previous step we have shown that () holds for all z,y. Since,
by Assumption @, z — |z|* is bounded over {V < 4Ky} so it is 6,(z,y)
i.e. for any K > 0 there exists Cx > 0 such that

Oo(z,y) = |z — yl2e’ < Ck. (4.58)

for all z,y € {V < 4Ky }. It is clear though that we cannot make C, +
NCze X arbitrarily small to have (|4_57) However we can do it estimating
differently dry (Law W, (t), Law W,,(t)).
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Thanks to (l43d) in tLemma él.l.lj7 we have that

x 1 1
dry (Law W, (t), Law W, (t)) < 1 — A min (§7GXP(—(22_5M5)1/5)> ’

where Mj is as in (1.52). Thanks to (4.53) and (4.5§) it follows that
M;s < Cslz — y[* exp(vd|z|*) < CsCx

for all 0 < 0 < (2y/v) A 1. Setting £1(5) to be

1 1
a1= min (g, exp(—(22_5CgCK)1/§)) , (4.59)

we can have that
dry (Law W, (t), Law W, (1)) < 1 — €. (4.60)
Then from () ie.
Wy (P, ), Py, )) < gy (Law W, (8), Law W, (1)) + NCze 0, (. )

by () and () we have

Wi (P, ), Py, ) < 1 — 2090

-+ NCKCEeixat.

Picking N € N and ¢ > 0 such that

1+€1
2

then the level set {x € H : V(x) < 4Ky} is dy-small.

— NCxCze X = ¢ >0

We have shown that , the contraction property for dy, and , the
dy—smallness of V' level sets, hold for any N and ¢ such that

1
CoN"' 4 Cae ™ <1 and NCxCoe X < % (4.61)
Then setting
20K C= 1 2N, CrCz
N, = — d t,=—In(———— 4.62
20 C=Cq + C=(1 + £1) an xo n( 14+¢ ) ( )

concludes the proof of the theorem.
O
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Having shown that |Assumption AI is a sufficient condition for the hypoth-
esis of [Theorem 4.1.6 to hold we deduce that there exists ¢ > 0 and p€(0,1)
such that

Wi(Pi(x,-), Pi(y, ) < pd(z,y).

Before applying this methodology to show the same result for our two
nonlinear model of interest, the stochastic Navier—Stokes equation and the
stochastic two—layer quasi—geostrophic model, we look at a simple example
with the following linear stochastic differential equation in L?(D).

Ezample 4.1.14 (Ornstein-Uhlenbeck process). As first elementary example
let us consider H = L*(D) and V = H'(D) and the linear equation
dX + aAX dt =dW, X(0)=zxz€H (4.63)

where A is defined as Au = —Awu and W is a )-Wiener process with () trace
class in H. Then we can see that |Assumption AI is immediately fulfilled with
a control G = 0. In fact consider

dY + aAY dt =dW, Y(0)=yeH
with x # y and same realisation of the noise. Then

d

E(X(t) —Y(t) + aA(X(s) = Y(s))ds =0

with initial condition x — y and by now well known manipulations we have

1d

57 X =Y (O] < —a X(s) =Y ()| < _)\_1|X<S) —Y(s)”

and by Gronwall’s lemma

X YO < b=y oo (51,

Therefore X (t) and Y (t) converge almost surely to each other exponentiall
fast for large time despite starting at different initial conditions and Theoj
rem 4.1.10 holds.

It is given by Corollary 4.11 in [44] and, more specifically for this context,
by Theorem 4.2 in [12], that from [Theorem 4.1.10 we also have ezistence of the
invariant measure if P; is Feller on H. As a consequence P; Markov semigroup
associated to X (t) solution of () has a unique invariant measure and X ()
is ergodic.
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4.2 Stochastic Navier—Stokes equations

Consider the stochastic Navier-Stokes equations introduced in ,

namely

du+ (Au+ B(u,u))dt = fdt +dW, u(0) = ug (4.64)

with # and V as in ([1.12). Then for f € V* there exists a unique solution
in L2(©; C([0, 00); H) 1 L, ([0, 00), V).

From the literature we know that this model exhibits convergence of
transition probabilities and in particular [50, 12] both showed it with the
methodology presented above with respect the Lipschitz seminorm || - ||;

where

d(z,y)* = dy(z,y)(1+ V(z) + V(y)) with
dy(z,y) = NOy(z,y) A NOy(y,z) A1 and (4.65)
Ou(z,y) = em"x'?\x - y\%‘, a € (0,ap)

for an appropriate choice of the parameters N, v and «qg given by
rem 4.1.10. In the literature the proof of this result is for a finite dimensional
noise so, to enhance clarity of exposition, we reformulate it here in a stream-
lined presentation for our trace class noise showing that |Assumption A| holds.
This result will prove crucial in the next chapter to study the dependence
on the parameters of the invariant measure for the stochastic Navier—Stokes
equation.

Theorem 4.2.1. Assume that there exists M € N such that 11, H C range Q)

and e
E(Tr@Q + =)
Ay > “ > 0.
M v2(v —yTrQA Y
Then there exist t > 0 and p < 1 such that
W (Py(uo, ), Py(fio, ) < pd(uo, fio) (4.66)

for all ug, iy € H. Hered is as in () with Lyapunov function V(z) = |z|?
and parameters
kB 1 2’7

U= and opg=—=A
v(v —yTrQM 1) "2 vty

where 7y s arbitrary so that v > 0.

Proof. Consider the controlled system
du+ (vAu+ B(a,a))dt = (f + G(u,a)) dt +dW, a(0) =19  (4.67)
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with %y # up and G a finite dimensional control which we will specify later.
We ensure that |Assumption Al holds.
A1l. Set v = u — u, then it satisfies the differential equation

d

d_: + vAv + B(v,u) + B(a,v) = =G(u, @) v(0) = uy — .

Taking the scalar product with v itself and using the fact that (B(@,v),v) =0
we have

1dv|?
2 dt
Given M € N, set

+ v||v||? + (B(v,u),v) + (G(u, @),v) = 0. (4.68)

G(u,u) = oy (u — a) (4.69)

with arbitrary a; > 0 to be fixed later. By the properties of the bilinearity
B, Lemma 1.2.1, we have

dfo[”
dt

Then taking a; = vAy/2, the generalised Poincaré inequalities () give

+ 2v|u]l* + 200 [Tyol* < 2kpv]||v]|[lull.

vllol* + 20a| Iyl > v Myll® + vAa [ Marol® = vAao]?,

so that ol 2 o1 1o
v ul[*|v
LIJ —|—I/HU”2+I/)\M"U|2 S BH H ‘ ’ —|—I/”UH2.
By Gronwall’s lemma we have
kQ t
(0 < ) exp( vt + 2 [ julas) (4.70)
v-Jo
So that Assumption @ holds with
ki
ko =VAy and K} = —. (4.71)
v

A2. This is given by rTheorem 2.5.]J part (i) i.e.

/124

v

¢
lu(t)]* + (v — v Tr Q/\l_l)/o lu(s)|]?ds < |ug|* 4t (TIQ + ) +22,.

(4.72)

where

aewmnwmm,&szwmw»

>0
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for v < wA;/ Tr@Q. Then
124

ke =v—yTrQN'>0 and k3=TrQ +
v

(4.73)
and the condition kg > Kk1k3/Ko translate in a lower bound for Ay,

v

V(v =y TrQA )

Ay >

A3. Given the control () we have immediately

A
Gl @) = S My (u = @) <

A
ik

with ¢ = v /2.

A4. Consider () over the time interval [s, t] and take the scalar product
with u itself to get

t t t
)P fu(s)P+2v [ (] dr = [ 20f,0) dre (-5 Tr@+2 [ () v,
We estimate the forcing term as

IEIT
<
(fou) < 2ot + 2

to get
121

v

O~ )+ [ i < -9 (L2100 42 [y aw.

Then simply taking the expectation we have

124

14

Eu(t)/* <Efu(s) - oE [ Hu<T>H2dT+(t—s)< +Tr@)

and by Poincaré inequality

E|u(®)]* < E|u(s)]* — v\ / Elu(7)?dr + (t — ) <|f|_1 —I—TrQ) . (4.74)

s 14
So [A4 holds with
H=

v

m=vA and K= +TrQ. (4.75)

]
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Remark 4.2.2. Given how the distance d is defined i.e. () and the fact
that the Lyapunov function is V(z) = |z|*> we can see that the functions ¢
with [|¢||; < oo are a-Hoélder functions with respect to the usual metric on
H on the level sets of the Lyapunov function. In fact, given z,y € {V < K}
for K > 0 we have that

lp(x) = ()] < llellgd(z.y)
9 9 1/2
= llella (le — yPe A Nz — y[Pee o A 1) (L+ V() +V(y)'”
< lpllgN'2e ™5 (1 42K) 2 o — g
4.3 Stochastic two—layer quasi—geostrophic
model

Let q(t,w:qo) be the solution of the stochastic two—layer quasi—geostrophic
model ([1.66) on the Hilbert space H = (H ™', ||-||_,). Then we want to ensure

that this system has exponential convergence of transition probabilities and
spectral gap condition as described in , i.e. with respect to the

Lipschitz seminorm || - ||; where

d(u,v)? = dy(u,v)(14 V(u) + V(v)) with

dy(u,v) = NO,(u,v) A NO,(u,v) A1l and (4.76)

Oa(u,v) = e flu = V][, o € (0,a0)
for an appropriate choice of the parameters N, v and «q given by
rem 4.1.10. By the results in pection 4.1.i it will be enough to construct
a controlled system that makes |Assumption Al hold, as we will show in the
following theorem:

Theorem 4.3.1. Assume that there exists N € N such that IlIyH C range )
and v — 2rh1)\&1 > 0. Then there exists ro such that for all r > ry there exist
t >0 and p <1 such that

W3 (Pi(do ), Pi(@, ) < pd(ao, &) (4.77)

A

for all qo,Go € H. Here d is as in (K.76) with Lyapunov function V(u) =
|HU\H2,1 and parameters
kg 1 2y

———5 and apg= A
V—QW/\T%Q 07 9 v+ 2y

v =

where 7y is arbitrary so that v is well defined.
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Proof. We only have to ensure that the Assumption Al is satisfied, as then
h’heorem 4.1.1d and the general Harris’ theorem, [I'heorem 4.1.6, give the
desired result. Consider the controlled system

f+G(q,
=T ¢1

dq + (B(’(/;, D)+ ﬁ@ﬂ/S) dt = vA2 dt + (
= (A+ M)y

)> dt + dW (4.78)

with initial condition q(0) = §y # qo, and W = (W, 0)". Let the feedback
control G be as in pection 3.2.9 i.e. G(q,q) = aqIIyA(Y — ) with ag > 0
arbitrary to be fixed later. Notice that by the same arguments in seen in the
proof of h‘heorem 3.2.9, the controlled system with this choice of G is well
defined.

A1l. We have already showed the estimate () for the difference u =
q—q, i.e.

t
a2, < lla(O)[IZ, exp (—27’2? + %B/O |A¢\2d8>

for all N > 0 such that v — 2a;Ay" > 0 and «; > r. Then Assumption @
follows immediately setting the weak norm |q| = [|ql||_;, the strong norm
llal| = |A| and the constants to be

ko =2r and k; = 2kg. (4.79)

A2. In the proof of fTheorem 2.4.2 we showed that, setting

t
th/owl,dvv),

the estimate () for the quadratic variation (X); holds and we have that

2fyTr
\|\q<t>|r|2_1—|||qou|2_1+( - ) / Al ds
—t (T + 5:1f11%2) < 2m=, (4.80)

with 2, = sup;5o(X; — 7(X)¢). Setting

27 Tr @
A

Ky =V and k3 = L f|?, + Tg, (4.81)
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Assumption is satisfied for all arbitrary parameter v > 0 such that ko > 0
and choices of parameters of the system such that kg > k1k3/kKo, i.€.

kp
r>—gmg G2+ Ta) =70

M

which gives an explicit expression for the minimum value of the bottom
friction ro. Finally [Theorem 4.1.10 gives that

R1 kp

== —
Ke v — —27/\T§Q
1

> 0.

A3. Recall the generalized Poincaré inequality [[Iy¢|> < Ay|[TInel? ;.
Then

G(a,@)” = [enlIN A — 121)‘2 < Ava|[TIvA (Y — 7;1)H2—1
< Aveillvn = di))? < Avatlla —all?,
giving the desired inequality with ¢ = a?\y.
A4. Finally we show that V(u) := [[ul|?, satisfies Assumption @ We
take the L? product with % of the stochastic model ([L.66) for times in [s. ]

as done in rTheorem 2.4.ﬂ. In particular using It6’s formula we had (R.55)
from which we get

t
lla(IIZ, = llals)IZ, + V/ |Ap|?dr — (t - 5)Tg <
mllfI12 t
Pl - 2h1/ (b1, W),
Rearranging and taking the expectation we have

Ella®)l”, < Ella(s)II, + E/ (—v|AY[* + K) ds

2
where K = % + Ty. By definition of |||-||_, and Poincaré inequality

A

llall®, < | A2,

Then

t
v 2
Ella®)l, < Bl +E [ (-52klla@I, + K) dr. (452
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Therefore V(q) = ||q|?, satisfies the estimate () with

o V)\%
M= P2

h 2
and K = % + Tp. (4.83)

]

Remark 4.3.2. As observed for the stochastic Navier—Stokes equations, given
how the distance d is defined i.e. () and the fact that the Lyapunov
function is V(u) = [|u]|?,, the functions ¢ with ||¢||; < oo are a-Holder
functions with respect to the usual metric on H on the level sets of the
Lyapunov function.

Summary and remarks

In this chapter we presented a streamlined version of the results in [12] and
applied it to our model of interest, the stochastic two—layer quasi—geostrophic
model, to ensure the exponential convergence of transition probabilities. This
provides information on the stability of the system for large times, in the sense
that not only there is a unique invariant measure but the system approaches
it exponentially fast in time, whenever the bottom friction r is large enough.

This result is most interesting as it will be one crucial condition to en-
sure the stability with respect to the parameters, more precisely in the next
chapter we will be able to show weak differentiability and Holder continuity
of the invariant measure with respect to the intensity of the forcing f.

Last, let us comment on a possible quantitative interpretation of the re-
sults presented in this chapter. Given the significance of the two—layer quasi—
geostrophic model in the applications, it would be interesting to quantify the
size of the spectral gap, or, in other words, measure the rate of convergence
of the transition probabilities. This in fact could give an estimate of the time
after which the model reaches a stationary regime, one under which certain
configurations of the state space would be forbidden.

However, the approach used in the present work is not the most suitable
to answer this type of quantitative questions. From the results presented
here, it is possible to provide an estimate for p in the general Harris theorem
(ITheorem 4.1.d) by carefully combing through the original result in [44], and
expanding some results there only hinted. This approach would only give a
very crude estimate for p, though, as the methodology is most appropriate to
ensure p < 1, but not for quantifying it. The scientific insight would then be
quite limited despite the complexity of the arguments needed to achieve the
result. Estimating the spectral gap, in fact, usually constitutes a research
question on its own, and therefore goes beyond the scope of this thesis.




Chapter 5

Linear and fractional response

In this final chapter we focus on the regularity with respect to the parameters
of the invariant measure of stochastic Navier-Stokes equations and stochastic
two—layer quasi—geostrophic model. Proving the continuity or, even better,
differentiability of the invariant measure would ensure a controlled response
of the long time average behaviour of the models to small perturbations
of the parameters, in the sense that no abrupt change is associated with
them. We talk about linear response when the measure is (in an appropriate
sense) differentiable with respect to the parameter of choice while we can
refer to stability with respect to the parameters in the case of continuity and
fractional response when the invariant measure is Holder continuous with
respect to the parameter.

The literature on linear response is vast both in the applications and
in more theoretical works for finite dimensional systems, but to the best of
this author’s knowledge the only theoretical framework for forced dissipative
stochastic dynamical systems is the work of Hairer and Majda [40]. The
authors proved the weak differentiability of invariant measures p, of families
of Markov semigroup {P;* : t > 0,a € R} on a Hilbert space H. This means
that, given any ag € R, the map

@ (o) = [ 00 plde).
H
is differentiable for an appropriate choice of test functions ¢, i.e. the limit

hm <907 Ha — /Lao>
a—rao a — ao

exists. Moreover an explicit expression for its derivative is proven i.e.

(0P (1 = P) (o = (1 Hao)) Hao)-

129
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However, as we will better explain later, the techniques used in the previous
chapter to ensure the exponential stability of the invariant measure do not
gives the necessary conditions for observables which are suitable for [40].
Hence we will here modify the approach in [40] to apply to our family of
observables.

In the first section we give a didactic presentation to the proof of the
linear response developed by Hairer and Majda in [40], highlighting how their
assumptions arise, how they depend on the family of observables chosen, and
how they can be modified for our framework.

Then in we will develop the methodology for the case where

the Markov semigroup in given by the solution of a nonlinear stochastic
differential equation in H and the parameter of interest is the intensity of
an external deterministic finite dimensional forcing. This general equation
is used as a mean to summarize the main features of both Navier—Stokes
equation and the two—layer quasi—geostrophic model studied here and as a
consequence the linear response for the two models of interest will follow
straightforwardly in gection 5.3 and Isection 5.4.

In we study the continuous dependence on the parameters of
the invariant measure focusing directly on the framework for SPDEs laid out

for the response. In particular we will show that the invariant measure is
weak Holder continuous with respect to the intensity of an external deter-
ministic forcing, even for forcings not necessarily finite dimensional. Conse-
quently in Eection 5% and pection 5.4 this result is derived for the stochas-
tic Navier—Stokes equations and the stochastic two—layer quasi—geostrophic
model respectively.

5.1 Linear response

Let (#,]-]) be the Hilbert space of interest and let (O, || - ||0) be a Banach
space of measurable functions ¢ : H — R that we call observables. Let
P be a Markov semigroup on O depending on the parameter ¢ € R with
corresponding invariant measure j,. Fix a time ¢ and drop the dependence on
time of the semigroup. Let us start by showing a simple yet crucial identity:

(L =P ), (pa = prag)) _ (P = P*), p1a) (5.1)

a — Qo a — Qo
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By the invariance of the measures and simple manipulations we have in fact

<¢7 Ha — Mao) _ <7/)a (’Pa)*ﬂa — (’]Dao)*ﬂa())

— <w7 (77&)*% _ (Pao)*uao> o <w7 (Pao)*ﬂa> + <w7 (’])ao)*ua>
_ W (P = (P))pa) | ( (P*) (Ha = Hay))

Therefore it follows

<77Z}a (1 - (Pao)*)(ﬂa - ,uao» _ <¢7 ((Pa)* - (Pao)*),u’a>

a — Qo a — Qo

Y

relation equivalent to (Ell)

Suppose the space of observables O is such that 1 — P is invertible over
it, or more precisely for every ¢ € O there is a unique ¥ € O such that
o = (1 —P®)p and we denote ¢ as (1 — P%)~ 1y and

O = Im(1 —P®)|, . (5.2)
Then from (@) we have

(@, (Mo = pran)) _ (P = P*)(1 = P*) "¢, j1a) (5.3)

a — Qo a — Qo

To compute the derivative of (p, 11,) at ag it is then enough to show that the
right hand side of (p.3) converges to the desired quantity as a goes to ay.
Formally if P® is differentiable in ay and p, is weakly continuous in agy, we
can expect the desired convergence to follow.

Let us present how these conditions can be formulated. As in [40], let
Ci°(H) be the set of all functions ¢ : H — R such that there exists N > 0, a
linear map 7" : H — RY and a smooth, compactly supported map ¢ : RY —
R such that ¢ = ¢ o T". Then let Cy be the completion of C§°(#H) under the

norm

()]
lello == U ) (5.4)

with U : ‘H — [1,00) such that O C Cy. For every ¢ € O consider the map
a — P™p. If it is differentiable as a function from a neighborhood of ag in
CU, then

<(Pu — Pa0)¢v Ma)

a — Qo

= <Da(Pa,¢)|a:ao ’:ua> + <ra7:ua> (5'5)
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with ||re|lv — 0 for a — ay.
Consequently, if U is such that for all £ € Cyy we have

(€ ta) = (& Hao)  and  (rq, fia) =0 (5.6)

for a — ag, then

(P = Py o)

a — Qo

{Da(P*U)lazqq » Hao)

as desired.
For the convergence of the term involving the remainder r,, note that

aMa) < ||Ta||U<U7 Ma>' (57)

[(Tas fa)] < ( TﬁaU

so, if there is € such that

sup (U, pa) < 00, (5.8)

la—ap|<e

then |(r,, ti,)| vanishes on the limit a — ag as desired for all ¢ in an e-
neighbourhood of ap.
In summary, ifﬁ € O, i.e. there exists 1 € O such that ¢ = (1 — P%)p,
)

thanks to (@), ( and (@) we get

<S07 (,Ua - Ha0)>

<Da(7ja¢>|a:ao 7:ua> + <Ta7 Ma>

<A Da(PU)]4—qy » Ha) + I7allu (U, pta)
= (Da(P*Y)|y—qy » Hao)  for a — ay,

and we have shown the following result, a more general version of [40, The-
orem 2.3].

Theorem 5.1.1. Let {P{ : a € R} be a family of Markov semigroups acting
on O. Suppose there exists a function U : H — [1,00) such that O C Cy and
such that for some ag € R and t > 0 the following conditions hold:

(i) for every v € O and some fized t > 0 the map a — P from R to Cy
is differentiable in a neighbourhood of ay;

(ii) given & € Cu, (& pa) = (& Hay) for a — ao;

(ii) there is € > 0 such that supy,_, <. (U, pta) < 00.
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Then the map a — (@, pa) is differentiable at ag for every ¢ € O and in
particular given ¢ such that ¢ = (1 — P )

%@0, pa)| = (Da(PH)] oy » Hao)- (5.9)

a=ao

To make this theorem more applicable, we show sufficient conditions to
ensure hypothesis holds, and that the space O is nothing but O Nker Hag
where ker 114, is the space of measurable functions on H which are centred
with respect to fiq,, i-6. (@, lta,) = 0 . More precisely it can be proven that
the spectral gap property on the space of observables is a sufficient condition
to show that (1 —P%) is an invertible operator over O N ker ji,.

Given a function ¢ € O we denote by ¢ its centred version with respect
tO flg, 1.€.

P = — (@, lao)-
Proposition 5.1.2. Suppose there exists p < 1 and t > 0 such that

[P0 = (s tao)lo < pll = (@, pag)lo - for all ¢ € O (5.10)
Then for all ¢ € O there exists a unique v € O Nker pg, such that ¢ =
(1 —P)~1h, namely (1 — P{P) is invertible over O Nker pug,. Furthermore
we have an explicit representation for (1 — Pf°)~! by the Neumann series
ap\— ap\k
(1="P) 1:2( )"
k=0

Proof. Condition () ensures that P/ is a bounded operator on the space
of centred functions in O, i.e. given ¢ € O N ker pq,

PGo
P lonker usy, = SUP M <)
leloso  ll@llo

Then, since p < 1 the Neumann series
> (P (5.11)
k=0

converges and as a consequence (1—7P/) is invertible with inverse () O

Next we can substitute hypothesis with the requirement that the
derivative operator D,P* : O — Cy is bounded locally in a and that the
space O is a dense subset of Cy.
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Proposition 5.1.3. Assume O is dense in Cy. Suppose for at > 0 condition

(b.10) and m in [Theorem 5.1.1 hold and that there exists C(ap) > 0 such
that for all a € B.(ayp), e-neighbourhood of ag, € > 0,

ID Pl < CllYllo for all ¥ € O. (5.12)

Then for any € € Cu, (€, fta) = (&, tao) when a — a.

Proof. First we show that it is enough to prove the result for observables in
O. Let £ € Cy, then by [iii)

‘ Sy

(€, pa)] < ) < NENo(U, pa) < Nléllo sup (U, pra) < 00 (5.13)

la—ap|<e

i.e. the functional £ — (£, u,) on Cy is bounded uniformly in a over B.(ay).
By definition, since O is dense in Cy, for each £ € Cy and for each § > 0
there exists ¢ € O such that

1€ = llo < 0.

Then we have

(€5 1a) = (&, tao)| < 1§ — @, a)| + [{0: 1a) — (s o) | + [(€ — & hag)|
and by (), setting Ce = Sup,_qo < (U, fla), We get

(€5 ta) = (&, tao)| < 2CE|[€ = @llu + (9, tta) = (©, 1ao) ]
< 2508 + |<S07Ua> - <907 :uao>|‘

Therefore if we have weak convergence for observable in O, it holds also for
observables in Cyy as desired.
Now let ¢ € O, and note that by tProposition 5.1.ﬂ and (@) we have

(Ps Ha = tag) = (P fta = Hay) = ((P{ = P{)(1 = P{*) 7', pra).
By the mean value theorem
(P = Pi) (1 = Pi) '@, pa)| < la— aol(DPF(L = P) 71D, pa)
where @ € B.(ap). Thanks to () and (), the right hand side is

bounded as follows
< C.la — aol [DPY(1 = P) ' ¢llu < Cila — aol [ (1 = P) " gllo

for all @ € B.(ap) and C; = C - C.. Therefore u, seen as operator on
O is locally Lipschitz with respect to the parameter a, and in particular
continuous. [
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Note that in the proof we only used that ¢ € Im(1 — P;°) so the result
ensures also that for all ¢ € Im(1 — P;°) the function a — (p, is) is con-
tinuous in ag. However such a result is not useful to conclude a — (&, p,) is
continuous in ag for £ € Cy since Im(1 — P;°) does not contain all possible
centred functions of O and it cannot be dense in Cj;.

Thanks to |Proposition 5.1.2 and [Proposition 5.1.54 we can reformulate
tTheorem 5.1.]J with the following assumptions, which are the same assump-
tions as set out in [40] but for a more general family of observables.

Assumption R There exists (O, || - ||o) Banach space and U such that O
is a dense subset of Cyy and the following conditions hold:

R1 There exists p < 1 and ¢t > 0 such that
HPtaOSO - <807,Ua0>HO < pHSD - <907,Ua0>HO for all S O;

R2 For every ¢ € O and some fixed t > 0 the map a — Pf1 from R to
Cy is differentiable in a neighbourhood of ay and D,P; is a bounded
operator from O into Cy uniformly in a € B:(ap);

R3 There is € > 0 such that sup, <. (U, pta) < 0.
Hence the following version of [40, Theorem 2.3] holds.
Theorem 5.1.4. Let {P? : a € R} be a family of Markov semigroups over O
and assume holds. Then the map a v (@, ia) is differentiable
at ag for every ¢ € O and in particular

o) = DPEO PO o~ o)) (5:14)

a=ag

Proof. Let ¢ € O, then by lProposition 5.1.j

<907 Ha — Ma()) <@’“a B p“ao> _ <(,P7g — 73;10)(1 — 7);10)71@7#@>

la — ap N la — apl a la — apl

By Assumption @ we have that

((Pf = P)(1 = P°) '@, pra)
la — ag|

= (Da(PiY)|a=qq + Ha) + (Ta fa)

with ||r.|lv — 0 for a — ag. Thanks to lProposition 5.1.3|, for a converging
to ag we have

(Da(Pr(1=P{)7 Q)| Ha) = (Da(Pr(L = P) 7 G)| s Hao)-
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Finally as seen in (@)—(@), Assumption ensures that

(Tay pta) — 0 for a — ag

and therefore (i, 11,) is locally differentiable for all ¢ € O and () holds.
U

We have shown that, given a family of Markov semigroups P;* with rel-
ative invariant measure p,, acting on a space of observables O such that
|Assumption Rl holds, we have weak differentiability of the invariant mea-
sures with respect to the parameter a € R. We are now interested in giving
possible examples of such space O. In the original work of Hairer and Majda
[40] the set O is the closure of C§°(H) under the following norm

o (2@, 1D
lellaar =sup (23 + el 5.19

where VW : ‘H — [1,00) are two continuous functions. As the authors
observe, it can be proven that if we quotient this space by the space of all
constant function, then there is a distance function dy y such that this norm
is equivalent to the Lipschitz norm corresponding to dyw i.e.

lllvw = sup le(@) — o)l
oty dvw (2, y)

This choice is probably guided by the results_in [42]; indeed this work en-
sures the spectral gap condition in the norm () holds for a large class of
hypoelliptic diffusions and in particular for the 2D stochastic Navier—Stokes
equations.

In our analysis we will not use such a space of observables as by the
asymptotic coupling approach we are able to establish the spectral gap con-
dition with respect to a different norm. Indeed, in Corollary 4.1& we showed
that the general form of Harris’ theorem ensures P; exhibits the spectral
gap condition in the Lipschitz seminorm corresponding to the distance-like

function d () )|
sy 2 37~ — oy
il = sup S5 =245
with )
d(z,y) = Vdn(z,y)(1+ V(z) + V(y)). (5.16)

Here V : H — [0, o0] is the Lyapunov function as defined in Definition 4.1.4]
and dy is the distance-like function as given by [[heorem 4.1.1( i.e.

dn(x,y) = NOu(z,y) AN NOL(y,z) N1, « € [0, )
_ ]V'eow|m|2|‘r . y|2a A Necw|y|2|x . y|2a Al

(5.17)
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with ap and v as in .
As observed in gection 4.1] (see (@) and subsequent calculations) || - |;

is only a seminorm as ||¢|/; = 0 only implies that ¢ is constant. However
for the framework presented it is not enough for || - ||; to be a seminorm and
we have to get rid of the constant functions to ensure it is a norm. Then,
instead of the space C§°, consider its subset

Cr ={0 — (¢, tay) + ¢ € C5"} (5.18)

and define )
Cii=C=li and ¢y =l (5.19)

where || - || is as in (@) Then (Cj, || - || 7) is the candidate observable space
(O, 1~ llo)-

Remark 5.1.5. Note that we could also defined C; as the union of the space
of constant functions and the completion of C'>°. As we have seen in the
general framework though we would consider again the subspace of centred
functions to invert the operator (1 — P;°) so we prefer to define directly C;
not to include the constant functions. In this case then O will correspond to

O =1Im(1 —P/).

First of all to satisfy [Assumption R| we have to ensure that (Ca - 1lz) 1s
complete and find U such that it is a dense subset of Cy.

Proposition 5.1.6. Let U : H — [1,00) be such that U > /1 +V and
consider Cy and C; as in (), where

|o(@)]
Ul(z)

o ()
d

w(y)l_

lelly = sup and ||¢||g = sup —
zeH weM z,y)

Then we have that:

(1) C;is a dense subset of Cy;

(i) (Cu,| - |lv) is a complete metric space;
(iit) (Cg, || - |l;) is a complete metric space.

Proof. Proof of|(i) Since C; and Cy are both defined as closure of the same set
with respect to different norms, to show that C; is dense in Cy it is sufficient
to prove that C; is continuously embedded in Cy i.e. that there exists a
constant k > 0 such that

lell < Kllellg  forall ¢ € Cy. (5.20)
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Given ¢ € Cj, since it is by definition centred, we have

(@) _ ol ) <s0,uao>|

< U / Iso Y)| tao (dy)
< sup N) vl / * y
TH#Y d

Now by definition of J, the fact that dy <1 and U > 1 we have

d(z,y) _ [ Vdn(z,y) 1+ V(z) +V(y))
/ U(I’) Hag (dy> - / U(ZE)

< —W + / VV(Y) fag (dy)

[ag (dY)

and so

+ Ulz)

G (Sgpw + [ V) uao<dy>> -

It follows by the definition of the Lyapunov function V (lDeﬁnition 4.1.4]
and subsequent discussion) that it is integrable against pu, for all a, and
U>V1+ V SO there exists £ > 0 such that ||¢|lv < k|lp||; as desired.

Proof of Let (¢n)n be a Cauchy sequence in Cy i.e. for all e > 0
there exists N > 0 such that for all n,m > N

[P —m(@)]
lon — @mllv sup 00r) <e. (5.21)

It follows that for all x the sequence (¢, (x)), is Cauchy in R and there exists
¢(x) such that for all € > 0 there exists M, > 0 such that for all m > M,

[om (@) — p(2)] < e

Then for all n > N and for all z pick m, > max(N, M,)

0u(@) = 0(0)] _ 1on(®) = o (©)] | ma(®) — 0(2)]
U@ S 0@ U@

_ len(@) = (@)
=T T

+ lem, (2) — p(2)] < 2¢
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using that U(z) > 1 and the fact that since () holds for all n,m > N, in
particular it holds for any such choice of m,. We have then shown that for

foralln > N

up lnl@) = 2@ _

x€H U(:B )

Finally it is easy to see that if two Cauchy sequences differ by a sequence
converging to zero, then they must have the same limit. Let ¢, and v, be
two Cauchy sequences in Cy such that v, — ¥ and ¢, = ¥, + a, with
|an |l — 0 for n — co. Then for every € > 0 there exists N € N such that

len = bllu < llen = an = Yllo + llanllv < 2¢

for all n > N.
Proof of . Let (¢5), be a Cauchy sequence in Cj, i.e. for all ¢ > 0
there exists N € N such that for all n,m > N

lom — oz = sup [Pn(2) = m(®) = only) + o)l _ (5.22)
T#y d(l‘, y)

In particular then by (i) it is Cauchy also in Cy and by (ii), it is convergent

in Cy. We will show that the convergence holds in C; as well. As seen in (ii),

since (¢), is Cauchy in Cy, for all x there exists ¢(x) such that ¢, (z) — ¢(x)

for all n — oo. For an arbitrary € > 0 then for all  # y there exists M,

such that for all m,, > M,

lom(@) — @(x)| < ed(z,y) and  |om(y) — o(y)| < ed(z,y)

For all n > N and for all z,y we can pick an m > max(N, M, ,) and note
that

[on(7) = p(2) = en(y) + 0W)| _ |n(@) = P, (f{) — @u(y) + Om,, (Y)] N
d(z,y) B d(z,y)
P, () — ()]

W
d(z,y) d(z,y)

hence

|on () — 90(1;) — eny) + 0] <3¢ forall z#y.

d(z,y)

]

Having shown that C; is a complete metric space we set the space of

observables
(O, |- [lo) = (Cg, [ - |9)-
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Then the results in , specifically |Corollary 4.1.%4, will ensure

Assumption holds. In the next subsection we will focus on semigroups

P associated to a particular type nonlinear stochastic differential equation

on the Hilbert space H and show verifiable conditions to ensure the rest of
ssumption RJ holds.

5.1.1 Application to SPDEs

Let (#H,]|-]) and (V,] - ||) be Hilbert spaces with ¥V CC H and consider the
stochastic equation

dX = (AX + F(X)) dt + af dt + dW, X(0) =z (5.23)

where A is a nonnegative selfadjoint linear operator, f € H is a deterministic
forcing modulated in intensity by the constant a € R, W is a Wiener process
on (9, F,P) with values in ‘H and trace class covariance operator ), and F'
a nonlinear function such that there exists a unique solution for any initial
condition X (0) = z. Assume then that the associated Markov semigroup

(Pio)(x) = E@(X(t ;a,2)) forall € By(H)

is well defined and admits an invariant measure .

Given the space of observables (Cy, || - || ;) we want to show that the model
exhibit linear response with respect to the parameter a. so we will show
sufficient conditions for |JAssumption R| to hold. In ‘chaﬁter % we saw that
if JAssumption Al in pection 4.1.1 is satisfied, the spectral gap condition
holds for || - ||;i.e. there exists t > 0 and p < 1 such that

1P ellg < pllells

for all ¢ € C;.

We move on looking at the condition @ We have to ensure that for an
appropriate choice of the function U, the function a — P;'¢ with values in
Cy is differentiable at ag, for any ¢ € Cz, namely

Pio— P
a — Qo

lim

a—ag

- Dapg(p|

= 0. (5.24)

a=ag

In order to do so_we restrict our analysis to finite dimensional forcings
f and transforming () to a simpler formulation using Girsanov theorem.
Recall that we can see the infinite dimensional Wiener process as sum of two
Wiener processes

W(t) = Walt) + W7 () = D Vauth(en+ > Vabulter,

k=n+1
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respectively with covariance matrix ), and Q" as in ()
Theorem 5.1.7. Consider the system () with f € Range(Q,,) for some

n € N. Suppose P/ admits a Lyapunov function V,, and consider a func-
tion U : H — [1,00) such that U > \/1+V,,. Then for all ¢ € C;, the
function a — Py € Cy is differentiable in ag. Furthermore the deriva-

tive (DaPf)|,—q, s a bounded operator from Cj into Cy, i.e. there erists
C = C(ag) > 0 such that

| DaPi@lomq, llv < Cllellg  for all ¢ € Cq (5.25)

Proof. Let {ex} be an orthonormal basis of H made of eigenfunctions of Q.
As f € Range(Q,,) there exists fr € R, k= 1,...,k such that

f= Z Jwer. (5.26)
k=1
Set h = a—ag. Note that on a finite time domain [0, 7] we immediately have

T
| g ds < o
0

so that, by Girsanov theorem (rfheorem 3.2.!4), the process

W (t) := hft + W,(t) (5.27)

is a Q,-Wiener process on (€2, }f”) where P is equivalent to the original prob-
ability measure P with density

%(t) = exp <hM(t) - %(M>t> (5.28)

where

M(t) = Q' fW(t) and (M), = Q" fI*t.

As this transformation depends only on W), and since W,, and W™ are inde-
pendent, we get that W, and W := W, +W™" are Wiener processes on (Q,P).
Therefore Y, solution of

dY = (AY + F(Y))dt + apf dt +dW Y (0) =z (5.29)
is equivalent to X, solution of () Denoting as Y the solution of

dY = (AY + F(Y))dt +aof dt +dW Y (0) = = (5.30)
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it follows from () that
2

S h
B(X(0,2) = Bp(F(6,2) = B (Y (t.0))exp () = -0, )|
(5.31)
We have to show that Ep(X (¢, z)), for which we just derived an equivalent

formulation, is differentiable in ag. Now, taking formally the derivative of
5.31)) with respect to h in zero we have

Fammn

= Elp(Y (t,2)) M(1)] -

h=0

(5.32)

We have to make sure this candidate is indeed the derivative of P%p at ay,
namely ensure that

4 {@(X(tﬂﬁ)) — (Y (t,2))

DyE [(p(Y(t,x)) exp (h]\/[(t) - %2<M>t>]

lim sup

h—0 o U(J,‘) h

. gp(Y(t,x))M(t)} ‘ = 0. (5.33)

It is evident that (p.33) does not change if we consider ¢ + k with k being a
constant, which can depend on the initial condition z. Therefore using (5.31/)
we have

E |:QO(X(25,J})) ; SO(Y(tvx)) _ gO(Y(t,J?))M(t)] —

Hence setting

F(h) = Fexp(RM(t) ~ M), ) -

2

— M(t) (5.34)
it suffices to show

fim sup 5B [l (1. 2) — K [F()]) =0,

for some k which is free to chose. .
Since ||¢||; < oo, for any fixed ¢t > 0, we have, by definition of d ()

(Y (1) = o()] < llellgd(¥ (1), 2) < [lollat+ Vao (Y (£)) + Vo () (5.35)
where V,, is the Lyapunov function. Therefore

E [lo(Y (t,2)) = @) [F(0)] < llellgB [(1+ Vao (Y (1)) + Vo (2))2 | F ()]

< [lllg VE(L + Vao (Y (1)) + Vo () E|F ()],
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by Cauchy-Schwartz inequality, so that

Elp(Y (t,2)) — (@) [F(h)] <
V1 Vig(2) + BV, (Y (1))

P U

¢l sup
TEH

Ul(x) h=0 )
1) (1)

Let us examine the terms on the right hand side of this expression.

(I) By the definition of the Lyapunov function V,,, and in particular as
shown in the proof of h“heorem 4.1.10, there exist constants v, K (ag) >

0 such that
PiVay () < €77V () + #1520

71
It follows

lim \/E |F(h)|*.

T Vs (0) F BV (7 V15 v @)1+ em)

<
P U(z) ey U<x>

Then, since U(z 1+ Vg (2) the right hand side stays bounded.

(IT) By the differentiability of the exponential function limy_, |F(h)|

0 almost surely. We have to ensure that |F(h)|* is bounded by an
integrable function, so that the dominated convergence theorem gives
the convergence also in expectation. Rewrite F' using the mean value

theorem
exp(AM(t) - (M),

- /0 e <rhM(t) - r%2<M>t) (hM(t) - h§<M>t) dr + 1.

So we get that

F(B)] = ] ex (hM() S0 - ¢ - M(0)
— /O eXp rhM ;<M>t) (M(t) - —(M>t) dr — M(t)‘
< /0 eXp rhM —r—<M>t> r—l’\M
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It follows that, take h in a e-neighbourhood of 0, we have
|F'(h)] < exp(e [ M(t)]) [M(t)]
and consequently, since M (t) is normally distributed,
E|F()|* < Eexp(2e|M(1))|M(1)]? < .
for € small enough.
We can conclude that a — P is differentiable and its derivative at a is
(DuP*0)l ey (@) = E [ 0¥ (t,2))M(1)]. (5.36)

We are left to show that the derivative is bounded as an operator from
C; to Cy, i.e. there exists C' such that

[E [p(Y(t, ) M@)]|
U(x)

I (DaPP)l =g, lv = sup < Cllellz

for all ¢ € C;. Let us start noticing that

[E [o(Y(t,2)M@)]| = [E [((p(Y(t,2)) — o(z)) M(1)]]
< E {lo(Y(t,2)) — o(@)[[M(#)]]
< QL IE [le(Y(t,2) — () |[Wa(t)]] -

Then by () and Cauchy-Schwartz inequality we have that

B [o(Y (£, 2))Wa() ]| < [@laB [(1+ Vi (&) + Vo (Y (£, 2))) 2 W (8)] ]
< gl (1 + Vi () + B Voo (Y (1, 2)) 2 (B [Wa()?)

As seen above, U is such that

VI V(@) + EVeg (Y (1, 2))

Ky :=sup < 00,
v zEH U(J;)
so that
| (DaPie)|uca lo < Clleollg
with C = |Q;1f|KUt1/2. O

We are ready to show the following result for an equation like ()



5.1 Linear response 145

n € N and suppose Assumption 3 holds for ay € R. Assume there
exists a measurable function V : H — Ry and positive constants v, and K
satisfying ﬂ for all a in a e-neighbourhood of ag. Then, setting the function
U:H—[l,00) to be U =+1+V, the map a — (p, j1,) is differentiable at
ap for every ¢ € C; and the identity

d
£<90, Ha)

) )

Theorem 5.1.8. Consider theﬁtem () with f € Range(Q,) for some
A5

= (D,P°(1 = P, fla)

a=ao

holds.
Proof. In order to apply 'Theorem 5.1 @We should show that |Assumption RJ

holds. Since there exists V' such that holds uniformly in a we have

EV(X(t,a)) <EV(X(s,a))+ /t (—mEV(X(7r,a0))+ K) dr, t>s>0

for all a € B.(ag), e-neighbourhood of ag, hence in particular V' is a Lyapunov
function for any such a i.e.

PV (z) <e ™V (x)+ % for all a € B.(ay). (5.37)

It follows that 'Theorem 5.1.7| holds with U = v1+V > /1+V, for all
a € B:(ap). This implies that the map a — Pfp is differentiable in B.(a)
and D, Py is a bounded operator uniformly in a € B (ay), satisfying Assump-
tion .

Next, Assumption , namely the spectral gap for P;°, is given by the
fact that holds. Therefore we only have to ensure that As-
sumption [R3 holds for the choice of U we made i.e. there exists ¢ > 0 such
that

sup (V1I+V, p,) < oo.

la—ao|<e
Since (V1 4V, ) < /(14 V, p,) it is enough to show
sup (1 +V, pa) < oc.

la—ap|<e

As V is a Lyapunov function for any a € B.(ag), by definition of Lyapunov
function and by (p.37), as we saw in ({.10), we have that

K
Y1 (1 —emt)’

(V) <

giving the desired result.
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5.2 Fractional response for SPDEs

So far we showed that, as a function of the parameter a, the invariant measure
Itq is weakly differentiable for observables in the space C; when the forcing f
is finite dimensional and [Assumption RI holds.

On the other hand, weaker regularity is still attainable under less restric-
tive conditions on the forcing, in fact we will show that for every ¢ € Cj, the
map a — (i, ftq) is local a-Hoélder continuous i.e. there exists C' = C(ay, )
such that

(s tta = tay)| < C(p)]a = aol” (5.38)

for an appropriate range of a € (0, ap).

In the literature weaker dependence of the invariant measure on model
parameter has been studied in [42, Section 5.5], for the 2D stochastic Navier—
Stokes equations, and later in [44, Section 4.1] despite it not being labelled
as response. As mentioned in the previous chapter, in the first work, Hairer
and Mattingly developed a method for the existence of spectral gaps in an
appropriate Wasserstein distance making use of Malliavin calculus and pre-
vious results on hypoelliptic operators by the same authors [41]. As an
example of application it is shown that the invariant measure of 2D Navier—
Stokes equation with additive noise is locally continuous with respect to
the parameters v, f and (), namely the viscosity, the deterministic exter-
nal forcing and the covariance operator. There the distance on the space
of measures is the Wasserstein distance associated to the norm () with
V(z) = W(z) = exp(n|z|*) with n an appropriate positive parameter.

On the other hand in [44] the authors, given the spectral gap in Cj, show
that if d satisfies a weak form of the triangular inequality, i.e. there exists a
positive constant k£ such that

d(z,y) < k(d(z,2) +d(z,y)) forall z,y,z € H (5.39)

and the transition probabilities P are such that

Wa(F{(z,-), B(y,")) < (a — ao)C(t)V (x) (5.40)

for some positive function V and C(t) function bounded on bounded sets of
R, then

Willtas Hay) < 2(a — ao)C(E)(V, pa). (5.41)

Lipschitz continuity follows if V is such that (V, fta) is bounded uniformly in
a.

We will show that indeed a condition similar to ) holds when d is
defined as in (@), and that, without requiring (p.39) to hold, we obtain
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(), which is a statement somewhat weaker than () as

(05 tta = ttag)| < [lllg Wilka, tag)- (5.42)

In order to prove () we will do a similar construction to that in

but now X and Y do not differ for their initial condition but for
the value of the parameter a, i.e. consider

dX = (AX + F(X))dt + apfdt+dW X(0) ==

dY = (AY + F(Y))dt +afdt+dWV Y(0)==z

and we will impose the following conditions which take both from
and |Assumption RJ

(5.43)

Assumption H.

H1 |Assumption A| holds for all a in a e-neighbourhood about ay and the
relative constants k; and K are such that

K.:= sup K(a) <o and sup k(a) <oo, i=0,...3.
la—ag|<e la—ao|<e

(5.44)

H2 Given X(t), Y () solutions of (), there exists a positive constant C'
such that

t
1 X(t) =Y ()|]* < Cla— ap|* exp (/@1/ HX(S)HQdS) forall t >0
0
(5.45)

where k; is as given in |Assumption A|

H3 For all a in a e-neighbourhood of ag, given k1, ks, as given by
sumption Al set

1 2
U:E and ag==-A 7 .
Ko 2 v+2y

The Lyapunov function V' is such that for all a € (0, ayp)

sup /eo‘”|$|2/2 (1+V(@)"? ja(dz) < co.

la—ap|<e

Theorem 5.2.1. Consider the system () and suppose Lélssumptz'on H
holds. Then for all o € (0, ) there exists C > 0 such that

{p: 1ta = Hag)| < CII(1 = P*) pllgla — ao™  for all ¢ € C

for all a in the e-neighbourhood of aqg, i.e. g, is locally a-Holder continuous
with respect to the parameter a.
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Proof. First of all we show that it is enough to show that there exists C' =
C(a,t,ap,€) and a positive function V(z) such that

Wi(P(x,-), PP(2,-) < |a — ao|® C(t)f/(:c) with (5.46)
| Euﬁ)< (V (), pa) < 00. (5.47)

By EI Assumption Al holds for all @ € B.(ag) and so. as we have seen
in [Theorem 5.1.8 and more specifically in Corollary 4.1.8, the spectral gap

property holds, namely there exists p < 1 and ¢ > 0 such that

P00 — (@, ttag) 1§ < plle — (@, tao) ||g forall v € Cy.

Then, since C; is by definition made of functions centred with respect to p,,,
[Proposmlon 5.1. j ensures that for each ¢ € C; there is a unlque 1 € C; such
that ¢ = (1 — P;°)1y, and we denote such (1 —Pio) . Therefore as
seen at the beginning of the chapter from (ﬁ) we have

(@, Ha = Hag) = (P — P), f1a)-

Now thanks to the definition of the d-Wasserstein semidistance and the re-
lation (p.49), it is easy to see that

((PE = Py pad] < (P2 — PV, )
/ (W, P, ) — iy PO (2, )] ralde)
< 14l /H WiP2 (. ), PO (2, ) ra(d).
Therefore by () and ()

(92 tta = ttag)| < la = ao*[$l|3C (1) sup (V(), pa) (5.48)

la—aog|<e

i.e. g is weakly a-Holder continuous in ay.
We can then focus on showing (b.46)) holds. By definition of the Wasser-
stein semidistance W; (.2) we have

WP (z,-), PM(z,-)) < Ed(X(t),Y(t)) (5.49)

and, thanks to Cauchy-Schwartz inequality,

Ed(X(t), =Edy(X(t), )(1 +V(X(t) + V(Y (1))
< VEdy(X(1),Y ()1 +EV(X(t) +EV(Y (). (5.50)
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Let us first bound E dy(X(2),Y(¢)) similarly as done in the proof of
orem 4.1.1;]. From |Assumption , E gives that there exists ko > 0,

k3 = R3(ap) > 0 and a random variable = depending on a parameter
~v > 0, such that

t
IX(t)]* + /@2/ | X (s)[|*ds < |z|* + kst + 22 >0 (5.51)
0
with
P(E% > R) <e>"  forall R>0. (5.52)
Then, using () in the estimate , we have that

X(t) = Y (O < Cla — aol* exp( 2 (|ef* = |X(O)F + kst +Z20)).  (5.53)

;
Recall that by definition of dy ()
dy(X,Y) < N (X (1), Y (t)) = N|X () — Y (£) eI ¥ OF
where v = K1 /Kky. Then by ()

E|X(t) — Y ()X OPF < Cla — o> exp(av|z]?* + avkst)E exp(avZ).

Since we consider « € (0, ag) where

1 2y 2y
oy = — <
2 v+2y w

then E exp (ainO) =: (g is finite for all a € (0, ap) and we have
Edy(X(t),Y(t)) < NEb,(X(1),Y(t)) < NCzla — ao|?¥e*v#F+avnst
Looking back at () we have found that

Ed(X(1),Y (1)) < |a — ao|* NY/2CY 2eerlel oot/
VI+EV(X(®) +EV(Y(2)).

By definition of Lyapunov function V' (tDeﬁnition 4.1.4]), we have that

EV(X(8) + EV(Y(£)) < 2¢-71V (2) + Qfa <oV (x)+ 2?8

where K. = sup,_,, <. K(a) stays finite by the assumptions on K in @
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Then we have showed
Ed(X(t),Y(t) < |a — ao|*C(t)V (z)
with

. ) 1/2
C(t) = NY2CL e/ and V/(x) = o2 (14 25 4 2V ()

) (5.54)

and thanks to [H3 it follows that sup,, ,.<.(V, ita) stays finite.
Finally by (5.49), the bound (5.46) holds and consequently (5.48) is ful-
filled. O

In the next section we show that h“heorem 5.1.54 and h“heorem 5.2.]J apply
to the stochastic Navier—Stokes equations laying out the proofs in such a way
that they generalise easily to the model of interest, the stochastic two—layer
quasi—geostrophic model.

5.3 Stochastic Navier—Stokes equations

Consider the Navier-Stokes equations as in () with deterministic forcing
f = f(z) € H = L*(D) modulated by a multiplicative constant a > 0,

du+ (vAu + B(u,w)) dt = af dt +dW u(0) = ug (5.55)

and the Markov semigroup, acting on bounded measurable observables, as-
sociated to its unique solution u = u(t, w;ug, a)
(Pie)(uo) = Ep(ult, - uo, a)). (5.56)

In we showed that the model exhibits exponential convergence
of transition probabilities with respect to the d-Wasserstein distance where
d is the distance-like function (5.16) with parameters

k 1 2
B_l >0 and ap=-A 7 .
v(iv — A TrQ) 2 v+42y

In we summarize the parameters of |Assumpti0n AI and their values
for the stochastic Navier—Stokes equation which will be used in the results
of this section.

Now, for finite dimensional deterministic forcing f we can show that
the stochastic Navier—Stokes equations exhibit linear response, namely weak
differentiability of the invariant measure with respect to the parameter a > 0.
We will prove so by means of [[heorem 5.1.§ presented in the previous section.

v =

(5.57)
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Condition | Reference | Parameter Value

Al | (1) i K3 /v
Ad () Ko v—yAITrQ

K3 TrQ+|f11%/v
A
(.79) n -
= K TrQ+ | f2/v

Table 5.1: Summary of the parameters in |Assumption A| for the stochastic
Navier-Stokes equations where kg is given by the estimates of the trilinear
form in [Lemma 1.2. i, v the viscosity parameter, v is an arbitrary positive
constant chosen in such a way that x5 is positive, A is the smallest eigenvalue

of the Stokes operator, () the covariance operator of the noise and f is the
deterministic external forcing.

Theorem 5.3.1. Consider the Navier—-Stokes equation (p.55) with determin-
istic forcing f € range(Q,) for some n € N. Then for all a € (0,cq) the
map a — (p, la) s locally differentiable for every ¢ € Cj.

Proof. In order to apply 'Theorem 5.1.8 we have to ensure that Assumption

J@, A3 for ag and Assumption uniformly in B.(ag). As already
stated in the previous chapters, it is known that this model has a unique
invariant_measure. see e.g. [37, Section 3.1, and as seen in , it
satisfies |JAssumption AI with Lyapunov function V(z) = |z|* and parameters
as in [Table 5.1 Tracking the dependence on a in the proof of [[heorem 4.2.1|,
we see in (4.75) that holds with

)

HafH2—1
b

m =vA;, and K(a)=TrQ +
v

so that, setting K := sup,_, <. K (a) < oo, we have that
a 2 —v1t| |2 K

PV (x) = Elu(t,z,a)|” < e x|+ —

g

as desired. ]

When the forcing f is not necessarily finite dimensional we can show
a-Holder_continuity by ensuring that |[Assumption Hi holds. In particular
proving will need new arguments to be developed. First of all we show
the following crucial result:
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Theorem 5.3.2. Consider the Navier-Stokes equation (5.55) with f € H~!
and corresponding unique invariant measure [i,. Suppose Assumption
holds, then for any choice of the parameters ag > 0 and € > 0, there exists
m > 0 such that for alln € (0,m1)

sup /exp(n[xP) fa(dx) < o0.

la—ap|<e

rfheorem 5.3.j appears necessary also in [42, Section 5.5] to study the
dependence on the parameters for stochastic Navier—Stokes and there the
following lemma was given as a justification for this result.

Lemma 5.3.3 ([42, Lemma 5.1)). Let M be a real-valued semimartingale
dM(t,w) = F(t,w)dt + G(t,w)dW

where W is a standard Brownian motion. Assume there exists a process Z
and positive constants by, by, bs with by > b3, such that

(Z) F S bl - ng a.s.,
(ii)) M < Z a.s.,
(iii) G* < b3Z a.s.
Then the bound
2b;
boe—b2t/4 ba exp(—)
E exp (M(t) + 26—/ Z(s) ds) < —T\R] exp(M(O)e_b2t/2)
4 0 b? - b3
holds for any t > 0.

We will show explicitly how such a statement leads to that of
rem 5.3.2

Proof 0f|Theo7"em 53,5} Let n > 0 and take the H product of () with
nu itself to get

d(n|u(®)]*) = 1 (2a(f,u) + q = 2v|[u|]?) dt + 2n(u,-)dW (t)

where ¢ = Tr@. We apply setting M (t) = n|w|* and Z(t) =

A7 ug||* with X the smallest eigenvalue of the Stokes operator. Indeed we
have:



5.3 Stochastic Navier—Stokes equations 153

(i) the first condition of the lemma is satisfied for b; = 7 (a—ijHQ,l + q)

and by = v\ as
F(t) =n (2a(f,u) + ¢ = 2v|ul]?)

CL2
< (U vl + g = 2l ) = b = 200

(ii) Simply by Poincaré inequality M (¢) = njul? < npA7H|u||* = Z(1).

(iii) The third condition is fulfilled with by = 45q as by (2.49) and Poincaré
inequality we have

AP [[{u, )70 < 4n’qlue® < 4n*gA ™ u]]*.

To ensure that by > b3 i.e. 4ng < v\ we take
n < v /4q. (5.58)

Then gives
v e—v)\t/4 t -
Eexp(nlut|2+nT/ ||us||2ds) < C(a) exp(n|u0|26 ”At/2)
0

with

a 2 14
) exp(zn(ﬁllyi”’l/ ))

C(a) = (5.59)

vA —4nq
which stays uniformly bounded for all a in a e-neighbourhood of ay. Conse-
quently we have

E exp(n|u|*) < C(a) exp (n]uo[*e/?). (5.60)
Next, we observe that as f, is the invariant measure for Py
2 _ 2
/exp(n|x! ) pa(dz) = /E exp(n|u(a, z)[*) po(dz) for all ¢ >0,

so that, by the bound () just obtained,

[ eso(lel) i) < Cta) [ explalaPe ™) matdn) o1

for all 0 < n < vA;/4q and any ¢t > 0. In particular then

/exp(n|x!2) pa(dz) < C(a) tli)rélo/exp(np:]?e”M/Z) pa(dx) . (5.62)

e

@
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We have the desired result if (I) is finite uniformly in a. In order to prove it
we use the following approximation argument.
Define the function

oi(x) = exp(nlz|Pe™/?)

and introduce an increasing sequence of cut-off functions x, € [0,1], i.e.
smooth functions supported on [—n, n] with x, = 1 over [-n+ 1,n — 1] and
Xn — 1 for n — co. Then define the series of functions

eni() = xu(|2])pe(z), neN.

so that lim,_,~ ¢, = ¢;. By the monotone convergence theorem we have
im (@nt, pta) = (UM @4 pa) = (Pt ta) (5.63)
n—oo n—oo

therefore we want to show that

lim Hm (pn¢, fta) < 00 (5.64)

t—00 n—00
uniformly in a.
With a simple manipulation we see that for any ug € H
<90n,t7 :ua> = <<)0n,t7 ,ua> - <90n,t7 Pz(”o: )> + <Q0n,t) Pﬁ(um >>

Now, we suppose that ¢, are such that ||¢,||; < oo and in particular that
for some C; >0
lnillg < Crn'/? exp(mme™/?) (5.65)

and we will indeed verify such a statement at the end of the proof. Then
from relation (4.6), since ||¢n||; < oo we have the following bound

{ns tta) < Ml @nilla Walktas Py (uo, ) + (ns, By (o, -))- (5.66)

By |Corollary 4.1.7| i.e. the exponential convergence of transition probabilities
to the invariant measure

< Cllenllg exp(=mn) (1 + V(uo)) + (@ne, Py (uo,-))
and by ()7 relabelling appropriately the constant C
(@ns t1a) < O exp(in —1n) (1 +V (uo)) + (ns, Pe(uo, ). (5.67)

Then for
n<m=vh (5.68)
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the first term on the right hand side of () converges to zero when sending
n to infinity.

Next we focus on showing the second term on the right hand side of ()
is uniformly bounded in a. From Assumption |A2 we derive the following
estimate

[un|* < Juol* + w3(a)n + =5
where we know k3 is bounded uniformly for all a in a e-neighbourhood of ay.
Consequently, using the definition of ¢, ; we get

(nts P2 (tt0,)) = E g ttn(a, u0))
— E exp(nlun(a, uo)

< exp(ne ™2 (Juo|* + k3(a)n))E exp (776’”’\’5/255;).

Recall from , that if & < 2, then Eexp(kE2) = k/(2y—k) : C=

is finite and in particular it is independent of a. Therefore for ¢ large enough
(ie. t > 2In 3-) and any arbitrary uy € H from () we have

’26—1/)\t/2)

(nts Ha) < CnM?exp((n — y)n) (1 + V (uo))
+ Czexp(ne™ " (Juol* + rs(a)n)).

for any n € N, and ¢ large enough.
We have then shown that for all n <

lim lm (@4, pa) < Cs. (5.69)

t—00 n—00

Recall that to apply we required in () that n < v /4q,

then for all n > 0 such that

I//\l
< —= Av = 5.70
n< g AT (5.70)

given (), () and () and the fact that

sup k3(a) <oo and  sup Cf(a) < o0

la—ap|<e la—ap|<e

we conclude that

sup /exp(n|x|2) po(dz) < sup Cf(a) lim lm (@, 4, pa) < 00.

la—ao|<e la—ao|<e t—00 n—00

We conclude the proof by showing that the estimate () for ||¢ntll;
holds. By the mean value theorem, given z € [z,y],

|on,t(2) = na(W)] < [ Datpni(2)lllx =yl
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and so if || D,pp +(2)] is bounded uniformly in z, we have the following bound

r—vy
lonalls < (sup ||ston,t<z>||) (sup lz— 4] ) . (5.71)
z€H THY d(l‘, y)

Focusing on the derivative of the functions ¢, with respect to z it is easy
to see that

1Dane (2)I1 < 20200(2) X3 (122) + xall21)me ™2 20u(2)]

The smooth cut-off function y,(|z|?) has by definition support [—n,n] and it
is bounded above by 1, whereas its derivative x/ (|z|?) is well defined for any
choice of n and has support [—n, —n + 1] U [n — 1,n]. Therefore

sup 1D2pns ()] < sup 2|z exp(nlz[*e™2) [x7(|2%) + ne™ X xn(|2]?)]
zE

2> <n

< 20 exp(me ) (sup G ()] 4 1)
zEe

Note that, by the construction of y,, the length of the interval where the
function is not constantly one or zero does not change with n, in fact it
is always of length one, and all x,, for n € N behave identically in those
intervals. Therefore

sup |x,(t)] = sup |x;(t)] forall n €N
ten—1,n] te[0,1]

and
sup [x,,(|2[*)] = sup |x;(t)].
z€H t€[0,1

Therefore we showed that there exists a positive constant

Cy:=2 ( sup |x3(t)| + 77)

te(0,1]
such that the derivative of ¢, ; satisfies

SUp || Dapna(2)] < Cin'* exp(im).
zE
Finally from () we see

lonillg < Cin/? exp (nne””\m) sup u (5.72)
Ay d($7 y)
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By the definition of the distance-like function d in () we have

sup'ilj_y| < 00

TH#Y d(l‘, y)

so that, relabelling C appropriately, the desired result holds. ]

Theorem 5.3.4. Consider the Navier—Stokes equation (5.55) with f € H™'.
Then for all o € (0, ), with o as in (p.57), the map a — (@, ) s locally
a-Hélder continuous for every ¢ € Cj.

Proof. Given [Theorem 5.2.1 we have to ensure that the solution of ()
satisfies |Assumption H|.

Tracking the dependence on a in [Theorem 4.2.1 we see in () and
() that the constants kg, k1 and ko are independent of the parameter a
and that

laf[y

k3(a) = K(a) =Tr@Q + Y
so that Assumption @ holds.

Assumption E is verified thanks to the computations carried out in
ection 2.5. In fact we derived the energy estimate (2.90) for w; := w;(a) —
u(agp), i.e.

2 2 2
Llwf? + vl|wl? < 22 |lu(ae) 2w + 20 — g

and by Gronwall’s lemma we have

t t
2|1 £11% k2
O < 20— af? [ p(— lulr,ao) | dr
0
t
2||£112 k2
< —HfVH 1|a—a0|2texp(27B/0 ||u(r,a0)||2dr

so that @ is satisfied with C' = 2||f||2,/v, k1 = 2k%/v.
Recall that for this model the Lyapunov function is V(x) = |z|?>. Then
we are left to show [H3 i.e.

sup (V, pta) < 00

la—ao|<e

where . L
V(z) = el /2 (14 2K, + 2¢7|z]?) 2

Introduce an auxiliary function U : H — (0, 00)

U(x) = exp(nfaf?).
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and we want to show that there exist positive constants 7,7, such that for
all n € [770, 771]

N 6““'7”‘2/2(1 + Ko 2|2|2)1/2
sup (V) ptq) < sup :

sup (U, ptq) < 00.

la—ap|<e rEH U(l’) la—ap|<e
N ~ 7 —————
() (I7)

In [Theorem 5.3.2 we showed that (II) is finite for all n < r; with 7; as in
(b.70). On the other hand part (I) is finite as long as 7 is strictly larger than
av/2, or since o € (0, )

QU
> —
=7y

Then we only have to make sure that
U

< ="M
2 771 - 4q 71

First note that given the definition of o we have

QU U YU

2 —ZA <
2 4" g0 7

where v > 0 is an arbitrary parameter such that v < vA;/q. Therefore if we
consider

A
0<'y<mzu/\y)\1,
4q

we have a non empty interval of possible values for the parameter n

(6 70X%
T<’Y§77<771

for which (I) is finite and [Theorem 5.3.2 holds.

5.4 Stochastic two—layer quasi—geostrophic
model

Consider again the system () studied in with the intensity of

the deterministic forcing f modulated by a multiplicative constant a > 0,

af

da )+ 0.0 et (1

) dt +dW  (5.73)
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Condition | Reference | Parameter Value

A1l (1.79) K1 2kp
A3 () Ko v—292"2TrQ

K3 To + |l flI2,/2v

71 V/\z/()\l—FFl)
ad | (usd) .

K T + Ml flI2/2v

Table 5.2: Summary of the parameters in |Assumption A| for the stochastic
two—layer quasi—geostrophic equations where kg is given by the estimates of
the trilinear form in [Lemma 1.3.4, v the viscosity parameter, v is an arbitrary
positive constant chosen in such a way that ko is positive, A is the smallest
eigenvalue of the Stokes operator, () the covariance operator of the noise, Tt
is given by (R.53), f is the deterministic external forcing, h; is the height of
the top layer and F} is a positive parameter defined by (@)

and Po(dn) = Ep(q(t, -; qo, a)) with unique invariant measure .

In ection 4.3 we showed that the stochastic two—-layer quasi—geostrophic
model satisfies [Assumption A with parameters as in and conse-
quently the exponential convergence of transition probabilities was estab-

lished with respect to the d-Wasserstein distance with d (p.16) defined with
parameters

k 1 2
v = B_2 >0 and ap==A 7 .
v—2y"Tr@ 2 2v+w

(5.74)

As established in 'Theorem 5.1.§ and rfheorem 5.2.]], this is a crucial ingredi-
ent to ensure respectively weak differentiability of the invariant measure with
respect to the parameter a when f is finite dimensional, and weak a-Ho6lder
continuity for any f € H~2.

We will start with the first of these two results, the weak differentiability
or linear response for the two—layer quasi-geostrophic model. This was our
main aim for developing the general methodology presented above and one
of the main achievements of this work, despite its concise proof.

Theorem 5.4.1. Consider the two-layer quasi—geostrophic equation ()
with f € range(Q,) for some n € N and invariant measure p,. Then for all
a € (0,a0) the map a — (@, pa) is locally differentiable for every ¢ € Cy.

Proof. To apply rfheorem 5.1.d we have to ensure that holds
for ay and holds uniformly in B.(ag). We know [Theorem 4.3.1 showed
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Assumption Al to hold with Lyapunov function V(x) = ||x]|*, and parame-
ters as in . Then, tracking the dependence on the parameter a in
the calculations leading to (), we have in fact that holds with

VA2

- A+ By

h
n and K (a) = S af |, + T

Therefore setting K := supy,_,, <. K(a) we have

) K
PiV(ao) = E[la(t. qo; a)[I2, < e flaollZ, + -

for all a € B.(ao) as desired. O

When the forcing f is not necessarily finite dimensional we can show weak
a-Holder continuity by ensuring that |[Assumption H holds. Again we start
with the following result on the invariant measure of the model:

Theorem 5.4.2. Consider the model () with f € H-? and corresponding
unique invariant measure . Suppose Assumption holds, then for any
choice of the parameters ag > 0 and € > 0, there exists n, > 0 such that for

all ne (07771)
sup [ esplalx?) pa(dx) < o

la—ap|<e

Proof. By definition of invariant measure we have for all t > 0

/eXp(n|||X|||2_1) Ha(dx) = /]EeXp(nlllqt(a, OI2,) paldx),  (5.75)
and thanks to we will derive an upper bound for the ri%hand

side. In fact taking the L product of (@) with n, as seen in (R.53), we
have

d(nlllall®) = —2n (ahy (f, 1) + rhal|ga])” + v|Ag [ dt) dt

We want to ensure that conditions (i)-(iii) in are satisfied: first

set M(t) = nlla()l|?, and by (L1 ie. Jla®IF < A lla@Z, we have
precisely M(t) < Z(t) = nA\Yla(®)]|? so that condition (ii) is fulfilled.
Moving on to condition (i) setting the function F'(t) to be

F(t) = =20 (ahy (f,91) + rhe||¥a]* + v|A|?) + 0T
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by the usual application of Cauchy-Schwartz, Young and Poincaré inequali-
ties we get

h
F(t) < T |af|2y + mvha| Avs | = 2| Ag[? + 5T
h
< (BlofIP, + 7o) — midwP

Then estimating [A|? by ([L45), ie. [[qfl} < colAe[?,
F(t) < by — banAT ()17

with
V)\l

h
by = n (—1||6Lf||2_2 + TQ) and by = —.

Finally for condition (iii) we have to ensure that there exists b3 € (0, by) such
that G? < b3Z almost surely namely

4P| (e, )3y < banALla(®)]ls. (5.76)
Given the estimate () for ||(¢1, -)||3o and Poincaré inequality we have
2
TrQ@

11 )7g < [P Tr@ < |Agpl?

X2h,

and consequently () holds setting by = 4nh A\ Tr@Q. As we require
by > b3 i.e.

we get that for all

0<n< =: 1o, (5.77)

the hypothesis of hold, giving

7b2t/4

b2€ t _
Besp (alla®I, + 25— [ oAl ds) <
by exp(%)
by — b3
Using this estimate back in () we have

exp (nllla(0)[|Z e~%).

/eXp(n|IIX|H2_1) pa(dx) < C(a)/exp(n|||X!HZ)_16‘b2t/2) Ha(dX)



162

5. Linear and fractional response

for all n < np and all £ > 0 with

2 exp (22 (Aol |2, + To) )

C pu—
@) B\ T Q

In particular setting

C.= sup C(a)=Cl(ag+e)

la—ap|<e

we have for all n < ng

sup [ exp(allxl) pa(dx) < €. sup Jim [exp(alll e ) ofax)

la—ag|<e la—aog|<e
(4)
(5.78)
and we are left to show that part (A) is finite.
Define the function ¢, : H — R, as
pu(x) = exp (n]x]|2,e""2)
and its approximation
2 2
() = Xu(IX[IZ,) exp(nllx]Z o)

where (. )n is an increasing sequence of cut-off functions as in the proof of
h“heorem 5.3.41. By the monotone convergence theorem

nlglolo«on,tuch = <nlggo Pnts ,ua> = <90t7 :ua> (579>
and we focus on ensuring

sup lim lim (@, ta) < 00.

la—ao|<e t—00 n—o00
In a similar way to showing (), for Navier—Stokes, it can be proved that

X —
lonillg < Cin/? exp(nn) sup w < 00 (5.80)

TH#Y d(X, Y)

so that

(nts ta) < NlonilliWiltta, Pr(Qo, ) + (ns, £(Qo, )
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Thanks to |Assumption Al the exponential convergence of transition proba-
bilities holds ([Theorem 4.3.1f) and [Corollary 4.1.7 gives in particular

Wita; Pr(do, ) < Cem ™" (1 + V(qo))

where V' is the Lyapunov function with parameters v; and K as in .
Relabelling appropriately the constant C', by () we have

(@nt ta) < Cn' exp(nn — nn)(1+ V(o)) + {@ns, Prlao, ). (5.81)

Next thanks to E we know that

—a

2 2
lla(n, ;a,qo)llZ; < llaollZ; + x3(a)n + =5
so that

<90n,t7 P;;,I(q(h >> - E@n,t (q(n) 55 a, qO))

< exp (e[|, + ms(a)n)) Eexp(ne"222).
(5.82)

Picking ¢ large enough so that

C=z :=Eexp (ne*th/ZEi;)

is well defined, we get from ()
(Pn,ts a) < CnM2exp(nn — yn)(1+ V(ao))
+ Gz exp(ne™*(lao|? , + rs(a)n))

In particular, by Assumption @ the parameter k3 is uniformly bounded on
a e-neighbourhood of ag so that for all n <

sup lim lm (pp4, te) < Cz (5.83)

\a—ao\<at_>oo n—00

Finally, (m% (m) and (IBE) show that

sup / exp(l|x]I% ) taldx) < o

la—ap|<e

for all parameters n € (0,7,) with

VA2

— A 5.84
400h1 TI"Q m ( )

m:=nNoAm =
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We are now ready to prove the last theorem of this chapter, namely
the local Holder continuity of the invariant measure of the stochastic 2LQG
model.

Theorem 5.4.3. Consider () with f € H™2. Then for all a € (0, ),
with ag as in (p.74), the map a — (@, ) s locally a-Holder continuous for
every ¢ € C;.

Proof. We want to ensure that |Assumption I—ﬂ holds. In ITheorem 4.3.]J we

showed that [Assumption A| holds and in particular only the parameters de-
ending on the external forcing f will be dependent on the parameter a. In
iable 5.2 we see that kg, k1 and ko as well as ; are independent of a and

| Mllaf|?,
v

ra(a) = K(a) = Tg
which satisfy immediately the second part of @

Assumption E is verified thanks to the computations carried out in
which led to (2.6%) namely

, gt t
(@) — qu(a)I2, < la— ao? ™12 / exp (%B / |A¢T<ao>|2dr) ds.

Therefore is satisfied with C' = hy||f]|*5/v and k; = 2kp.

For Assumption [H3, using as Lyapunov function V(x) = ||x||?,, we have
to show that

av|x 2 1/2
sup [ e B (1 ) i) < .

la—ap|<e
Given the auxiliary function U : H — (0, 00)
U(x) = exp(nlx[I%,)

it is sufficient to find a suitable value for n > 0 giving

v 1/2
supexp( (5 =) IxlI%,) (1 IIxII%) " sup (Uopa) <00 (5.85)

xeH 2 la—ag|<oo
N

~~ ~—_——
() (IT)

In order that (I) stays finite we have to assume that n > av/2 for all « €
(0, Oéo) ie.
n > /2,
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while [[heorem 5.4.2 ensures (II) stays finite for all < 7; with 7, defined
as in (p.84). We have only to show that apv/2 < 7, to have an interval of

suitable values for 7.
By definition of «y () we have that

apu v 1/\ 27y -
2 ~2\2" 2y 10)

Recall that « is an arbitrary parameter introduced so that v () is a well
defined positive constant, namely

- VA2
2TrQ’

From the proof of we know that ¢g = 2F1 /A1 so

N V)\% . l/)\% )\1
M= deoh TrQ — 2T Q 4l F

and picking a v > 0 such that

< VA T A
TS9TQ am k) TP

equation () holds for all n € [y,n2).

Summary and remarks

In this final chapter we analysed the dependence of the invariant measure on
parameters of the model, showing new results on linear response and frac-
tional response for both stochastic Navier-Stokes and the stcohastic 2LQG
model.

We first presented under a new light the best result available in literature
for linear response in the infinite dimensional context, which holds true for
a wide range of Markov semigroups and parameters. Then we focused our
analysis on Markov semigroups associated to SPDEs like () where the
parameter of interest is the intensity of a deterministic forcing. For this
type of systems, on the one hand [['heorem 5.1.§ ensured linear response,
whenever the deterministic forcing is finite dimensional. On the other hand,
in [C’heorem 5.2.]J we established Holder continuity of the invariant measure,
regardless of the dimension of the forcing.
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Having developed two toolboxes to obtain these results for quite general
SPDEs, we then applied them to the two model of interest. In the Con+
Iclusiong we will expand further on the interpretation, significance as well as
limitations of these results.

Last, we discuss the possibility of quantifying the Holder constant. This
information would allow to compute how much the average of the observables
changes with respect to the intensity of the forcing, as it is clear that the
larger is the Holder constant. the less we can control the changes in these
statistics. The proof of [[Theorem 5.2.1| provides an explicit expression for the
Holder constant namely, for all observables ¢ € C;

(@1 Ha = Hao) < la—ao* (1 = P) 1ol 3C(1) sup (Vo)

la—ag|<e

where C(t) and V() are defined in () In particular then

sup Polla —Haw) 10 qoiol(1 - PE) O sup (Vo) (5.86)
[lll 570 ||30||d la—ap|<e

where

1 — ap\—1 .
(1 — fpézo)—l” — sup [I( ) QOHd‘
lell 770 ol 4

From the results in this thesis it is possible to derive estimates for C(t) and
Sup|a—a0|<€<v7 :ua>:
(i) The function C'(t) is given by

1/2

C(t) = (NC=eat)

where a. v and k3 are as in (IS_W|) and [Table 5.1|, for Navier-Stokes, and
as in (wl) and [Table 5.2, for the 2LQG model. The constant Cz is
defined as

Cz = EeXp(OéUEf;O) = %Ci—vow by ()

Last, N is an arbitrary natural number, which defines the distance—
like function dy and has to be larger that N, as introduced in
orem 4.1.10, more precisely in (@) By carefully tracking all the
parameters appearing in the expression for N, it is possible to provide
an estimate for it.
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(ii) We saw for both the stochastic Navier-Stokes equation and the stochas-
tic 2LQG model that

-~ V(x)
sup (V, ptq) < sup sup (U, fta)
la—ap|<e z€H U(x) la—ap|<e

where U is chosen in such a way that

V(x)
su =1 and sup (U, pg) < 00.
:vG?I-)L U<'T) \a—aoI\)<6< a >

Moreover the proof of tTheorem 5.3.j (equivalently for 2LQG

However to obtain an estimate on ||(1 —P;°) || we need to compute the
size of the spectral gap. Indeed, as seen in lProposition 5.1.j7 we know that

k
agr e - PPl
11— Py 1Hs2|r7>t0||k=2<sup u)
k=0

— \Jgl20 el

and the series converges because of the spectral gap i.e. [P ¢l; < pllellg
with p < 1. As discussed in , however, it is beyond the scope of this
thesis to provide a good estimate for the size of the spectral gap as from the
techniques here used we would expect it to be very crude.

rem 5.4.2) can provide an upper bound for the value of sup|,_,|<- (U, ta)-
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Conclusions

In this work we studied the two—layer quasi—geostrophic (2LQG) model with
a forcing acting only on the top layer, composed of a deterministic and an
additive stochastic part to represent for example the stochastic wind stress
on the ocean. A number of original results regarding this model have been
shown, some using classic methodology, others, like exponential stability
and especially linear response, requiring proper modifications to recently de-
veloped techniques. Moreover we used the the two—dimensional stochastic
Navier—Stokes (SNS) equations as test model for the novel techniques.

An explicit proof of the model’s well-posedness was provided, in @
giving existence and uniqueness of weak solutions, and in gection 2.3
of strong solutions. Moreover in gection 2.4 we studied the regularity of the
solutions with respect to small changes in the intensity of the deterministic

forcing showing they are locally Lipschitz continuous ('Theorem 2.4.3) and
locally differentiable ( Cheorem 2.4.0).

Extending results available for the stochastic Navier—Stokes equations, in
rTheorem 3.1.9| we have ensured the existence of an invariant measure for the
dynamical system associated with the stochastic 2LQG model. Furthermore
uniqueness of the invariant measure was established ) by means
of the asymptotic coupling method, under restrictions on some parameter
values of the model. In particular we required the bottom friction to be large
enough to satisfy [Equation 3.73. It is interesting to notice that the asymp-
totic coupling method used provides also a description of a potential way
by which the system stabilizes. Indeed the feedback control we introduced,
namely A(¢; — 1;1), contains information only from the first layer. Then the
condition on the bottom friction corresponds to a scenario in which the first
layer stabilizes by the influence of the stochastic forcing and the second layer
stabilizes mainly thanks to the friction. A more sophisticated choice of the
coupling may allow synchronisation of the layers via their interaction instead
(see outlook).

Using a similar control we also obtained exponential stability, namely
exponential convergence of transition probabilities to the invariant mea-
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sure, provided the same condition on the bottom friction established in
tion 3.2.2 holds. To prove exponential stability by means of the asymptotic
coupling method, we reformulated the results in [12]. Specifically
Eem 4.1.10 provides sufficient conditions for the general version of Harris
theorem in_[44]. In doing so we drew a direct link from the conditions for
SPDEs in |Assumption Al to Harris’ theorem and gave the explicit formulation
of the distance-like function with respect to which we have convergence. In
fact by [[heorem 4.1.10 and [Theorem 4.1.d we know that such a distance-like
function is d(z,y)* = dy(z,y)(1 + V(x) + V(y)), with dy as in (4.31)) and V'
a Lyapunov function of the system. Note that, by definition, the distance-
like function dy is comparable to the ap—root of the original metric on the
space, with aq as in h“heorem 4.1.10. Therefore, as already observed in [40],
the asymptotic coupling approach shows the spectral gap property for the
semigroup acting on Holder continuous observables.

From the point of view of the study of geophysical fluid dynamics, the
ergodicity and exponential stability results for the 2LQG model provide a way
to describe the long term average behaviour of the ocean dynamics at the
mid-latitudes under stochastic wind stress. In particular ergodicity is often a
tacitly underlying assumption in the applications when drawing conclusions
on the statistics of the system from its time series, which now is shown to
hold.

Finally we studied the dependence of the invariant measure on the inten-
sity of the deterministic forcing establishing its weak local differentiability
and Holder continuity. As the observables for which we show the spectral
gap property are Holder continuous, they are less regular than those consid-
ered in [40]. Hence to show linear response we had to develop a different
framework from the one set out in [40] because in addition to the spectral
gap property, we also have to ensure the differentiability of the semigroup
when acting on such Hoélder continuous observables. The lack of differentia-
bility of the observables effectively requires some regularization property of
the semigroup. In order to obtain this, the forcing was assumed to be finite
dimensional and in the range of the noise, so for the stochastic 2LQG, it has
to act on the same layer as the noise. In particular one potential application
of this result accounts for changes in the intensity of the average wind forcing
on the upper ocean.

To the best of this author’s knowledge, the present work is the first to
provide a mathematical framework for linear response theory for dissipative
SPDEs with the exception of [40]. Furthermore we expand upon [40] by al-
lowing for observables that are only Holder continuous. Equally importantly
the thesis provides a compact recipe for linear response ([Theorem 5.1.&)
which can be easily applied to other models with similar forcings.
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Similarly, for fractional response (), the main arguments have

been formulated in a context general enough so that for equations other
than Navier-Stokes and 2LQG one only has to check that |Assurnption Hi
holds. It is clear that the main difference between linear and fractional
response lies in the disparity between Assumption and Assumption ,
which comes down to how the Markov semigroup alters the regularity of the
observables. In linear response this is related to Pi'¢ being differentiable in
the parameter for observables ¢ only Holder continuous, effectively improving
their regularity. On the other hand, for fractional response it is enough for

¢ to be Holder continuous. In particular in this case we do not require the
forcing to be neither finite dimensional nor in the range of the noise, contrary
to the methodology for linear response described above. This would then
allow to consider models with deterministic and stochastic forcings acting on
different sets of degrees of freedom.

Outlook. There are two main restrictions to the present analysis which
would be interesting to lift, especially from the point of view of applications.
First one is the condition on the bottom friction made to show ergodicity of
the stochastic 2LQG model. Dropping this passivity condition of the second
layer would allow investigating mechanisms under which the stochastic wind
forcing on the upper ocean stabilizes on the long run the entire dynamics.
This could also give an insight on how to treat other stratified models with
noise acting only on one component.
In order to remove such restrictions we need to apply a much more so-
histicated coupling or control than the one chosen in lsection 3.2.ﬂ and Eec—l
Eion 4.3. The desired control needs to ensure that a general solution converges
asymptotically in time to a specific subset of trajectories independent of the
choice of the parameters. This new control will have to use information from
all layers and not only the top layer. One possible approach might be to have
the control actively steer the dynamics into regions where the lower layers
become passive, before eventually synchronizing the upper layer.

We expect the results presented in this work to be applicable with ap-
propriate tweaks to models with more than two layers. The condition on the
passivity of the bottom layer would have to apply to the additional layers
without stochastic forcing. Although this condition might still be considered
realistic in two layers with the second accounting for the lower ocean, for
multiple layers a strong friction is harder to justify from a physical point
of view, especially since the density difference between the layers is not so
sharp. Therefore removing the passivity condition would also naturally lead
to looking at multi-layer models directly, rather than only two-layer models.



172

Conclusions

The second restriction interesting to be lifted is that applied on the forcing
to establish linear response, namely for it to be finite dimensional and in the
range of the noise. Regarding forcings acting on infinitely many degrees of
freedom, our linear response result should be easily extendable when the high
modes are sufficiently weak so to allow application of the infinite dimensional
version of Girsanov theorem. More challenging is to consider forcings acting
also on lower layers while the noise only acts on the top layer. In this case
we would have to use the asymptotic coupling method in a novel way by
showing it to be differentiable in the forcing. This approach also impacts
on other SPDEs where a deterministic forcing and a stochastic one act on
different sets of degrees of freedom. Such a scenario is particularly interesting
in applications when the noise represents uncertainty in the small scales and
an external forcing acts mainly on larger scales.

Furthermore, one may want to investigate linear response with respect
to other parameters of the system. For example it would be interesting to
consider the densities of the layers as parameter so to account for changes
in composition of the ocean. The densities are embedded in the definition
of the QG potential vorticity itself, in particular in the parameters Fi, F5
() hence the computations will surely be more challenging in this case.
Studying response with respect to density variations would be even more
valuable for multi-layer quasi—geostrophic models involving the temperature
as a variable. In fact gradients of density and temperature are the major
drivers of the thermohaline circulation, a crucial part of the ocean large—
scale dynamics.

Another step forward would be to establish response theory for time—
dependent perturbations. This is particularly interesting for the applications,
for example related to the study of anthropogenic climate change, as external
forcings like the radiative forcing associated to greenhouse gas emissions are
essentially time—dependent. However it is not clear whether this work extends
to time—dependent external forcings, as it is not evident even whether the
results we took inspiration from, like [44] on exponential stability and [40]
on linear response, can be extended to nonautonomous systems.



Appendix A

Gronwall lemmas

Throughout this work we made extensive use of the following classic versions
of Gronwall lemma, for reference see for example [62, Lemma 2.7].

Lemma A.1 (Differential Gronwall Lemma). Let f = f(t) be an absolutely
continuous function on [ty, T], which satisfies for a.e. t the differential in-

equality
df
L < a0+ )
where g1 and go are summable functions on [ty,T]. Then

f(t) < f(to) exp (/t: 91(s) dS) + /t: 92(s) exp (/t 91(r) d?") ds

for allt € [0,T).
A straightforward consequence is the following integral version:

Lemma A.2 (Integral Gronwall Lemma). Let f = f(t) be a continuous
function on [to, T|, which satisfies for a.e. t the inequality

f(t) < ga(t) + /t g1(s)f(s)ds for all t € (to,T)

to

where g1 and go are respectively a nonnegative and non—decreasing function
on [to, T). Then

F(t) < got) exp ( /t: a(s) ds> for all t € [to, T).

The last lemma is a modification of which will be particularly
useful in pection 1.4.2 and . Since it is not quite as classic as the
previous lemmas we give a proof for it.
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Lemma A.3 (Comparison Theorem). Let f be a continuous function, for

which
f(S)—f(T)S—’}//Sf(T)dT—i—K(S—’r’) forall r <'s (A.1)
with v, K > 0 then

f@) < fto)e ") L K/~ for all t > to. (A.2)

Proof. Take the partition of [to, ] with elements 7, = to +tk/n, k=1,...,n
for n € N; so that

n

() =€ f(to) = lim Y (7 f(7) — € (7))

k=1
= lim > e (f(70) = f(7in) (€ =€) [ 7).
k=1

Using the estimate (@) we have

n Th
< lim Z e’ <—’Y/ f(s)ds + K(m, — Tkl)) + (7™ =€) f(Ti-1).
n—oo
k=1 Tk—1

(A.3)
By definition of the Riemann-Stieltjes integral and the regularity of the ex-
ponential function, we have
n t t
lim Z (7 — V1) f(13q) = / f(s)d(e™®) = / vf(s)eds (A.4)
n—oo
k=1 to to
and by the definition of Riemann integral
n t
. - < K
Knh_)n;OZ@ (T — Tro1) = K/t e’ ds = o (e — ). (A.5)
k=1 0
On the other hand, set

Flt) = /t F(r) dr (A6)

and note that it has bounded variation since f is continuous. Again given
the definition of Riemann-Stieltjes integral and the fundamental theorem of
calculus we have

n

n T
7}21;0; el /T - f(s)ds = nh_r)IOlOZeW’“ (F(1k) — F(T1-1))

k

- /tt e dF(s) = /tt e f(s) ds.
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In summary, using this relation, (@) and (@) in (@) we get

fH)e" — f(to)e™ < — /t: vf(s)e" ds + % (e”t — e”to) + ”y/t e’ f(s)ds

to

hence the desired bound

K
f(t) < fltg)e ) 4 — forall t, < t.
Y
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