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ABSTRACT. In this work, we study several different aspects of systems modelled by
partial differential equations (PDEs), both deterministic and stochastically perturbed.
The thesis is structured as follows:

Chapter I gives a summary of the contents of this work and illustrates the main
results and ideas of the rest of the thesis.

Chapter II is devoted to a new model for the flow of an electrically conducting
fluid through a porous medium, the tamed magnetohydrodynamics (TMHD) equations.
After a survey of regularisation schemes of fluid dynamical equations, we give a physical
motivation for our system. We then proceed to prove existence and uniqueness of a strong
solution to the TMHD equations, prove that smooth data lead to smooth solutions and
finally show that if the onset of the effect of the taming term is deferred indefinitely, the
solutions to the tamed equations converge to a weak solution of the MHD equations.

In Chapter IIT we investigate a stochastically perturbed tamed MHD (STMHD)
equation as a model for turbulent flows of electrically conducting fluids through porous
media. We consider both the problem posed on the full space R? as well as the problem
with periodic boundary conditions. We prove existence of a unique strong solution to
these equations as well as the Feller property for the associated semigroup. In the case
of periodic boundary conditions, we also prove existence of an invariant measure for the
semigroup.

The last chapter deals with the long-time behaviour of solutions to SPDEs with
locally monotone coefficients with additive Lévy noise. Under quite general assump-
tions, we prove existence of a random dynamical system as well as a random attractor.
This serves as a unifying framework for a large class of examples, including stochas-
tic Burgers-type equations, stochastic 2D Navier-Stokes equations, the stochastic 3D
Leray-a model, stochastic power law fluids, the stochastic Ladyzhenskaya model, sto-
chastic Cahn-Hilliard-type equations, stochastic Kuramoto-Sivashinsky-type equations,
stochastic porous media equations and stochastic p-Laplace equations.
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CHAPTER 1

Introduction and Motivation

Random phenomena occur in numerous places in nature and society. They can often
be modelled by partial differential equations perturbed by a noise term.

In this thesis, we analyse several different facets of (S)PDE models, ranging from well-
posedness and regularity to their long-time behaviour. Many, but not all, of the models
considered here have their origin and their main applications in fluid dynamics.

The chapters are written in a self-contained way and can largely be read independently
from each other. This chapter serves to give a short overview of the contents of each of
the following chapters and some of the main ideas used there.

1. Tamed MHD Equations - Deterministic and Stochastic

The first two chapters of this thesis deal with a regularised version of the magnetohy-
drodynamics (MHD) equations, which we call the tamed MHD (TMHD) equations and
which are of the form

ov 1 S|BJ? 2
E_ﬁAv—(v-V)erS(B-V)BJrV(er 5 )—gN(I(fv,B)! v,
OB

o = o AB = (v-V)B+(B-V)v+ Vr - gv(|(v, B)*)B.

Here v = wv(x,t) denotes the velocity field of the fluid, B = B(x,t) its magnetic field
and p = p(z,t) the pressure, for points x in a domain D C R3. For the appearance of
the additional term 7 = 7 (x,t), which arises from introducing the taming term into the
equation for the magnetic field and to which we refer to as the “magnetic pressure”, cf.
Chapter [T Section [I.3.4f The numbers Re, Rm > 0 are the Reynolds numbers of the
velocity field and the magnetic field, and S > 0 denotes the Lundquist number. The
parameter N models the onset of an additional restoring force, i.e. the size of the norm of
the fields needed for the additional force to kick in. The function gy is smooth, equal to
zero for small arguments and, after a short onset, for arguments of order NV and greater
it starts to grow linearly. A more precise definition is given in Chapter [, Section [1.3.6]

This new system of equations is a generalisation of the tamed Navier-Stokes equations
of M. Rockner, X.C. Zhang and T.S. Zhang, cf. [194-197.[250|, to the MHD case.

The MHD equations (where gy = 0) are an important model in the field of fluid dy-
namics, which describes the flow of a fluid consisting of electrically conducting particles
(e.g. a liquid metal or a plasma). They share many traits with the related Navier-Stokes
equations (where B = 0), and the uniqueness and regularity of their solutions are open
problems to this day. To address this issue, different reqularisation schemes have been pro-
posed in the past, starting with the classical work of J. Leray [148] for the Navier-Stokes
equations. They aim at making the equations more amenable to analysis by changing
them, either by modifying the terms (weakening the influence of the nonlinear convec-
tive terms, or strengthening the linear dissipative term) or adding additional regularising
terms.
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These changes then ensure that the resulting equations become well-posed, and one
often can prove that if one makes the effect of the regularisation smaller and smaller, their
solutions converge to weak solutions of the non-regularised equations. Moreover, in many
models, the long-time behaviour of the regularised and the non-regularised equations can
be shown to coincide.

We start in each of the two chapters by giving a relatively detailed (though by no
means complete) overview of the existing literature of regularisation schemes for Navier-
Stokes as well as MHD equations in the introductions of the chapters, comparing different
schemes with each other and embedding our own results into the broader context.

Apart from being a regularised version of the MHD equations, the tamed equations
are of their own interest. As a special case of (a magnetohydrodynamical) version of
the so-called Brinkman-Forchheimer-extended Darcy model, they describe the flow of
an electrically conducting fluid through porous media. The tamed equations have the
property that bounded solutions to the MHD equations — if they exist, which has yet
to be shown — coincide with solutions to the TMHD equations, a fact that does not
necessarily hold for other regularisation schemes.

In Chapter [T, we then proceed to study the deterministic tamed MHD equations.
After providing the necessary tools in a preparatory section as well as in Appendix [A]
and defining the notion of weak solution, we prove existence and uniqueness of such weak
solutions to the TMHD equations by a Faedo-Galerkin approximation scheme. We then
prove that not only uniqueness holds for weak solutions but that for sufficiently smooth
initial data, the solutions of the TMHD equations are smooth themselves, i.e. a regularity
statement. For the untamed equations, similar regularity results are unknown. Finally,
we prove that the solution to the tamed equations converges to a suitable weak solution
of the untamed MHD equations as the onset of the taming force is deferred indefinitely,
i.e. as N tends to infinity.

In Chapter [[TI, we consider stochastically perturbed TMHD equations, both on the
whole space R? and on the torus T3, given byE]

S|BJ?
2

dv—{Av—(v-V)er(B-V)BJrV(er >—gN(\(v,B)\2)v dt

+ i [(04(t) - V)v + Vpi(t) + hue(t,y(0))] AW + fo(t,y(1)dt,
dB = [Aé —(v-V)B+ (B-V)v+Vr —gn(|(v, B)]*)B] dt

+ 3 [(64(t) - V)B + Vmi(t) + hy(t,y())] dWf + fi(t,y(t))dt.

We study problems of existence and uniqueness, more precisely, we study existence of a
probabilistically weak solution, prove pathwise uniqueness and then conclude that there
exists a unique (probabilistically) strong solution to the problem by employing the theorem
of Yamada and Watanabe. In the time-homogeneous case, the well-posedness ensures that
the solution to our equation is a Markov process and hence we can define an associated
operator semigroup. This semigroup is then proven to be a Feller semigroup, which means
that it maps the space of bounded and locally uniformly continuous functions to itself.
Furthermore, we prove that in the periodic case there exists an invariant measure for the
problem.

INote that we have set all the parameters Re, Rm, S appearing in the equations to unity.
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2. Random Dynamical Systems and Random Attractors

Dynamical systems can exhibit very complicated behaviour on short timescales. On
longer timescales, however, their behaviour often simplifies considerably by being confined
to a small subset of phase space, called an attractor. Although these attractors themselves
can still be very intricate objects, they nonetheless provide a simplification in many cases.

For systems subjected to randomness, the notion of a random attractor was proposed
by H. Crauel and F. Flandoli in their 1994 paper [47], see also [45]. They have since then
been studied extensively by many authors — their paper is the most highly cited article
of the journal Probability Theory and Related Fields since its creation in 1962 — for a
variety of different systems described by stochastic evolution equations (a more detailed
overview is given in the introduction of Chapter . Many of the papers, albeit devoted to
particular equations, follow the same patterns in proving existence of random attractors
(and also random dynamical systems, the existence of which is a nontrivial task in itself,
cf. [78]). In Chapter [IV| of this thesis we consider equations of the form

dXt - A(Xt)dt + th

with a locally monotone operator A: V. — V* and a Lévy process N; € H. Here, the
spaces V, H,V* form a so-called Gelfand triple, i.e. V C H C V* with compact, dense
embeddings. The compactness means, in the case that A is a differential operator, that
the underlying domain on which our model is defined is bounded.

Typically, for the dynamics of a complex system to settle on a “small” set in phase
space, one needs to have some dissipation effects in the system. This dissipativity is
provided in our case by the locally monotone operator present in the evolution equation
description of the system.

Within the variational or weak solution framework for stochastic equations, the case
of monotone operators was treated by B. Gess in [94], who generalised an earlier work
the porous medium equations by W.-J. Beyn, B. Gess, P. Lescot and M. Rockner [17].
In a joint work [98] with B. Gess as well as W. Liu, the author has worked on showing
existence of random dynamical systems as well as random attractors for equations with lo-
cally monotone coefficients driven by additive Lévy noise. We generalised the idea of [94],
especially the introduction of a nonlinear Ornstein-Uhlenbeck process generated by the
strongly monotone part of the equation, which ensures sufficient regularity to allow for a
transformation of the equation into a deterministic PDE with random coefficients, which
in turn can be treated pathwise by methods from the deterministic theory of dynamical
systems. Then we can undo this transformation and obtain existence of a random dy-
namical system for the stochastic equation. Random attractors are obtained by using the
a priori estimates to show there exists an absorbing set. Using the compactness of the
flow (which in the variational setting follows immediately from the compactness of the
embeddings in the Gelfand triple), we prove that this absorbing set is in fact compact,
which is equivalent to the existence of a random attractor, cf. [44].

Our methods apply to a wide range of equations from different areas of science. They
include stochastic reaction-diffusion equations, stochastic Burgers-type equations, sto-
chastic 2D Navier-Stokes equations, the stochastic Leray-a model, stochastic power law
fluids, the stochastic Ladyzhenskaya model, stochastic Cahn-Hilliard-type equations as
well as stochastic Kuramoto-Sivashinsky-type equations. And, of course, those equations
with (weakly) monotone coefficients from [94] satisfy the conditions of our theorems and
hence we also cover generalised p-Laplace equations, as well as generalised porous media
equations. In each of these examples, we can prove the existence of a random dynamical
system and a random attractor, in some range of the parameters of each model.
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We tried to find the largest possible such range for the models considered. The results
were in several cases, but not always, known before, and can of course be improved when
one exploits features particular to each model. For most of the examples considered, re-
sults in the generality (especially concerning the noise considered here) are new, e.g. for
the Burgers-type equations, the 2D Navier-Stokes equations, the hydrodynamical systems
of I.D. Chueshov and A. Millet [40,41]| including the Leray-a model, where existence of a
random attractor, to the best of the author’s knowledge, has not been shown before. The
same holds for the Cahn-Hilliard-type equations as well as the Kuramoto-Sivashinsky-
type equations. Further discussions of each example can be found in Chapter [[V] Section
Bl We consider our main contribution to be a unifying framework for dealing with this
large class of equations.

Proving the existence of random attractors is only one of several steps towards a
full understanding of the long-term dynamics of random dynamical systems. Next steps
would include estimating the Lyapunov exponents (i.e. how fast neighbouring trajectories
diverge), the exponential decay of the volume element as well as estimating the dimension
of the attractor (which can be infinite, as it lies in a space of functions). For more
information on this programme, cf. [213]. In this thesis, however, we confine ourselves to
proving the existence of random attractors.
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CHAPTER II

The Deterministic Tamed MHD Equations

ABSTRACT. We study a regularised version of the MHD equations, the tamed MHD
(TMHD) equations. They describe the flow of electrically conducting fluids through
porous media and have the property that bounded solutions to the MHD system also
satisfy the tamed equations. Thus, these (hypothetical) solutions may be studied through
the study of the tamed equations. We first give a review of the literature on regularised
fluid dynamical equations. Then we prove existence and uniqueness of TMHD on the
whole space R?, that smooth data give rise to smooth solutions, and show that solutions
to TMHD converge to a suitable weak solution of the MHD equations as the taming
parameter N tends to infinity. Furthermore, we adapt a regularity result for the Navier-
Stokes equations to the MHD case.

1. Introduction

1.1. Magnetohydrodynamics. The magnetohydrodynamics (MHD) equations de-
scribe the dynamic motion of electrically conducting fluids. They combine the equations
of motion for fluids (Navier-Stokes equations) with the field equations of electromagnetic
fields (Maxwell’s equations), coupled via Ohm’s law. In plasma physics, the equations
are a macroscopic model for plasmas in that they deal with averaged quantities and
assume the fluid to be a continuum with frequent collisions. Both approximations are
not met in hot plasmas. Nonetheless, the MHD equations provide a good description
of the low-frequency, long-wavelength dynamics of real plasmas. In this thesis, we con-
sider the incompressible, viscous, resistive equations with homogeneous mass density, and
regularised variants of it. In dimensionless formulation, the MHD equations are of the
following form:

ov 1 S|B|?
(1.1) OB 1

dive =0, divB =0.

Here, v = v(z,t), B = B(x,t) denote the velocity and magnetic fields, p = p(z,t) is the
pressure, Re > 0, Rm > 0 are the Reynolds number and the magnetic Reynolds number
and S > 0 denotes the Lundquist number (all of which are dimensionless constants).
The two last equations concerning the divergence-freeness of the velocity and magnetic
field are the incompressibility of the flow and Maxwell’s second equation. Mathematical
treatment of the deterministic MHD equations reaches back to the works of G. Duvaut
and J.-L. Lions [65] and M. Sermange and R. Temam [201]. Since then, a large amount of
papers have been devoted to the subject. We only mention several interesting regularity
criteria [30,/111,/112/126] and the more recent work on non-resistive MHD equations
(Rm = o) by C.L. Fefferman, D.S. McCormick J.C. Robinson and J.L. Rodrigo on local
existence via higher-order commutator estimates [73,|74].

1



2 II. DETERMINISTIC TAMED MHD EQUATIONS

In this chapter, we want to study a regularised version of the MHD equations, which
we call the tamed MHD equations (TMHD), following M. Rockner and X.C. Zhang [197].
They arise from (|1.1)) by adding two extra terms (the taming terms) that act as restoring
forces:

ov 1 S|B|? 2
o =R Av- (v V)v+S(B-V)B+V (’”T) — gn(|(v, B)[)v,
OB

5 = o AB—(v-V) B+ (B V)v+Vr —gn(|(v, B)I")B.

The taming terms are discussed in more detail in Section [I.3] and we discuss the results
of this chapter in Section [I.4] The extra term Vr, which we call the magnetic pressure,
will be explained in Section [I.3.4 However, before we study the tamed equations, we
want to give an overview of regularisation schemes for the Navier-Stokes and the MHD
equations to put our model into the broader context of the mathematical literature.

We consider both the case of the whole space R? (Cauchy problem) as well as that of
a bounded, smooth domain with zero boundary conditions (Dirichlet problem), but treat
each case with different methods due to the lack of compactness of embeddings of the
associated function spaces in the former case.

1.2. Regularised Fluid Dynamical Equations. Since the question of global well-
posedness still remains an open problem for the Navier-Stokes and MHD equations alike,
it has been suggested by different authors to regularise the equations to make them
more tractable. We consider the following abstract evolution equation-type form of our
equations which contains both the case of the Navier-Stokes as well as the MHD equations
(more on deriving it in the case of the MHD equations is said in Chapter Section [2.1]
cf. Equation (2.4)):

(1.2) oy =Ly +Ny,y)+f, V-y=0.

Here, £ is a linear or nonlinear operator (usually related to the Stokes operator ﬁPA,
with Helmholtz-Leray projection P: L? — L*Ndiv™'({0})), AV is a bilinear operator, and
f is a forcing term. Usually, the operator A consists of terms of the form P [(¢ - V)¢,
where .1 are vectors made of components of y. Using the divergence-freeness con-
straint, this may be rewritten as P [V - (¢ ® ¥)]. The operator V -y has to be understood
appropriately.

To be yet more precise, we focus on the following two cases:

(i) Navier-Stokes equations. Here y = wv is the velocity field, £ = ﬁPA and
N(y,y) =N(wv,v)=—P(v-V)v,and V -y :=V - v.

(ii) MHD equations. Here y =

- (F125)
—(v-Vv+(B-V)B (—-Pv-V)v+P(B-V)B
—(v-V)B+(B- V)v) N (—P(’u -V)B+ P(B - V)'v> ’

and V -y = 0 has to be understood in the following sense:

vo=(35)=(0):

g , with velocity field v and magnetic field B,

Ng) =P P
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There are two classes of regularisations in the literature that we want to consider here:

(A) Modify the nonlinear term N;
(B) Add regularising terms to the operator L.

Note that all of the proposed models are equations different from the original model and
their solutions thus in general do not coincide. We can at this stage only show a range
of convergence results. These are usually of the form “if the smoothing terms vanish, we
get convergence to a weak solution of the original equation” or “if the original equations
possess a (weak) solution for all times, then, as t — oo, the regularised solution converges
to a weak solution of the original equation”.

There are, of course, several other ways (e.g. introducing artificial compressibility) of
regularising the equations which we cannot all discuss here. It is also clear that one can
combine several schemes with each other, and this has been done in the literature (e.g.
there are Brinkman-Forchheimer-Voigt regularisations of the Navier-Stokes equations).

Name Type L(v) = N(wv) =
Mollifying nonlinearity | |(A) PAv —P[((v*px)- V)]
Leray-a model (A) PAv P[({(I — a*A) v} - V) v]
Linear cutoff-scheme | [(A) PAv — U (J|AY 2| 12) P [(w - V)u)
Globally modified NSE | [(A) PAv —min? 1, HAl/Z'U'H } [(u- V)u]
Regularisation by delay | [(A) PAv —P[(v(t — p,z) - V)v(t,z)]
Hyperviscosity B)| | P (Av — k(—A)"?v) P(v-V)
Navier-Stokes-Voigt (B) P (Av + a?Adyv) —P(v-V)v
Damped B) | P (Av — afv|*tv) —P(v-V)v
Tamed (B)| | P(Av — gx(Jv|*)v) —P(v-V)v

TABLE 1. Overview of several regularisation schemes for the Navier-Stokes
equations. We have set the viscosity v (and hence the Reynolds number
Re) to one for simplicity.

We first give a brief survey of strategies of type [(A)] then of [B)] This survey is not
aimed at completeness, but just intended to give an overview of the topic of regularised
Navier-Stokes and MHD equations. We would also like to draw attention to the survey
article by P. Constantin [42], providing a more detailed view on the Navier-Stokes cases
of several of the models discussed here. Furthermore, the paper [114] by M. Holst, E.
Lunasin and G. Tsogtgerel contains a nice overview as well as a unified framework and
many results for many regularised hydrodynamical equations, including MHD.

For ease of presentation, we restrict ourselves to reproducing the formulas only for the
Navier-Stokes case and in the MHD case just provide references. The full adaptation to
the MHD system can then be found in the references given. Furthermore, we set Re =1
for simplicity.
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1.2.1. Mollifying the Nonlinearity and the Force. This classical example of a strategy
of type |(A)| was already considered by J. Leray in his seminal 1934 paper [148]. Instead
of N(v,v) := —P(v - V)v, he considered the mollified nonlinearity

Nion(v,v) := =P [((v* pi) - V) 0],
fmoll = f * Pk

where k > 0, p is a smooth, compactly supported function with fR3 pdz =1 and pg(x) =
k3p(x/kK), i.e. a mollifier. The operator u — u * p,, is sometimes called filtering operator
(cf. [92,93] and [107], Sect. 2.3) as it filters out high spatial frequencies and thus maps
(LY(0))? to (C*>(0))3, at least for O = T3, the torus.

This smoothing of the advection velocity allows one to prove the existence of a unique
smooth solution, which converges to a weak solution of the original equation as x — 0.
Moreover, as t — oo, for fixed K > 0, these solutions converge in a suitable sense toward
weak solutions of the Navier-Stokes equations. This result — at least so far — needs the
assumption that the initial conditions and forces are “small” in a suitable norm, cf. M.
Cannone, G. Karch [29].

1.2.2. Leray-a Model and Related Models (Clark-a, LANS, ... ) Another way to reg-
ularise the nonlinearity consists in applying the smoothing (or filtering) operator (I —
a?A)7t usually called Helmholtz filter, to the first factor of the nonlinearity. Thus

Meray—a(v,0) := =P [((I — a’A)'v) - V) v],
fLeray—a = (I — OZQA)_lf.

Intuitively, the smoothing operator has the effect of damping high (spatial) Fourier mode{]
k, which correspond to small length scales ¢ ~ k~!. As this appears in the convection
term, it means that convection occurs only by large-scale features, usually called large
eddies. Thus, the Leray-a model is an example of a large-eddy simulation (LES) model.

The model was proposed by A. Cheskidov, D.D. Holm, E. Olson and E.S. Titi in [39]
(cf. [218] for more references). The resulting model for the Navier-Stokes equations is
called Leray-a model. For this equation there exists a unique global strong solution.

In the case of MHD equations, Leray-a-type models have been studied in several
papers. The first paper seems to have been by J.S. Linshiz and E.S. Titi [159], where
only the velocity field is filtered and periodic boundary conditions (i.e. posed on T?) are
applied.

Y.J. Yu and K.T. Li [247] proved existence and uniqueness of a global strong solution
in three dimensions for periodic boundary conditions. They proposed to apply the above
filtering to all advection terms occuring in the equations. For further results for related
MHD a-type models, see |70,129,]130,181,229,247,261,262| and references therein.

Similar models in this direction include the Clark-aw model, for more information
cf. [102|. There is a rich literature on these so-called a-models, see for example [114]
or [146] and the references therein. We consider another example, the Navier-Stokes-Voigt
equations, of this class of models in Section [1.2.7]

1.2.3. A Cutoff Scheme due to Yoshida and Giga. A third way to modify the non-
linearity of our fluid dynamical equations consists in truncating it. This approach was
pioneered by Z. Yoshida and Y. Giga in [243].

LAs its Fourier transform is proportional to (1 + o?|k|?)~!, thus suppressing higher frequencies, i.e.
higher |k| = k.
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They consider the case of a bounded domain O, and a truncated operator equal to
Nya(u) = Yar([|A2ul|2) P[(w - V)],

with the following piecewise linear cutoff function

1, 0<s<4,
Yu(s) =<21—-=), Y<s<M
0, s> M.

This makes the operator £ + Nyg — cM*I hyperdissipative (cf. [133,134]) in H :=
L2(0) := L*(0) ndiv '({0}) for sufficiently large constant ¢ > 0, and hence one can
apply nonlinear semigroup theory to find a unique global-in-time solution to the truncated
system. For d = 2, this solution coincides with the global-in-time solution of the Navier-
Stokes equations. For d = 3, this is only true locally in time, unless the initial data are
small, in which case it gives a global (in time) solution to the Navier-Stokes equations.

It seems that this approach has not yet been applied to the case of MHD equations
and neither do there exist stochastic versions of this equation in the literature.

1.2.4. Globally Modified Navier-Stokes Equations. A cutoff scheme similar to the one
considered above was introduced by T. Caraballo, P.E. Kloeden and J. Real in [38]. They
called the resulting equations the globally modified Navier-Stokes (GMNS) equations.
They arise by introducing a different (nonlinear) cutoff function in the nonlinear term:

Nowns () = Fx(|AY2ul|2) P [(u - V)ul,
with the damping function (N € (0, 00)) given by

et min 1.2,

Like Yoshida and Giga, they considered the equation on a bounded domain, but instead of
studying mild solutions, they study weak (or variational) solutions. The above mentioned
authors prove existence and uniqueness of a weak solution, that this solution is even a
strong solution, as well as long-time behaviour and continuous dependence of the solutions
and the global attractors on the parameter N. Several further properties of the model
have been studied in subsequent papers, cf. [33]34}132] and references therein. Global
as well as exponential attractors for this system were studied recently by F. Li and B.
You [150]. A globally modified version of the MHD equations has not yet been considered.

1.2.5. Regularisation by Delay. H. Bessaih, M. Garrido-Atienza and B. Schmalfuss
[15] recently suggested regularising the nonlinear term by introducing a time delay in the
advection velocity, i.e. they consider the nonlinearity

Nielay (v, 0) (2, t) := P[(v(t — p,x) - V)v(t,x)],

where the initial conditions (i.e. the initial velocity vy and the initial delay ¢) must be
sufficiently smooth, e.g.

vo € HY(T%), ¢ € L*((—p, 0); H'*(T?)),

for some o > 1/2. Here H* denotes the homogeneous fractional Sobolev space of order
a of functions with vanishing divergence (for this notation, see Section . This time
delay again has a smoothing effect on the solution and allows the authors to obtain
unique global-in-time weak solutions and for @ > 1 also strong solutions. Letting the
delay p — 0, the solutions converge to a weak solution of the Navier-Stokes equations.
Their work builds on that of S.M. Guzzo and G. Planas [109}|110] as well as C.J. Niche
and G. Planas [183] and W. Varnhorn [217].
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T. Caraballo and J. Real [37] seem to have been the first to consider Navier-Stokes
equations with delays, proving existence in d = 2,3 and uniqueness for d = 2. However,
their model contained delay in the forcing term, not in the convective term. To the best
of the authors knowledge, MHD equations with delay of this type have not been studied
yet.

1.2.6. Lions’ Hyperviscosity Method. Our first method of type provides another
way to add more dissipativity to the model. As opposed to the cutoff scheme of Yoshida
and Giga (cf. Section [1.2.3)), this is not achieved by weakening the nonlinearity but
instead by strengthening the linear operator £. J.-L. Lions [160] proposed to consider
the operator

Liyper(v) = PAv — /{P(—A)éﬂv,

where ¢ > 2 and k > 0. For £ > 5/2, he could prove existence of a unique regular solution
in a bounded domain. The case of the whole space R3 has been treated by N.H. Katz
and N. Pavlovi¢ in [128]. As in the case of the mollified Navier-Stokes equations (Section
, this solution — for small data — converges towards the weak solution of the Navier-
Stokes equations as t — 0o, c¢f. M. Cannone and G. Karch [29]. Further related problems
have been studied, such as optimal control by S.S. Sritharan [205] or the inhomogeneous
Navier-Stokes system by D.Y. Fang and R.Z. Zi |72].

In the MHD case, variants of this approach have been studied in three dimensions, e.g.
by J.H. Wu, W.R. Yang and Q.S. Jiu in [233}240] (see the latter for more references).

1.2.7. Navier-Stokes-Voigt Equations. The Navier-Stokes-Voigt (sometimes written as
Voight) equations employ the following regularisation of the Stokes operator

Lxsy(v) := PAv + o> PAdw.

This regularisation changes the parabolic character of the equations and simulates a prop-
erty of so-called Kelvin-Voigt fluids, e.g. in polymer solutions, of not immediately revert-
ing back to the original state once external stress is removed. It was pioneered by A.P.
Oskolkov |186] in 1973 and has since then been studied by many authors. The Navier-
Stokes-Voigt equations were shown to be globally well-posed in [186,[187] as well as in
the work of Y.P. Cao, E.M. Lunasin and E.S. Titi, cf. [32]. The long-term behaviour
was studied by V.K. Kalantarov and E.S. Titi in [123] and by Kalantarov, Titi and B.
Levant in [122]. The case of unbounded domains was treated by C.T. Anh and P.T.
Trang in [3,4].

In the case of the MHD equations, a Voigt regularisation in the inviscid case was
studied first by A. Larios and E.S. Titi in a series of papers [144}146]. Consult these for
further references.

1.2.8. Damped Navier-Stokes Equations (or Brinkman-Forchheimer-eztended Darcy
Models). Instead of adding a linear dissipative term, one can also add nonlinear, power-
type terms that counteract the nonlinearity. This leads to the so-called (nonlinearly)
damped Navier-Stokes equations, where one considers the (nonlinear) operator

Laamped (V) = PAv — OéP|’U|ﬁ_1’U,

with o > 0 and 8 > 1. The damping term —a|v|?~1v models the resistence to the motion
of the flow resulting from physical effects like porous media flow, drag or friction or other
dissipative mechanisms (cf. [28] and Section [I.3.]). It represents a restoring force, which
for 8 = 1 assumes the form of classical, linear damping, whereas 5 > 1 means a restoring
force that grows superlinearly with the velocity (or magnetic field). X.J. Cai and Q.S.
Jiu [28] first proved existence and uniqueness of a global strong solution for g < pB <5
This range was lowered down to 8 € (3,5] by Z.J. Zhang, X.L. Wu and M. Lu in [252].
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Furthermore, they considered the case 8 = 3 to be critical [252, Remark 3.1]. Y. Zhou
in [260] proved the existence of a global solution for all 5 € [3,5]. For the case 5 € [1,3),
he established regularity criteria that ensure smoothness. Uniqueness holds for any 5 > 1
in the class of weak solutions. Existence, decay rates and qualitative properties of weak
solutions were also investigated by S.N. Antontsev and H.B. de Oliveira [5].

The Brinkman-Forchheimer-extended Darcy model (cf. Section [1.3.1]) is a related
model for flow of fluids through porous media and uses the operator

LBFeD(v) = PAv — gl — 011P|’U|’U — O./QP|’U|2’U,

The first problems studied were continuous dependence of the solutions on their pa-
rameters, e.g. in F. Franchi, B. Straughan [83]. V.K. Kalantarov and S. Zelik |124]
and P.A. Markowich, E.S. Titi and S. Trabelsi [173] proved existence and uniqueness
of a weak solution for Dirichlet and periodic boundary conditions, respectively. Long-
time behaviour and existence of global attractors have been studied by several authors
[1881216/,224,246]. An anisotropic version of the equations was studied by H. Bessaih,
S. Trabelsi and H. Zorgati [16].

The flow of electrically conducting fluids through porous media, modelled by MHD
equations with damping, was studied first by Z. Ye in [241]. He considered the system with
nonlinear damping in the equations for both the velocity field (with nonlinear damping
parameter «) and the magnetic field (with paramter () and he proved existence and
uniqueness of global strong solutions in the full space case for several ranges of parameters,
most interestingly for our purposes for «, 5 > 4. Z.J. Zhang and X. Yang [253] tried to
improve this to «, 5 > 3, but apparently made a mistake in their proof ( [251, Remark
after Equation (9), p. 2]). Z.J. Zhang, C.P. Wu, Z.A. Yao |251] then improved the
range to o € [3, %7],5 > 4. The present chapter, in a way, deals with the “critical”
case o = [ = 3, see the discussion of the results below. Furthermore, E.S. Titi and S.
Trabelsi [215] proved global well-posedness for an MHD model with nonlinear damping
only in the velocity field. They thus avoid the magnetic pressure problem outlined in
Section [I.3.4] as opposed to the above papers which seem to have overlooked this issue.

1.3. The Tamed Equations. We first motivate the tamed equations, both from a
physical point of view by pointing out situations where similar models arise naturally in
applications, as well as from a mathematical point of view. The tamed Navier-Stokes
equations are in a sense a variant of the Navier-Stokes equations with damping in the
critical case § = 3, combined with a cutoff.

1.3.1. Physical Motivation. Since the tamed equations are closely related to the damped
equations of Section [1.2.8] which are much more well-studied, we focus on the occurence
of these in the physics literature.

1. Shallow-Water Systems with Friction on the Bottom. F. Marche derived,
at least formally, in [171] a set of equations modelling a shallow-water system with free
surface height h including damping terms with 5 =1 and § = 2 via asymptotic analysis
and hydrostatic approximation. The damping terms originate from the kind of boundary
conditions imposed on the bottom of the ocean: linear (or laminar) friction of the form

(1.3) (o(v) - np) - Ty, = Kraminar(v - 7,), 2=0
leads to a linear damping term of the form —ag(h)v. Here, o denotes the total stress

tensor, n, denotes the outward normal, the vectors 7, form a basis of the tangential
surface on the bottom, and kjaminar is the laminar friction coefficient.
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On the other hand, quadratic friction (associated with turbulence)
(14) (O(U) : nb) * Ty, = kturbulent(h'|v|v : Tbi)a Z = 07

implies a damping term of the form —a;(h)h|v|v. The full set of equations (cf. [171]
Equation (5.20), p. 59]), with both forms of friction, has the form

Oh + div(hv) =0
O(hv) + div(hv ® v) + ghVh = —ag(h)v — ag(h)h|v|v + 2pdiv(hD(v))
+2uV (hdiv(v)) + BAVAR — f(hv)*+ — ghVd,

where h denotes the variable height of the body of water, v the horizontal velocity, aver-
aged vertically, g is the acceleration due to gravity, ;4 denotes the dynamical viscosity, 8 a
capillary constant, f the Coriolis coefficient and d describes variations in the topography
of the bottom. A mathematical analysis can be found in D. Bresch, B. Desjardins [19].
We now make the following simplifying assumptions: h(x,y,t) = h € (0, 00), constant
in space and time, so the first equation reduces to the incompressibility condition. Ne-
glecting gravity, capillary effects and the Coriolis force, i.e. settingg =0, =0and f =0
and dividing the second equation by h, we heuristically obtain the following equations:

div(v) =0,
0w + div(v ® v) = —yv — a;|v|v + 2pAw.

These are the damped Navier-Stokes equations with § = 1 and g = 2. However, there
are several problems with this approach:

(i) The resulting equations are in two space dimensions only, and this derivation
does not cover the case of three dimensions, which is most interesting from a
mathematical point of view.

(ii) The heuristic simplifications above, especially concerning the height, would have
to be justified.

(iii) From this model, we can only get 8 € {1,2}, in particular we cannot get the
“tamed” case = 3.

They do provide, however, an example of a physically relevant system that includes fluid
dynamical systems with damping of a form similar to the one we consider in this work.

2. Flows Through Porous Media. Brinkman-Forchheimer-extended Darcy
Model. Another system with possibly nonlinear damping is considered as a model for the
flow of a fluid through porous media, described for example by the following compressible
Euler equations with damping:

Pt + 81(PU) = 07
(pv)s + Oy (pv2 —i—p) = —apv.

The interpretation that this equation models the flow through porous media is in line
with the result that as ¢ — oo, the density p converges to the solution of the porous
medium equation (cf. F.M. Huang, R.H. Pan [117]). The momentum, on the other hand,
is described in the limit by Darcy’s law:

(1.5)

Vp = —%v,

which represents a simple linear relationship between the flow rate and the pressure drop
in a porous medium. Here, k is the permeability of the porous medium and p is the
dynamic viscosity. The velocity v is called Darcy’s seepage velocity.



1. INTRODUCTION 9

In the interface region between a porous medium and a fluid layer, C.T. Hsu and P.
Cheng [116, Equation (31), p. 1591] proposed the following equationﬂ:

dive =0,
0w +div(v ® v) = =Vp + vAv — v — a3 |v|v,

where v is the so-called volume-averaged Darcy seepage velocity and p is the volume-
averaged pressure. This equation is motivated by a quadratic correction of P. Forchheimer
to Darcy’s law, called Forchheimer’s law or Darcy-Forchheimer law (cf. for example P.A.

Markowich, E.S. Titi, S. Trabelsi [173]):

Vp= _%UF - ’YPF\UF’UE

with the Forchheimer coefficient v > 0, the Forchheimer velocity vr as well as the density
pr. Furthermore, this correction becomes necessary at higher flow rates through porous
media, see below for a more detailed discussion.

The question arises whether there are cases where a nonlinear correction of yet higher
degree is necessary, i.e. where the flow obeys a cubic Forchheimer’s law:

(1.6) Vp = —%v—’yp]'v]v — kp*|v|*v.

Indeed, this seems to be the case. P. Forchheimer [81] himself suggested several corrections
to Darcy’s law at higher flow velocities, one of them being the cubic law (1.6). M.
Firdaouss, J.-L. Guermond and P. Le Quéré [77| revisited several historic data sets,
amongst them the ones used by Darcy and Forchheimer (who did not correct for Reynolds
numbers) and found that the data are actually better described by a linear and cubic
Darcy-Forchheimer law (i.e. where v = 0), at least in the regime of low to moderate
Reynolds numbers, which, as they noteﬂ includes most practical cases:

(1.7) Vp = —%v—me\v\%.

Concerning the question of when this happens, M. Fourar, G. Radilla, R. Lenormand and
C. Moyne [82, p. 670] write: “it is generally admitted that the onset of non-Darcy flow
occurs for Re (based on the average velocity and grain size) between 1 and 10.”

At higher Reynolds numbers, the correct behaviour seems to be quadratic, i.e. Forch-
heimer’s law, in accordance with numerical simulations, e.g. in the work of M. Fourar et
al. [82]. The point at which this behaviour changes seems to be dimension-dependent: it
occurs much earlier in the numerical simulations of [82, Figure 7] in the 3D case than in
the 2D case. Another instance where a cubic Forchheimer law is observed is the high-rate
flow in a radial fracture with corrugated walls, cf. M. Bues, M. Panfilov, S. Crosnier and
C. Oltean |27, Equation (7.2), p. 54].

Taking into account all nonlinear corrections of Darcy’s law, we arrive at the Brinkman-
Forchheimer-extended Darcy model

dive =0,

v +div(v ® v) = —Vp + vAY — agv — ay|v|v — as|v[*v.

2For ease of presentation, we have omitted various physical constants in the formulation of the
equations.

3177, p. 333]: “[T]he most frequent practical applications (for either gas or liquids) involve Reynolds
numbers of order 1 or less.”
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The tamed Navier-Stokes equations model the behaviour of the flow through porous media
in the regime of relatively low to moderate Reynolds numbers, assuming that the higher-
order behaviour is much more significant than the linear Darcy behaviour. For a more
physically accurate model, one should also include the linear damping term, but we want
to focus on the nonlinear effects here and thus for simplicity have omitted this term. The
fact that the onset of nonlinear behaviour occurs at higher flow rates is modelled by the
cutoff function gy which is nonzero only for sufficiently high velocity. Apart from these
physical reasons, there is also a mathematical reason for the form of the taming term.

1.3.2. Mathematical Motivation. The tamed Navier-Stokes equations were introduced
in [197] by M. Réckner and X.C. Zhang and have the following form:

9
8—’; = vAv — (v V)v — gn([v)v + Vp + f

(1.8) V-v=0
v(0,2) = vo(z).
The “taming function” allowed them to obtain stronger estimates than for the untamed
Navier-Stokes equations, and hence regularity results that are out of reach for the Navier-
Stokes equations. Furthermore, they could show that bounded solutions to the Navier-
Stokes equations, if they exist, coincide with the solutions to the tamed Navier-Stokes
equations, as shown in [197]. This is a feature that most regularisations of the Navier-
Stokes equations do not share.

1.3.3. Review of Results for Tamed Navier-Stokes Equations. The deterministic case
was further studied by X.C. Zhang on uniform C?-domains in [250]. In a series of subse-
quent papers, various properties of the stochastic version of the equations were studied:
existence and uniqueness to the stochastic equation as well as ergodicity in [197], Freidlin-
Wentzell type large deviations in [195] as well as the case of existence, uniqueness and
small time large deviation principles for the Dirichlet problem in bounded domains [194]
(both with T.S. Zhang). More recently, there has been resparked interest in the subject,
with contributions by Z. Dong and R.R. Zhang [64] (existence and uniqueness for multi-
plicative Lévy noise) as well as Z. Brzezniak and G. Dhariwal [23] (existence, uniqueness
and existence of invariant measures in the full space R? for a slightly simplified system
and by different methods).

The taming function was subsequently simplified by changing the expression of gy
as well as replacing the argument of the function gy by the square of the spatial L>
norm of the velocity, i.e. gy (||v]|Zx), see W. Liu and M. Rockner [167, pp. 170 ff].
This leads to simpler assumptions on gy as well as easier proofs, especially when spatial
derivatives are concerned (which then act only on the remaining factor v). However, this
only works within the framework of locally monotone operators which cannot be applied
in all settings due to the crucial assumption of compact embeddings. Thus we do not use
this simplification in this work.

1.3.4. The Magnetic Pressure Problem. From the form of the MHD equations, it would
seem like there should also be a “pressure” term V7 in the equation for the magnetic field.
That this is not the case is due to the structure of the nonlinear term in the equation, as
was noted already in the work of M. Sermange and R. Temam [201, p. 644]. To make
this precise, consider the MHD equations on R?

(1.9) g—?:Av—(v~V)v+(B-V)B+V(p+|B2|2>,
(1.10) B =AB— (v-V)B+ (B-V)v,

ot
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and the associated equation projected on the space of divergence-free functions:

g—"t’:Av_p(v-V)wp(B-V)B,
%—?:AB—P(’U~V)B+P(B-V)’U.

Assume that (v, B) is a smooth weak solution. Now since the first equation lies in the
space of square-integrable divergence-free functions H, there exists a function Vp in the
orthogonal complement (H°)* such thatf]

ov

E:Afv—('wV)’v—i-(B-V)B—i-Vﬁ.

Note that
(1.11) —(v-V)B+ (B-V)v=V x (v x B),

i.e. the nonlinear terms in the magnetic field equation combine to an expression that is
manifestly divergence-free. If there existed a magnetic pressure 7w such that

0,B=AB+V x (vx B)+ Vmn,
taking the divergence of this equation, observing that div B = 0, would give
Am =0,
where Vr(t,z) € L2 (Ry; L*(R?)), which implief] V7 = 0. Thus, a careful balancing

loc
in the two nonlinear terms leads to the “magnetic pressure” being zero. Now, if we
introduce further nonlinearities into the equation for the magnetic field, we might offset
this cancellation and thus we will get an artificial “magnetic pressure” in our tamed
equations. We can show that this pressure converges to zero as N — oo, but for the
tamed equations, it is undeniably present. We will informally name this phenomenon the

magnetic pressure problem:

DEFINITION 1.1 (Magnetic Pressure Problem). Introducing extra terms N (y) that are
not divergence-free into the equation for the magnetic field B in the MHD equations will
lead to the appearance of an artificial, possibly unphysical “magnetic pressure” m, i.e.

(1.10) will be of the form
OB=AB—(v-V)B—(B-V)v+Vr+N(y).

This term does not manifest itself in the weak formulation of the problem, which is
most often studied. Our system is no exception here, so when talking about the pointwise
form of the equation, we have to include the magnetic pressure term 7, as above. This fact
is easily overlooked when introducing regularising terms into the equation for the magnetic
field. To give an example, in the work of Z.J. Zhang, C.P. Wu and Z.A. Yao [251], the
authors introduce a damping term |B|°~!B into the magnetic field equation, but forgot
to include a “magnetic pressure” in the strong form of this equation. Note that in other
regularisations of the MHD equations, such as the Leray-a model, this problem is avoided
by only introducing terms that preserve the structure of the nonlinearities .

2
4The function p can then be chosen to have the form p = p + |BQ‘ .

5Since Vrr is C2 by assumption, we find that each of its components 0;7 solves Laplace’s equation
AQ;m = 0 and is thus smooth. The integrability condition implies that 9;7 is bounded outside a sufficiently
large compact set. The smoothness implies that it is also bounded inside that compact set. Then
Liouville’s theorem [100] implies © = const, hence 9;7 = 0. In the case of bounded domains, we can
argue in a similar way using uniqueness.
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Ideally, one should thus introduce taming terms for the velocity field only. For math-
ematical reasons, however, at this point we have to content ourselves with taming terms
in both components, for otherwise, in the crucial H!-estimate we could not cancel
all four nonlinearities.

1.3.5. The Magnetic Field: To Regularise or Not to Reqularise? There seems to be no
clear answer, even for schemes which do not introduce magnetic pressure, to the question
of whether in the MHD equations the magnetic field should be regularised as well, or
whether one should restrict oneself to only regularising the velocity field. A mathematical
criticism formulated in J.S. Linshiz and E.S. Titi [159, p. 3] is that regularising the
magnetic part as well might add an unnecessary amount of dissipativity to the system.
However, for the mathematical reasons discussed in the previous section, we add a taming
term to the magnetic field equation as well.

1.3.6. The Tamed MHD Equations. We investigate the case of the deterministic ver-
sion of tamed magnetohydrodynamics (TMHD) equations in this chapter. They can be
understood as a model of an electrically conducting fluid in a porous medium at low
to moderate Reynolds numbers (cf. P.A. Markowich, E.S. Titi and S. Trabelsi [173]).
Following the approach of M. Rockner and X.C. Zhang, we study the following equations:

0 B?
P dv—(-V)o+ (B-V) B+ (p+ZL) g, B)v + £,
ot 2
(1.12) OB
S =AB-(u-V)B+(B-V)o+Vr—gu((v, B)F)B + f
For simplicity we have set all the constants appearing in the MHD equations to one:
(1.13) S =Rm = Re=1.

If we write y := (v, B), the equations differ from the “untamed” MHD equations by the
taming term
—gn(|y(t, 2)]")y(t. ),
which is a direct generalisation of the term in (1.8). The norm is defined in equation ([2.2)
below. One could think of other generalisations as well such as adding four taming terms,
each tailored to one of the nonlinear terms, so e.g. for the term —(B - V)v we could add
—gn(|B|*)v etc. However, this is not necessary. In a sense, the most problematic terms
are the ones of the form (v- V)X, where X € {v, B}. The other terms can be dealt with
in any case.
The taming function gy : R, — R, is defined by

gn(r) =0, r € [0, N],
(1.14) gn(r) = Chaming (1 = N = 3), 1= N+1,

0 <gy(r) <y, r>0,

199 ()] < Cy, r>0,keN.

Here, the constant Ciaming is be defined by
Craming ‘= 2max{Re, Rm} = 2.

For the Navier-Stokes case, M. Rockner and X.C. Zhang in [197] set C' = % x Re, so the
fact that Ciaming o< Re is not surprising. The factor 2 arises from the fact that we need
to tame more terms here. The dependency on Rm seems natural as well.

The idea of the taming procedure remains very clear: try to counteract the nonlinear
terms of which there are four in the case of the MHD equations. To pinpoint the exact
place where the power of the taming function unfolds, see the discussion after Lemma [2.2]
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1.4. Results and Structure of This Chapter. We follow the ideas of [197]. How-
ever, the proof of the regularity of the solution requires an MHD adaptation of a result
from E.B. Fabes, B.F. Jones and N.M. Riviere [69], which the author could not find in
the literature. See Appendix [A]for a discussion and a proof of this result.

Our main results can be summarised as follows:

THEOREM 1.2 (Global well-posedness, cf. Theorems and below). Let yo =
(vo, Bo) € H' and f = (f,, fg) € L3 (R ;HY). For any N > 0, there exists a unique

weak solution y to the TMHD equation in the sense of Definition (2.5, depending contin-
uwously on the initial data, such that

(i) For allt >0,

t
[y (@)l < llyollo +/ 17(8)ll3ods,
0

and

/0 Hw<s>uw+H\/g_N<ry<s>|2>|y<s>rH%msHyouaow[/o Hf(s)HHods} .

(Ry;H?), Oy € LE,.(Ry;H) and for

loc

(ii) The solution satisfies y € C(Ry; HY) N L2,
allt >0,

Iy (®) 131 +/0 (Ily(s)e + Ny () Vy(s)ll72) ds

<c (Il + [ t 16} s ) + €1+ N 41 <||?JO||3¢0 al t 1£(6) s ) |

(iii) There exist real functions p(t, z) and w(t,z), satisfying Vp € L2 (R, ; L?(R3;R3)),

loc

Vr e L2 (Ry; L*(R%R3)), such that for almost all t > 0, in L*(R?*;R®) we have

loc

‘Z_’t’ =Av—(v-V)v+(B-V)B+V (p+ ‘1;’2) —gn(l(v, B)*)v + fo,
%_]f =AB—(v-V)B+ (B -V)v+Vr —gy(|(v,B)]*)B + f5.

In the case of smooth data, we can prove smoothness of the solutions to the TMHD
equations:

THEOREM 1.3 (Regularity and Strong Solutions, cf. Theorem below). Let yg €
H® = Ve, H™ and Ry >t f(t) € H™ be smooth for any m € Ny. Then there exists
a unique smooth velocity field

vy € C°(Ry x R®%:R?) N C(Ry; H?),
a unique smooth magnetic field
By € C*(R, x R R N C(R,; H?),
and smooth pressure functions
pn, Ty € C(R, x R%R),

which are defined up to a time-dependent constant. The quadruplet (vy, By,pn,TN)
solves the tamed MHD equations (|1.12]).
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Moreover, we have the following estimates: for any T, N > 0

T T 2
sup (Ol + [ |rVer\%odssc<r|yo\rio+ [ 15 as] )
0 0

te[0,T]

T
sup [lyn (8) |70 +/ lyn () ll32ds < Cryo.p - (L+N),
t€[0,T] 0

Sup ||yN<t>||§-[2 S O’},yg}f + CT,yg,f ° (]- + N2>
t€[0,T
Finally, we have the following convergence result for vanishing taming terms, i.e. in
the limit N — oo.

THEOREM 1.4 (Convergence to the untamed equations, cf. Theorem below).
Let yo € HO, f € L*([0,T);H°), yl¥ € H such that H° — limy o ¥ = yo. Denote by
(yn, PN, TN) the unique solutions to the tamed equations with initial value yév given
by Theorem [1.3,

Then there is a subsequence (Ny,)ken such that yy, converges to ay in L*([0,T]; L2 )
and py, converges weakly to some p in LY3([0,T); LY°(R®)). The magnetic pressure my,
converges to zero, weakly in L%/3([0, T]; L*/°(R3)). Furthermore, (y,p) is a weak solution

to (L.1) such that the following generalised energy inequality holds:

T T
2 2
2 [ [ 19uPodsas < [ [ [P0+ 20+ 200 10
+ (lyf* = 2p)(v, Vo) — 2(B,v)(B, V¢) | duds.

We have been able to extend all the results of [197] as well as [167] to the case
of tamed MHD equations. This posed several technical obstacles: we had to extend
the regularity result of [69] to the MHD case, which the author could not find in the
literature. Moreover, we describe the magnetic pressure problem in regularised MHD
equations. Furthermore, our work basically provides the critical case o = 8 = 3 of the
model considered in [241}251}253].

The chapter is organised as follows: we first treat the Cauchy problem (i.e. the
equations posed on R?) in Section . We start in Section by introducing the functional
framework of the problem. Then we state and prove a number of elementary lemmas
regarding estimates as well as (local) convergence results for the operators appearing
in the tamed MHD equations. Existence and uniqueness of a weak solution is shown
in Section [2.2| via a Faedo-Galerkin approximation procedure. Employing the results of
Appendix [A] we then show in Section that for smooth data the solution to the tamed
MHD equations remains smooth. Finally, in Section [2.4] we show that as N — oo, the
solution to the tamed MHD equations converges to a weak solution of the (untamed)
MHD equations.

A publication of the results of this chapter is in preparation, cf. [198].
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1.5. Notation. Let G C R3 be a domain and denote the divergence operator by div.
We use the following notational hierarchy for I” and Sobolev spaces:

(1) For the spaces LP(G, R) of real-valued integrable (equivalence classes of) functions
we use the notation LP(G) or LP if no confusion can arise. These are the spaces
of the components v, B of the velocity and magnetic field vector fields.

(2) We sometimes use the notation LP(G) := LP(G;R?) to denote 3-dimensional
vector-valued integrable quantities, especially the velocity vector field and mag-
netic vector field v and B.

(3) The divergence-free and p-integrable vector fields are denoted by \mathbb sym-
bols, so L?(G) := LP(G) Ndiv_'{0}. Its elements are still denoted by bold-faced
symbols v, B and they satisfy by definition dive =V -v =0, div B = 0.

(4) Finally, we denote the space of the combined velocity and magnetic vector fields
by \mathcal symbols, i.e. LP(G) := LP(G) x LP(G). It contains elements of the
form y = (v, B), with both v and B divergence-free.

For Sobolev spaces, we use the same notational conventions, so for example H¥(G) :=
H*(G)ndiv {0} := W*2(G; R?) ndiv {0} etc. Finally, if the domain of the functions
is not in R?, in particular if it is a real interval (for the time variable), then we use the
unchanged LP notation.

For brevity, we use the following terminology when discussing the terms on the right-
hand side of the tamed MHD equations: the terms involving the Laplace operator are
called the linear terms, the terms involving the taming function gy are called taming terms
and the other terms are called the nonlinear terms. Furthermore, we refer to the initial
data yo = (vo, By) and the force f = (f,, fg) collectively as the data of the problem.

2. The Case of the Whole Space

We first consider the equations on an unbounded domain, namely the full space R3.
Note that in this case, as the embedding V' C H is not compact, we cannot apply the local
monotonicity framework of W. Liu and M. Réckner, |[167], Theorem 5.2.2. Compactness
is used heavily in the crucial step of proving that a locally monotone and hemicontinuous
operator is pseudo-monotone. Thus we have to prove the claim directly. To this end, will
follow the steps in [197]. Starting with stating the main definitions and some important
lemmas in Section 2.1, we then move on to prove existence and uniqueness of weak solu-
tions in Section [2.2] For sufficiently smooth data, we show that these are actually strong
solutions and prove their regularity in Section[2.3] Finally, we show in Section that as
N — oo, the solution to the TMHD equations converges to a weak solution of the MHD
equations.

2.1. Auxiliary Results. We define the following spacesﬁ:
Wb W\\'llm,p’

the closure with respect to the norm (using the so-called Bessel potentials)

1/p
ey = ( / |<1—A>m/2urpdx) .
R3

6As we are in the case of full space as a domain, there are no boundary considerations and hence the
spaces Wy"" and W™? coincide.
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This norm is equivalent to the Sobolev norm given by

m
lallwms =Y | V7ul|

=0

where VZu denotes the j-th total weak derivative of u of order j. We define the solenoidal
spaces by

(2.1) H™ .= {u € W"™?| V. u=0}

where the divergence is taken in the sense of Schwartz distributions.

To handle the velocity and the magnetic field of the MHD equations at the same time,
we will need to define a norm on the space H™ := H™ x H™. We will define the scalar
products in the usual way (see [201], p. 7): for the vector field y = (v, B) define

22 (el = (5) @ (5) @) = 00) o) + (Bula). Balo)
and similarly, for y € H™ x H™, we set

(2.3) (Y1, y2)um = (v1,v2) g + (B1, Ba) g,

and accordingly for the norms. They behave just like an /2-type product norm. In the
variational formulation of the problem, we will take the scalar product w.r.t. a test
function.

In a similar fashion we define Lebesgue norms by

1/p
2
e i= ([ (ol + 1B ac) " = 1ol e

and

(2.4) [yllc> = ess sup,eps (|v(2)[* + [B(x)]*) " = ess sup,eqs|y(2)].

In the following, we will often employ the following Gagliardo-Nirenberg-Sobolev-type
interpolation inequality: Let p,q,r > 1 and 0 < j < m. Assume the following three
conditions:

1/2

3 1 ) 1 1 - '
m—j—2¢Ny, ~=24al--)412% Joh<n
D r 3 p 3 q m
Then for any u € W™? N L4(R3; R?) we have the following estimate:
(2.5) IV ullzr < Conjiparlll5 p el

Applying it to each component of the norm for y = (v, B), the same estimate carries over
to yield

(2.6) Myl < Copaarllylln oyl
Define the space of (solenoidal) test functions by
Vi={y=(v,B): v,BcCPR*R*),V-v=0V-B=0}CCR*R.

We then have the following lemma, the proof of which can be transferred verbatim as it
is simply a property of the spaces H™ and not of the equations.

LEMMA 2.1. The space V is dense in H™ for any m € N.
PROOF. See [197], Lemma 2.1. O



2. THE CASE OF THE WHOLE SPACE 17

Let P: L*(R? R3) — HY be the Leray-Helmholtz projection. Then P commutes with
derivative operators ( [192, Lemma 2.9, p. 52]) and can be restricted to a bounded linear
operator

P|Hm2 H™ — H™.

Furthermore, consider the tensorised projection

P.—P®P, Py:=(PxP) G;) = <1§£’)‘

Then P: £2 — H° is a bounded linear operator:
1Pyll3 = 1PvllZo + [ PBllfo < |1PlZespo ([0lI2: + |1BII7:)
= || P22 Iy 1122

We define the following operator for the terms on the right-hand side of the TMHD
equations, projected on the space of divergence free functions:

A =Py =7 (0 3% ) =P (alP).

For y := (v, B) and a test function § := (9, B) € H', consider (using the self-adjointness
of the projection P)

(2 7) <A<y)7 g>7’l0 = <U7 A’l~)>Lz + <B7 AB>L2 - <(U ’ V)’U, 1~J>L2 + <(B : v)-Bu {)>L2
—{(v-V)B,B): + (B - V)v, B) 1= — gn(ly[*)y. 9)-

and for § € H?
(AW), ) = (Aly), (I = A)g)o
= —(Vou,(I — A)V) 2 — (VB,V(I — A)B) 2
(2.8) — (v V)u,(I = A)v)p2 + (B - V)B, (I — A)v)
—((v-V)B,(I = A)B)2+ ((B-V)v,(I — A)B) 2
—{an(y*)y, (I = A)g) 2.
Let us give names to the linear, nonlinear and taming terms of :
Ai(y.9) == —(Vv, (I = A)VO)2 = (VB, V(I = A)B)pe,
Az(y,9) == —((v- V)v,(I = A)p)2 + (B - V)B, (I = A)D) >
—{((v-V)B,(I = A)B) 2 + (B - V)v,(I = A)B) 2,
As(y. ) == —{gn(ly1)y, (I = A)g) 2.
The following lemma provides elementary estimates on the terms defined above.
LEMMA 2.2.
(i) For anyy € H' and g €V,
[(A®Y), )| < CQL+ Iyl 1,

i.e. (A(y), ) can be considered as an element in the dual space (H3)" with its
norm bounded by C(1+ ||y|13,1)-
(i) If y € H', then

(2.9) (AW), w0 = = IVyllz — Can(ylP)y, y) 2.
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oo e 2
(iii) If y € H?, then

1
(AW, v < =5 llylse + 1yl +2(N + DIVl
(2.10) — llolIVelI7: — IBIIV B3
—Il0l[VBIlz: = 1BV vll|z-.

REMARK 2.3. The estimate (2.10) of this lemma lies at the heart of the improved
estimates of the tamed equations compared to the untamed equations. Young’s inequality
allows us to create a minus sign in front of the first two terms on the right-hand side
and hence to bring it to the other side of the inequality. The taming term produces the
minus signs in the terms of the second and third lines. Thus the otherwise uncontrollable

nonlinear term is transformed into a nonpositive term that can be estimated from above
by zero and hence made to disappear in subsequent estimates.

PROOF OF LEMMA [2.21 Throughout this proof, let ¢,1,0 € {v, B}.
To prove , we observe that by Cauchy-Schwarz-Buniakowski for

(I = 2)Pp, (I = A)2A4) < Cllplle |9 es

and hence

Ai(y,9) < Cllyllze 19l
Similarly, using also the Sobolev embedding theorem we find

(@1, V(I —A)0)r> < |l @ 9| 12| V(I = A)O|uo
< CllellzallellzallOlls < Cllpllu 19 [lm[10]us,

which yields

As(y,9) < Cllyll3allglles-

For the taming term we use the estimate gy(r) < Cr and the embedding of H' into L°
to find

As(y,9) < Uan (191M)y. (I = D)) 2] < llan (ly*)yllz2ll (1 — A)gll22
< Cllylizellglze < Cllyla gl
to get

(AW Drreol < Clllyllza + Iyl + I3 17l

which implies the assertion.
For equality (2.9)), we note that by the zero divergence conditions on v and B,

(- V)9, 9)2 = 0.

Thus the first and the third nonlinear term will drop out. The remaining two terms cancel
since we have (for the same reason) the symmetry condition

(- V),0)p2 = —((¢-V)0,%) .

Let us proceed to prove the inequality (2.10). Again, we analyse the linear, nonlinear and
taming terms separately. First we find the equality

Ai(yy) = (A =T+ Do, (I =A)w)p +{((A-T+1)B,(I - A)B)
= —|[vlif — Bl + IVollio + VB
+ vl + [ Bl[zo-
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The nonlinear terms can be estimated by the Cauchy-Schwarz-Buniakowski and Young
inequality:

As(y,y) = —((v-V)v,(I — A)v)z + (B -V)B, (I — A)v) e
—((v-V)B,(I-=A)B)2+ ((B-V)v,(I —A)B) 2

1 1
< (- V)ollz: + 7llvllE + (B - V) Bl + 7ol
1 1
(- V) Bl + £ IBle + (B - V)oli: + 1Bl
Thus,

Ay 9) + Aoly.9) < — 5ol = SIBI + 90l + [V BIZ,
+ ol + 1B
- Vil + (B V)BI,
o VB3 + (B V)l

The taming terms are estimated using integration by parts, the product rule and gy (r) >
C(r—N):

As(y,y) = —(gn(ly1*)y, (I — A)y)
= —(gN(|y|2)y Yz — (V (gn(W1P)y) - V) o2

< [ 3 000 onll) - 5050 an ) o
1,k=1

= 3 Y on ) + (I () vt
i,k=1

S 0B () + (W) @UF) BB as
i, k=1

=— /RS gn(ly1*)|Vy[Pdz — /RS iy > {ai () + (B7Y?) oot

i,j,k
+ 0, (V)2 + (B)?) B’“@Bk}dx
. / on(ly?)|Vyl2da
RS
- 2/ 93v(|y|2) Z {Ujaivjvkawk + B9, B v* ok
R3 ik

+ v/ 90" B¥9, B + BjaiBjBkain}dx

/ gn(Jy[?)|Vy|*d
R3

[\Jlr—t

=5 [ dllyP) (VoL VoD +2(Vlol. VIBI) + (V] B, VIB]) ds
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1
== [ on(uPIVoPds =5 [ (o) [Tl az
R3 R3
<~ [ on(uP)IVyias
R3
as the last term in the penultimate equation is non-negative. Finally, since gy (|y|?) >
Ctaming (\y|2 — (N + %)) by definition, we get that
1
A3(yay) S _Otaming /RS |y|2|Vy|2dI + Otaming(N+ §)||vy||${0

= —Craming ([[[0]|VollIZ2 + l[v]|VBI|Z»

1
+ [1B[Volllzz + [ BIIVBIIZ2) + Craming(N + 5)[Vyll50-

Since Ciaming = 2, we get (2.10)) by combining the above three estimates. O

LEMMA 2.4. Let y,,y €V andy € H'. Let Q := supp(y) and assume that

SUp [|yn 1 < 00, lim [[(yn —y)lallc2 = 0.

n

Then

PRrOOF. For the linear part we get

T A3 (9, 7) — Ar(9,9)] = Tim g — 9, AT = A)j) o
= 1im (4 — )1, AT~ A)g) 2] < Clim | — )2 [70s = 0.

The nonlinear part is treated using the trick

V(pay)=(¢ V).
Thus, for example

lim (v, - V)By, (I — A)B)p2 — (v - V)B, (I — A)B) 2|

n—oo

= lim |(v, ® B, —v® B,V(I — A)B) |

= lim ’<(’Un RXRB,—v® B) 1q, V([ — A)B)Lzy
=0.

The other three terms are shown to converge in just the same way.
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Using the estimate |gyy| < C as well as the Sobolev embedding theorem, we find for
the taming term

lim [ As (yn, §) — As(y, §)] = lm [gn (|yn]*)vn — gn (ly*)y, (T = 2)7)]
(g ([9a2) (g — 1) 1o, (1 = A)7)]
+|<gN<e><|yN\2 [yP)yla, (1 — A)7)]
< C sup |(1 = A)g()] i {Ilyall2: |5 = 1)1l

T€ER3

(
(

+ I = o llea (gl + Iyl }

< C sup |(1 = A)j(a)] i { 1yall30 |9 — v)Lalle>

zeR3

119 — )10l (gl + ly3e) = 0.

2.2. Existence and Uniqueness of Weak Solutions. In this section we will study
the well-posedness of the weak formulation of the TMHD equations. We start by stating
our notion of weak solution. We proceed to show uniqueness first and then existence of
weak solutions via a Faedo-Galerkin approximation scheme.

DEFINITION 2.5 (Weak solution). Let yo € H°, f € L3 .(Ry;H?). Lety = (g)

where v and B are measurable vector fields, v, B: Ry x R? — R3. We call y a weak
solution of the tamed MHD equations if

(i) v, B € L (R: LY(R%; R3)) N L2

loc(RJr;Hl)'
(i1) For alyeV andt >0,

(6) 50 = {on. T — | (V9 Vi)ods

—/ <(’U'V)’U,’D)des+/ (B -V)B,d)2ds
(2.11) 0 0
—/0 <(U-V)B,B)des+/0 (B -V)v, B)2ds

- / (o (y)y, ) ads + / (. i)ds.

(i) limyyo [y (t) — yollc2 = 0.

This definition deals with purely spatial test functions, but it can be extended to the
case of test functions that depend also on time, as the next proposition demonstrates.
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PROPOSITION 2.6. Let y = (g) be a weak solution and let T > 0. Then for all
g € CY([0,T);H') such that §(T) = 0, we have

T t
/ (s e ot = — (3o, §(0)) 30 + / (Vy, Vi) pods
0 0

+ t(('v -V)v,0)g2ds — t((B -V)B, 9):ds
(2.12) /o /0

+/Ot<(v~V)B,B>des—/Ot((B~V)'v,B>L2d8

+ [t hsds - [ (.0

Moreover, the following energy equality holds:

t t
IO +2 / IV ylZds + 2 / IV/an (oBlyl|2ads
0

t
= llyoll30 + 2/ (f,y)qods, YVt >0.
0

PROOF. We first show that the right-hand side of (2.12)) is well-defined.
Starting with the nonlinear terms, by applying Holder’s inequality for (p,q) = (4, %)

and (p,q) = (3, %) as well as the Sobolev embedding theorem, we get

(2.13)

T T
/ (v~ V), 8)galdt < / 18]24ll(0 - Vo]l gassdt

0 OT
< / 18124 ][ V] | osscl

OT
< / 18]z lloll e [ Vol ot

T 1/2 T 1/2
<C s ||v||L4(/ ||@||H1dt) (/ HUHHldt) |
te[0,T 0 0

The other three nonlinear terms can be handled in exactly the same way.
For the taming terms, we get, by applying Holder’s inequality (to the spatial integra-
tion) and the Sobolev embedding theorem:

T T
[ VaxtoPyipzstae < [ [ Jan(o) |t plasar
0 0 R
T
<c [ [ lyPlaldo
0 R3
T
<C [ ulililesas

T
< sup Jy(0)] / It
0<t<T 0

Thus, the right-hand side of (2.12)) is well-defined and if we use the definition of a weak
solution, (2.11)) and (2.12)), the energy equality follows from approximating the solution
accordingly, cf. [18| Lemma 2.7, p. 635]. O
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THEOREM 2.7 (Uniqueness of weak solutions). Let y1,ys be two weak solutions in the
sense of Definition [2.5. Then we have y; = ys.

PrOOF. We fix a T' > 0 and set z(t) := yi(t) — y2(t) =: (E,) Then z satisfies the

equation

(2(), §)a0 = — /OtNZ, V§)ds — /Ot<(v1 - V)v1 = (v V), 0) g2ds
+ /0t<(B1 -V)B; — (B, - V) By, 0)12ds
_ /Ot<(v1 V)Bi — (vs - V)Bs, B)12ds
n /j((B1 V)0, — (Bs - V)vy, B) pods

t
- / (w21 — an([al2)a, §) exds.
0

Now, running the same proof as for (2.13)) (which essentially amounts to being able to set
g =2z), we get

IO = =2 [ 190ocds =2 [ (o 01 9o = 0 Dpn)zads
+ 2‘/0t<'v, (By-V)B; — (Bsy - V)Bs):2ds
_ 2/5(3, (01 V) By — (03 V)By) pds
+ Q/Ot(B, (By - V)v; — (By - V)vy)2ds

t
9 / Gy an (o — aw(valP)ys) exds
0

=: IL(t) + ]NL(t) + IT<t).
We first investigate the linear term and find, using integration by parts and the definition
of the norms || - ||4: that

t t
I(t) = —2/ (Vz,Vz)yods = 2/ (Az, z)3ods
0

0
t t
_ _2/ qu;lds—z/ 12 12,0ds.
0 0

The nonlinear term I (¢) consists of four terms of the same structure

(@, (h1- V)01 — (Y2 - V)Os) 2 = —(Vp, 91 @ 0 — 1Py ® Oy) 2.

We estimate them by using Cauchy-Schwarz-Buniakowski and Young’s inequality:

1
(Vep,th1 © 61 — by @ 0) 12 < 2| Veplli + |11 @ 61 — 4 @ 65 2.
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Thus we need to estimate the latter term which we do by applying Cauchy-Schwarz-
Buniakowski, the Sobolev embedding theorem as well as Young’s inequality with ¢ for

(p,q) = (4,4/3):
[9h1 ® 01 — 2 @ O[3 = || (1 — P2) @ 01 + P2 ® (6; — 65) |3
<2 (91 — allze 161117« + |22l 74101 — 65]174)
< 201 0024 (1901 — o 271401 — | 45 1161 |3
+ [lpa341101 — O2171161 — O3
< O ([lor — allf 101117 + 1161 — O2][Follb2]|74)
+el|vpr — ollfn + 2|61 — [

We collect the four terms and use the previous estimates and find (again using the defi-
nition of the Sobolev norms)

t t
fmﬁ>s/|wwy—mm%&wﬁg/nm—ym%®
0 0

t
+@/um—mmmm@+m—m%mmaws
0
t t
g/ |yz|\;1ds+85/ 12]12uds
0 0

t
+@Aw%dumm%ﬂm@ms

t t
< (1+ 8¢) / 2], ds + CaMyl,yz,t/ I2[30ds,
0 0

where
My, ot = €58 SUPse(o,¢] (1 + ||y1||§;4 + ||y2||§;4) <00
by our definition of weak solutions.

Concerning the taming term, I1(t), we have, using Cauchy-Schwarz-Buniakowski for
the scalar product (-,-), the mean-value theorem of calculus (and the fact that |¢'| < C),
the inequality gy (r) < Cr, as well as Cauchy-Schwarz-Buniakowski for the 3D integral,
Sobolev’s embedding theorem and Youngs inequality (for (p,q) = (4,4/3))

|<Z’9N(|y1|2)y1 - gN(|y2|2)?J2>L2|
= \(z,gN(\y1|2)z>Lz + (2, (QN(’ZHP) - !JN(\MZ)) Y2) 12|

< [ 1ePon(mpiae+ [ 12llavnl®) = gl lde
<C [ 1Pl + 2l = el o

<C [ Pl + 12 (il + oD leldo

= [ o (P + o]+ 5eP)

s0/|ﬁum+wm%x
R3

< Clllz] (lya| + [wel) 1172
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< Ol 2| 2alllyr] + |ya) |24
3/2 1/2
< O3 N2 My + s |24
= Gl 2lyo WY1l ca Y2|| pa El| 2|yt
< Cellz )20 (112 + w2l +ell2)12
This implies that

t
In(t) = —2 / 2, an () — an(lyal)ys) eads
0
t t
<o / |2l20ds + C. / 1120 (Il + lylS) ds
0 0

t t
<2 / |2 l2ads + C. My, 4o / 2|20ds.
0 0

Hence, altogether we have the inequality

t t
=600 < =2 [ (6] fds + (14 100) [ ()]s
0 0

t
4 CMy s [ () Bds
0

Choosing ¢ = lio, we find that

t
|20 < CMy, / () Zpds

and Gronwall’s lemma implies that z(s) = 0 for all s € [0, t]. O

Our next step is to establish existence of weak solutions.

THEOREM 2.8. Let yo € H' and f € L3 (R,;HY). For any N > 0, there exists a

loc

weak solution y = yy in the sense of Definition[2.5 to the TMHD equations such that
(1) For allt > 0,

t
(2.14) 19 o < Ilyollpe + / 1 lods
0

and

(2.15) /O IVy ()l + 1V gn ()l Z2ds < llyoll30 + 2 [/0 IIf(S)HHodS]

(i) The solution satisfies y € C(Ry; HY) N LY (Ry;H?), Oy € LE (Ry;HO) and for
alt >0,

t
IOl + [ (ol + 1l 91E2) s
t
(216 <0 (Il + [ 171os)

t 2
LO(4N 4D (Hyon%,p [ 151 ) — o
0
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(iii) There exist real functions p(t, x), 7(t, x), satisfying Vp, Vr € L2 (R, ; L*(R3; R3))
such that for almost all t > 0, in L*(R3;R%) we have

‘ZZ =Av—(v-V)v+ (B- V)B+V( | 2' )_QN(K'U’B)F)'U
80?—AB (v-V)B+(B-V)v+Vr—gy(|(v, B)]*)B.

PROOF. We use a Faedo-Galerkin approximation on [0,7]. Let us construct an or-
thonormal basis tailored to our needs.

By the separability of H? and the density of V C H3, there is a linearly independent
countable subset {é;, | k € N} C V which is dense in H3. To be more precise, by the
separability of H?, there exists a countable topological basis (U, )nen of open subsets of
H3. Choose an e; € V N U; (which exists by the density of V). Now let {ey,...,é,} be
chosen already, and define S,, := span{éy, ..., é,}. Since the dimension of H? is infinite,
the finite-dimensional subspace .S, is a proper subspace and thus has empty interior (if it
contained an open ball, it would be equal to the whole space). In particular, it does not
contain U, ;. Since S, is closed, U, 11\S, = U,41 NS¢ is open and thus there exists an
ent1 €V N (Uns1\Sn).

Using the Gram-Schmidt orthonormalisation procedure in H!, we can construct an
orthonormal basis {e;, | ¥ € N} C V of H! such that span{e;} is dense in H3. Fix an
neN. Forz=(z',...,2") e R" and e = (e1,...,€,) € V" set

n
z-e:= E Z'e; €V
i=1

bn(2) = ((A(z - €), e )iy
fa(t) = (o * f(t),e1)2015 - s (pn * [ult), en)an)
where the p,, are a family of mollifiers such that

9 F@)llo < 1 Ollr. T g £2) = (D) = 0.

Now we consider the ordinary differential equation

ddL:@) = bn(2a(t)) + fu(t),
247 {Zn(o) = ((yo. €)1 )iy -

Then we have

(2,b,(2))gn = Z ZHA(z-e) e = (A(z-€),z- €.

i=1
Noting that z - e € H3 C H?, the estimate on (A(y),y)s from Lemma then
yields
(2,0,(2))re = (A(2 - €), 2 - )31 < Cnl|zl,
where the constant C), y contains the norms of all the e; for i = 1,...,n (as all the terms
on the right-hand side of are quadratic in y). Moreover, since
2 ba(2) = ((A(z - €), ei)an )iy € R”

is a polynomial in the components of z in each component it is a smooth map. Hence,
the differential equation (|2 has a unique solution z,(t) such that

zn(t) = 2,(0) + / (zn(s))ds —i—/ fn(s t>0.
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Now we set

[T A6 (®) = > (A0, e

H f(t) = Z(Pn * f(t), ei)wrei

i=1
Then the function y,, satisfies the differential equation

Oyn(t) = (9rzn(t)) - € = (bn(2n(t)) - €) + (fu(t) - €)
= [T Aw.0) + T r®)

and for all n > k
<yn(t)7 ek>7—l1 - <yn(0)7 ek>7{1

(2.18) T /Ot < E[A(yn(s))vek>HldS + /Ot < E[f(s),ek>H1ds
= (Yo, er)mr + /Ot<«4(yn(8))> ex)prds + /;(pn x f(s), ex)pnds.

This implies that
t

o = linlFs +2 | (A a(sedds +2 [ (o, F(5) (s

0

Using the definition of H!, the self-adjointness of (I — A) and the Cauchy-Schwarz-
Buniakowski and Young inequalities for the last term as well as (2.10) for the second
term (dropping the nonlinear terms, all of which have negative signs), we find that

t
Jon (@1 < ool = [ TonlBes + 2l + 4N + D[ Ty
0
t 1 t
2 [l fBods + 5 [ lleds
0 0
2 tl 2 2 2
<ol = | 3lmlB -+ 2l + 4N + DIV s

+2A\uwm%d&

This implies that

t t t
(2.19) MMM%+/HW%®§CN@W%+/HMW®+/WN%®)
0 0 0

Dropping the second term on the left-hand side and using Gronwall’s lemma, we find that

sup Hyn(t)H%{l < Cy07N7T7f‘
t<T

Using this information in (2.19)), we find that also

t
AH%%ﬂ“ﬂ%MM-
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Now for a fixed k € N, set G (t) := (yn(t), ex)31. Then by the preceding step, the el
are uniformly bounded on [0, 7]. Furthermore, they are equi-continuous, as can be seen
from

’G;k) (t) - ch)(r” = ‘(yn(t)v ek>H1 - <yn(r>7 ek)?-tl‘

/<A(yn(5),€k)7{1d8+/ (pn * f(5), ex)pds

t t
< C/ (1+ Hyn<5)H?7)-tl)Hek”H3d5+HekHH?/ 1/ (8)l[30ds,
and equation (2.19), where we used Lemma [2.2][(i)] Therefore, the theorem of Arzela-

Ascoli implies that <Gg€)) is sequentially relatively compact with respect to the uni-
neN

form topology and hence there is a subsequence such that (G(’?) converges uniformly
™ /1eN

to a limit G®). Now a diagonalisation argument implies that there is a subsequence,
which we denote again by (G¥),en
VEeN: lim sup |[GP () —GP ()| =0.
=00 ¢(0,T]

Again invoking (2.19), we see that sup,cysupiepr lyn(t)ll7; < C. Since closed balls
of H' are weakly compact by the Banach-Alaoglu theorem, we find that for almost all
t € [0, T] we have the H!'-weak convergence y,(t) — y(t) as n — oco. To conclude that this
holds true for all ¢ € [0, T] we note that G*), as the uniform limit of continuous functions,
is continuous, and that on the other hand by the weak convergence just mentioned,

fo) (t) = (Ynlt); ex)ar — (Y(t), ex)ar-

Hence, t — (y(t), ex)#1 is continuous for all k& € N and by the density of the {eg }ren, we
find that ¢ — (y(t), )+ is continuous for all § € H'. We can thus conclude that ¢ — y(t)
is weakly continuous in H!, and that for all § € H*:

lim sup [(yn(t) = y(t), 9)sr| = 0.

=00 +c[0,T]
This implies (by considering § = (I — A)™'z € H? C H! for z € H° and using the formal
self-adjointness of (I — A))

lim sup |{gn(t) — y(t), 2| = 0.

N0 ¢e(0,T)
We next invoke the Helmholtz-Weyl decomposition £2 = H°® (H°)™. Since yn(t) —y(t) €
H C HO, this allows us to conclude that
(2.20) lim sup [(yn(t) —y(t),2) 2| =0 VZe L2

N0 ¢e(0,7)
To be more precise, we can use the Helmholtz-Weyl decomposition for L*(R?; R?) for both
the velocity component and the magnetic field component of y,, —y, and putting these two
together yields (2.20)). Note that this equation implies the component-wise convergence
(2.21) lim sup [(¢in(t) — ¢i(t),Z)r2| =0 Vz € L*(R*R), ¢ € {v, B}.
=00 (0,77

This can be seen by taking Z of the form zZ = (0,...,0,2,0,...,0), where z € L?*(R3; R).
Thus, we get weak convergence of each component of the velocity and magnetic field in
L2
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From this equation as well as (2.19) and Fatou’s lemma, we get

T T
| I)Beds < timint [ (o) Bads < .
0 n—=ee Jo

Next we want to show that y is indeed a solution of the tamed MHD equations .

To this end, recall first the following Friedrichs’ inequalityﬂ (see e.g. [141]): let Q C R?
be a bounded cuboid. Then for all € > 0 there is a K. € N and functions k¢ € L*(G),
i=1,..., K. such that for all w € W;*(G)

(2.22) /|w ]dx<z </ )dx) +6/Q|Vw(x)|2dx.

Now let G C G C @ and choose a smooth cutoff function p such that 1 > p > 0,
p=1on G and supp p C @. Then we have for all j = 1,2,3 and ¢ € {v, B} that
p(jn(t,-) —¢;(t,-)) € e Wy (Q) and hence by applying Friedrichs’ inequality, we find

/|ynt:c y(t, r)|*dx

:Z /G v (t, ) — o5 (£, 2) 2 + /G B, o(t, ) — By(t, ) Pda
v x (t, 7)|*dx 2(2)|Bjo(t,x) — Bj(t, v)|*dx
<Z/ )03t ) — v3(t,2) +/Qp<>\ (t,2) - By(t, )

< ZZ (/ Vi — vj)phjdx)2 + ei/@ IV [p(vj. — ;)] |Pda

7j=1 i=1

+ZZ(/ - phsdx‘) +5Z/|V B;. — B;)] |Xdz.

Jj=1 =1

The first and third terms in the last two lines vanish in the limit n — oo by , since
phi € L*(R?). To the second and fourth term (those proportional to ¢), we apply the
product rule for weak derivatives (see e.g. |68 Theorem 5.2.3.1 (iv), pp. 261 f.]) and
to see that the integrals are bounded. As e > 0 is arbitrary, we find

(2.23) lim sup / lyn(t, r) — y(t, 2)|*dx = 0.

Now let, for k € N, supp(ey) C Gk for bounded sets Gy. If we fix s € [0,¢], then by (2.19)

and ([2.23) we get

sup ||yn(37 ')H’Hl < oo and hTILn ”(yn(sv ) - y(s, '))1GkHL2 =0.

Thus an application of Lemma and Lebesgue’s dominated convergence theorem yields
t
[ Ao s > [ (AN adds
0

"The first use of the inequality in the context of the Navier-Stokes equations seems to be in E.
Hopf [115, p. 230]. Hopf uses the inequality and cites R. Courant’s and D. Hilbert’s book [43]. The
inequality and a proof can be found in Chapter VII, Paragraph 3, Section 1, Satz 1, p. 489. Hopf also
notes that the statement is not true for arbitrary bounded domains. For a more modern presentation, cf.
J.C. Robinson, J.L. Rodrigo and W. Sadowski [192, Exercises 4.2-4.9, pp. 107 ff.].
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Having established this convergence, we can take limits n — oo in (2.18]) to find

W(t), ex)s = (o exdra + / (A@y(s)), ex)pds + / (F(). (I — A)ex)pods.

As this equation is linear in e, it holds for linear combinations and since span{ey} forms
a dense subset in H?3, we conclude

W(t), T = (y0r §)ar + / (A(y()), §)sads + / (f(5), (I = A)g)pods.
Now, letting ¢ := (I — A)~1y for § € H3,

(l6) 90 = (T + [ (A(y(s), Bhaods + / (F(5), B)rods,

that is, Equation .

We are left to prove (i)|- . We will start with . At first it might seem difficult
to extract two pointwise 3-D equations from one weak 1-D equation, as [214] Chapter
I, Section 1, Proposition 1.1., p. 14] only works when the number of components of the
solution equals the space dimension. Note, however, that our weak formulation holds
for a larger class of test functions. In particular, we note that if o € C§°(R3;R?) with
V-9 =0, then (9,0) € V. Thus in equation we set § = (0,0) and we find for
almost all ¢ > 0 that
221) Do rv-P(w-V)v+(B-V) B~ P [gn(lyP)o] + (1)
and infer from Proposition 1.1. of |214] the existence of a function p with Vp €
L} (Ry; L*(R?)) such that (for almost all ¢ > 0)

ov

ot
Now we define the pressure p by

=Av— (v -V)v+(B-V)B—gx(yl*)v+ VD + fi(t).

| BJ?
2
and we observe that since V‘B| = (B-V)B € L} (Ry; L*(R* R?)) due to (2.16), and by
the regularity of p, p also satlsﬁes the right regularity condition Vp € L2 (Ry; L*(R?)).
In the same way (cf. Section _ ), by testing against § = (0, B) €V to get
0B
ot

we can find a 7 such that Vzr € L% _(R,;L*(R?)) (note that this function in general
cannot be expected to be equal to zero for our equation, as we argued in Section |1.3.4])
such that for almost all t > 0

0B
ot

p=p+

(2.25) =AB-P(v-V)B+P(B-V)v—Pgn(|(v,B)]*)B] + fo,

=AB— (v-V)B+ (B -V)v+ V7 —gn(|(v,B)*)B + fa.

These two statements imply
Next we want to prove [(i)l We take the scalar product in HY of the system ([2.24)),
(2.25) with y(t) as well as (2.9) to find

(Oy(t), y(1))ao = (Ay(1)), y())no + (f (1), y(?f)>HO
(2.26) = —IVy®)IF0 — IV gn (y @O Py @)lIZ2 + (1), y(t))30
< = IVy®)IFe = IV gn (y@ Py @lIz + [1Lf Ol YO ll3eo,
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which yields (as (9y(t),y(t))so = 55 1v )30 = 1Y(O)ll20 Gy (@) l30)

d
@Ol < 1Bl

Integrating this inequality gives

(2.27) ly@ 20 < llyollo +/0 1/ (8)ll2ods,

and integrating (12.26)), we find

[ 1956 s + 1 ax TG PTln(s) s
< lnlo + [ 17 ol ods

(228) < gl + [ 15w (Ionbso + [ 170 o ) as
3 t 2
< gllnlis + ool [ 15)ods + | 176 ods

3 t 2
< Il + 3 | [ 17lhoas]

Thus we have shown .
For , we note that
H? - H — HO°

31

forms a Gelfand triple and thus by [214] Chapter III, Section 1, Lemma 1.2, p. 260 f.]

and ([2.24)), (2.25)) we get the equality
t t
o6 = olF +2 | (AW whads +2 [ (f,ghads.
0 0

The right-hand side is continuous in ¢ and thus together with the weak continuity of
t — y(t) € H' by |248| Proposition 21.23 (d), p. 258] we get that ¢t — y(t) € H' is

strongly continuous. We then apply (2.10)), |(i)] and Young’s inequality to find

Iy (®) 130

t t t
smm@r—i|w&m5+2ﬂnm@ms+%w+4yévaaﬂs

t
- 2/0 I10[IVoll[z: = [[1BIIV B[z — l[v][VBIlL: — [[|B]|Vvl||z.ds

t
+2/HNWMMMS
0

t t 2
so@wm+/Wmmmﬁ+ou+N+w@m@ﬁ[/nmwﬁ})
0 0

t
- 2/ ll0lIVoll[z. = [[1BIIV B[z — l[v][VBIlz> — [[|Bl|Vvl||z-ds
0

1 t
2
-5 | lieas
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Hence we can conclude that
1 t
(6 + 5 | lolfnds

t
+ 2/0 l10[IVollIz: + | BIIVBI|Iz: + [[v[[VBll[z2 + [1BI|Vo[Z:ds

t t 2
§C(H3/0H§{1+ / |\fr|Hods)+c<1+N+t> (nyouiw[/o nfuﬁods} )

which implies (2.16]). O

2.3. Existence, Uniqueness and Regularity of a Strong Solution. In this sec-
tion, we will show that for smooth initital data, the TMHD equations admit a smooth
solution. To prove this, we have to prove their regularity, which is done via the regularity
result of Appendix [A] Our main result in this section is the following.

THEOREM 2.9 (Strong Solutions). Let yo € H*™ := (o, H™ and Ry 5t f(t) €
H™ be smooth for any m € Ng. Then there exists a unique smooth velocity field

vy € O®(R, x R*R®) N C(R,;; H?),
a unique smooth magnetic field
By € C*(R, x R*R*) N C(R,; H?)
and pressure functions
pn,Tn € CP(R, x R* R)

which are defined up to a time-dependent constant. The triple (vn, By,pn) solves the
tamed MHD equations, (1.12)).

Moreover, we have the following estimates: for any T, N > 0

T T 2
229) s (Ol + / me&odssc(nyouiw[/ Hf(s)HHOds])
0 0

t€[0,T]
and
T
(2.30) sup Iy (&)l + / Iy ($)|22ds < Cry s - (14 N,
te(0,7 0
(2.31) g lyn ()13 < Cryop + Crgog - (1+ N?).
t€|0,

To be precise, the constant Cr,y, s depends on ||yol|r and fOT | fll30ds and goes to zero as
both these quantities tend towards zero. The constant Cp, . depends on T, [[yollyz and

SUP¢elo,17] £ (@)]l30 as well as foT Hasng{OdS'

We use the notation from Appendix [A] We denote the space-time LP norms by
|yllze(sy)- Let (Fi)eso be the Gaussian heat semigroup on R3. We define its action
on a function by the space-convolution

1 _lz—zf?
Fih(z) :== W/R?’ e” % h(z)dz.
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We can thus rewrite the operator B as

B(u,u);(t, r) Z/ Dm]]:tS [ ZRRku (s)u (s)| (v)ds.

Then by Appendix [A] Lemma and Theorem [A 5] the weak solution y constructed
in Theorem [2.8 satisfies the integral equation

y(t, ) = fn(t,x) — Bly,y)(t, o),

where

In(t,z) = Fyo —T® (e, Plgn(ly[*)y — 1)) (¢, )

= Fin= [ Fer (Plav(a)P)o() = 1)) ().

The Riesz projection term vanishes here because the Helmholtz-Leray projection P en-
sures that the divergence of the taming term is zero, and the forcing term has zero
divergence by assumption.

PROOF OF THEOREM [2.9] We first prove the regularity statement. To this end, we
show the following for all & € N:
5

(2.32) y € L106)" “(Sr), DDiy € £xG (ST), la +25 < 2.

We use a proof by induction.
k = 1. First, by the Sobolev embedding theorem, since

0, 1(1 2 +§_3_1
3 5\2 3 6 30 10’

HZ/HLlO(sT / / 1y (s, z)[*°dzds

1/5 4/5
S (T

T
— 000 / 12yl ds

we have

T
<C [ IulBelylfeds
0

T
<C sup [yl [ (o) feds < o
te[0,T 0

Hence we find that
an(lyl*)y € £7(Sr).
Now, as yo and f are smooth, by Lemma[A.2] we find that
DD} fy € L%(S7), o] +2j < 2.
An application of Theorem then yields
DeD]y € LY3(Sy), ol +2j < 2.
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k — k+ 1. Assume ([2.32). We want to apply the Sobolev embedding theorem, which is

justified as
Q—I—l 1 _g +1—1/5_ 1
5t 3T T
k

F ) AN,
W Y A (L Bt
)

T 2.(5 8.(2 k
<o [l as
3

Therefore,

& wlo

< sup [ o [ s <o

te[0,T

which implies

an(yPy € 223 (sp)

and by another application of Lemma[A.2] this yields

) 5. (31
DeDify € 1*G)(Sy), ol +2j <2,
and hence, by Theorem [A.7]

peDiy e 127 (Sp), o] +2j < 2.
We have thus shown that

DeDify €\ LSr), lal+2j <2

g>1

The next step of the proof consists of another induction on the number of derivatives.
Namely we want to show that

DDl fy € [\ L(Sr), lal+2j <m.
g>1

We have shown the base case m = 2 already. So we are left to show the induction step
m — m + 1.
We have to consider two cases:

(a) There is at least one spatial derivative, i.e. we have
DiDjfn = Da, DID]fn, 18] =lal=1>0, |8+ 1+2j=m+1
In this case we have

||kaDngfN||Lq(5T)

D, DED] (J-;yo - [ e (PP - 7(6)) <x>ds)

La
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Applying linearity and the triangle inequality, we see that the term containing
the initial condition gy is bounded. For the other term we get the upper bound

Hpnpgpz / Fos (Plon(ly()P)y(s) — £(5))) ds
< ||DI D DEP(an (5P y(t) — F(1)]),.

/0 (Da. Fis) DED] (Pan(ly(s)2)u(s) — F(s))) ds

La

+

La

The first term is bounded by the induction hypothesis, since
1Bl+1+2(j—1) =|a|—1+25 =m.

The second term is bounded by Young’s convolution inequality and the fact that

D, F; € L'(S7) just like in the proof of Lemma .

(b) There are only derivatives with respect to time, i.e.
DyD]fx =Difn, 2j=m+1.

The term containing the initial condition is again not a problem. In a similar
way as before we find

HDz / Fs (Pl (9()P)(s) — £(5))) ds

< [|D7 P lan (ly@) Py (t) = FO)]

La

+ / (DFie) DI (Plan(y(s)ots) ~ F(s)) ds|
— | DI Plan (&) P)ut) — F0))],,
+ / (AF) DI (Pla(y(=)Pu(s) — ) ds|

where we have used that F; solves the heat equation. Now by using integration
by parts, in the last term, we transfer one spatial derivative from the Laplacian
to the second factor and since 25 —1 = m, we conclude the boundedness as before
by Young’s convolution inequality and the L'-boundedness of D,, F;_s.

By the Sobolev embedding theorem we now find that y is smooth. Thus we get for every
t > 0 that
Orv(t) = Av(t) = P((v- V)v) + P((B - V)B) — Plgn([v]*)v) + fu(t)

(2'33) 8tB(t> AB(t) _ ’P((U . V)B) + P((B . V)'U) - P(9N<|B|2)B) + -fB(t)

We take this equation and apply 3 different inner products to both sides of the equations:

(a) (-, Oy(t))so, which will lead to an estimate for fOT 10wy 15,0t
(b) First apply 0;, then apply (-, 9;y(t))3o. This will lead to an estimate for ||0,y|[3,0-
(¢) (-,y(t))zn, which gives an estimate for ||y(t)][3,..
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(a) We find by using Young’s inequality

(2.34)

101520 = (Ay, Oy ()30 — (v - V), O} 12 + (B - V) B, dv) 2

—((v-V)B,0,B)r2 +((B - V)v,0,B)r2 — {gn(ly|")y. Oy) 12

+ <fa at?/)?—lo
—(Vy, 0 Vy(t))yo — ((v-V)v,0v) 2 + (B - V)B,0v) 2

(0 VBB + (B VIo.0B)1: ~ [ oxlly®) 3ol
+ <f y)no

= 5 LIVl — (v V), 0)12 + (B V) B, 0
—{((v-V)B,8,B)12 + (B -V)v,0,B) 2 2dtHGN(’y| )z
+(f, Oy)ro

< —5 SVl + 5 1000 + 210B(0) )

+2 ([llv]| Volllz + |||B||VB|||iz +llvl[VBI[Z: + 1BIIVoll72)

1
+ 11000l + 17O — 5 < OxllyP) e

1d 1
= — 5 IVl + 5 10(O)lZ0 + 20181 - 1V
1 d
OB — 531G (sl

Here, we denote by Gy a prlmltlve function of gy. Since gy(r) < 2r, we find
0<Gn(r) = [ gn(s)ds < 27" = r2. Integrating from 0 to T yields — estimating
the nonp031t1ve terms by zero — the following:

1 [T )
3 |0ey (t) |30t
0
1 T
< §||Vy(0)||io +/0 @Iyl - VYl + 1 f150) dt

+ 2 IEN (O P

N

1 . T 1
< SIVUO o + 270+ [ 17 e+ Flnll

_. 2
_' CT)N7y01f'

(b) We first differentiate Equation (2.33]) with respect to ¢ and then take the inner

(2.35)

product with 9,y in H°. Note that for 8, ¢, € {v, B}, we get
(@((0 ) V)¢)a 8t¢>L2 = <(at0 ) V)(ﬁ, at";b>L2 + ((9 : V)&t@ Gﬂb)m

By the (anti-)symmetry of the nonlinear terms, if ¢ = 1, the second term van-
ishes, which accounts for the (v - V)v and (B - V)B terms. The other two
nonlinear terms cancel each other, so we are left with four variations of the first
term of the right-hand side of Equation (2.35]), which can be simplified further
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using the divergence-freeness to yield

<(8t0 . V)¢, 3ﬂ/)>Lz - <V . (81/0 ® ¢>, at’l,b>L2 - —<8t0 ® ¢, @Viﬁ)p.
Taking this into account and applying Young’s inequality, we find

1d
5&“@4(0”3{0

= (Ady(t), Oy () w0 + (O0f, Ory) o
+ <at’U K, atV’U>L2 — <8tB ® B, 8th>Lz
+ <3t'v & B, 8tVB>L2 - <8tB K, 3tVB>L2

— (an (1) 0y, ) 2 — (g ([y1*)yOrlyl?, Ouy) 12
= —18:Vy (050 + (B1f, By

+ (0w @ v,0,Vv) 2 — (0, B® B,0,Vv) 2

+ (0w © B,0,VB) 12 — (0,B © v,V B) 2

~ Voo 10l 13 ~ I/ glsP) 10151 1

< —10:7y(1) B + 1107 s + 100 e

+ lllowlls + 11BIaBIIE + IlelloBII: + 11Bla] 3
5 @100l + 200V Bl)

— IVan ) foul 13

1 1
< =5 10Vy(®) 30 + 9ll0yllI72 + 710130 + 101l

200 - (0 D tow

1 1
= =5 10:Vy(O) 50 = N1y110wllIz2 + 100 f 0 + 2(N + D10y 300-

10y (1) 30

T 1 T
< 10Ol + 4N +1) [ 100 Bods + 5 [ 10.£(5) s
0 0

1 T
< O+ Iyl + 17 (0)[30) +8(N +1)CPn 5 + 5 / 10:f|ods

.09
o CT,vaovf'
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Integrating from 0 to ¢ < T then gives (again estimating non-positive terms by
7€ero)
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Here we used ([2.34]) as well as the following estimate for the time derivative of
the initial condition: since (2.33) holds for all ¢, we can set ¢ = 0 there to and
take the H%norm to find

19030 < C (1A%0ll30 + w0l [Vyol 122 + lwoll30 + 1£(0)30)
< C (loll7e + Mol 30 11Vy0l 30 + lyoll3e + 1£(0)150)
< C (Ilyoll3z + Myol 30 + 1V5olllz0 + lyollzz + 11 (0)150)
< C(1+ llyollze + 1£(0)[30) -
(¢) Finally, we take the %' inner product with y(¢) and use Equation ([2.10):
(Oy(t), y(t))3er
= (Ay(®),y(0)3r + (F (1), y ()20

1
< =5 lllle + lyll30 +2(N + DIIVyllo = [lv[[Vollz. — [[|BIIV Bz

1
— IV BIlz: = [IBIIVollz: + llvllze + 1/l
which implies

Iy (®) 132
< Ayl + 8N + DIVy®)li30 + 4l1f )30 + 410w (1), y(t))20]

1
< Ally(®) 50 + 8N + D[ Vy(6) |30 + 4l1LF (1) [50 + 8l () 150 + §||y(t)||3{2,
and hence, using (2.36)) and ([2.29)),

sup [y(t)[l3.2
te[0,T
< 16(N +1) sup [|[Vy(t)|[50 +8 sup [[y(t)|50
te[0,T] t€[0,T7]
+8 sup [|f(t)]|30 +16 sup [|0y(t)[5o
te[0,T] t€[0,T]

2

T
saN+mﬁ@M+4wa+Aumwm]

+8 sup |[f(t)]120 +16CEN . ;
te[0,T)

= C’iF,N,yo,f + Cp Nyo, s (1 + N?),

i.e. (2.31). Equation (2.29) follows from (2.15]), and Equation ({2.30]) follows from
(2.16)). This concludes the proof.

O
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2.4. Convergence to the Untamed MHD Equations. In this section we stress
the dependence of the solution to the tamed equation on N by writing yy. We will prove
that as N — 00, the solutions to the tamed equations converge to weak solutions of the
untamed equations. The precise statement is given in the following theorem.

THEOREM 2.10 (Convergence to the untamed equations). Let the data yo € HC, f €
L2([0,T]; 1Y), yi¥ € H' be given such that H® —limy_,00 Y5 = yo. Denote by (yn,pn, 7n)
the unique solutions to the tamed equations (1.12) with initial value y¥ given by Theorem
2.8

Then there is a subsequence (Ni)ken such that yy, converges to ay in L*([0,T]; £3.)
and py, converges weakly to some p in L%([0,T); L°/°(R%)). The magnetic pressure
TN, converges to a zero, weakly in LY/3([0,T); L°/°(R®)). Furthermore, (y,p) is a weak
solution to the (untamed) MHD equations (L.1)) such that the following generalised energy
inequality holds: for any non-negative ¢ € C°((0,T) x R?),

(2.37) 2/0 . |Vy|"¢dzds < /0 /RS [|y| (D00 + Ap) + 2y, )
+ (Jyl* — 2p)(v, V) — 2(B,v)(B, V¢>]dxds.

REMARK 2.11. Compared to the Navier-Stokes case, we get a different type of term in
the inequality, namely the last one on the right-hand side of the inequality.
Note also that the "magnetic pressure” disappears as Ny — 00.

PROOF. The proof follows along the same lines as that of Theorem 1.2 in [197].
Let y) € H! with y) — yo in H° and (yN,pN) be the associated unique strong

solution given by Theorem |2 - 2.8 Combining ([2.27]) with - 2.28)) yields

T
(2.38) sup [|yn (1) 30 +/ lyx 17+ IV an (lyylllz2ds < Cyy r-
0

te[0,7)

For ¢ € [2,00), 7 € (2, 6] such that

by an application of the Sobolev embedding (12.6) and - we find

T T
(2.30) / lywl%dt < Clo s, / lys 2l 52dE < Co yita
0 0

Employing the Arzela-Ascoli theorem and the Helmholtz-Weyl decomposition in the same
way as in the proof of Theorem , we find a subsequence yy, (again denoted by yn) and
ay=(v,B) e L>([0,T]; 1% n L*([0, T]; 1) such that for all § = (v, B) € L?

(2.40) lim —sup [{yn(t) = y(t), §)c2| = 0.

N—00 te0,7]

In fact, we can even prove that for every bounded open set G C R3, we have

T
(2.41) lim / / lyw(t2) — y(t, 2)[2dadt — 0.
0 G
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To this end, let G C G C @ for a cuboid @, and p be a smooth, non-negative cutoff
function with p =1 on G, p = 0 on R3\(Q, and by Friedrichs’ inequality (2.22))

/OT/G lyn (t, ) — y(t, )| *dzdt

=/T/ |'UN(t,x)—'v(t,x)|2dxdt+/0T/G|BN(t,x)—B(t,x)|2dxdt
/ /|vN (t,2) —v(t,z)]*p*(x )dxdt—i—/OT/Q|BN(t,x)—B(t,x)|2p2(x)dxdt

sz / (/Q (ox(t,x) <t,x>>p<x>h5<x>dx)2dt

2

+ Z/T (/ (Bn(t,x) — B(t,x))p(x)hf(x)dx) dt

+5/ /|v vy — v)p) (z 2dxdt+5/ /|v (By — B)p) (z)|2dzdt

=:I1(N,e) + I)(N,e) + I3(N,e) + I4(N,¢)
The terms I1(N,¢), I5(N, ) vanish for N — oo as using (2.40) we get

2

hm Li(N,e) < TZ lim sup /Rs(vN(t,:I:) —v(t,z))p(z)hi(z)lg(x)dz| =0,

N—=004e0,7)

and an analogous computation yields limy_, I5(N, &) = 0.
The other two terms can be bounded by

T
I3(N,e) + I4(N,e) < e~ Cp/ (@150 + ly@)50) dt < Cpyors -,
0
and the arbitrariness of € > 0 implies the claim.
Next we prove that for any § € V
t

lim [ (g (|yn(s)*)yn(s), §)uods = 0.

0

N—oo

This can be seen as follows:

t

lim <9N(|yzv( ))yw(s), §)pods

N—oo

< 17|l - hmsup// lyn () 1{|yNsm)|2>N}dxds

9/10 ¢ 1/10
< 9llze-- hmsup (/ lyn (s ||201{33ds) : (/ /3 1{|yN(57x)|22N}dxds)
1/10 oo
< Cyyor,f - limsup (N/ HyN(S)Hg_LodS) =0,
N—o0 0

where we have used (2.39) and Chebychev’s inequality.
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As in the proof of Theorem 2.8 there are py,mn € L*([0,T); L}

loc

Von, Vay € L2([0,T]; L*(R?;R?)), and we have for almost all £ > 0 that

(R3)) such that

Ovn |BN|2
(242) WIA’UN—<’UN'V)’UN+(BN'V)BN+V pN+ 9
— gn(|(vn, By)[)ox + fi
OB
(2.43) O—tN = ABy — (vy - V) By + (By - V)oy 4+ Vay — gn(|(vy, By)|?) By + fo.

To derive the generalised energy inequality, we take a non-negative ¢ € C5°((0,T) x R3)
and then take the inner products with 2yy¢ in H® of this equation. Let us use the

abbreviation [[ = fOT Jgs dadt. Then we get

(2.44) // Doy - 20N + / 8,By - 2Byé

(2.45) = // Avy - 20x¢ + / ABy -2By¢

(2.46) —//(’UN-V) vN-QvN¢>+/ (By - V) By - 20x¢)
(2.47) —//(UN-V) BN~QBN¢+/ (By - V) vy - 2Byé

(2.48) =2 [ awlluPloxo -2 [[ av(un?) BP0
(2.49) +2//va vN¢+2//V7rN BN¢+2// fryn)o

Let us discuss this equation line by line. The first line is a simple application of
integration by parts (with respect to the time Varlable)

//&yN Yng = — //yN 9 (yno)
—//yN'(atyN)¢—//|yN|23t¢

2//(9tyN'yN¢= —/ lyn[*0:.

For the second line ([2.45)), we proceed along similar lines, this time with respect to the
space variable. To avoid confusion, we will write the equation in components:

2//AUN-’UN¢+2//ABN-BN¢

2] > 000k who+2 /| > (00.BY) By
:_2//2 o) 9, (vho) —2//2 (8.B%) 0, (Blyo)

We will focus on the velocity terms, the magnetic field works in exactly the same way.

i // Zk (B0k) &, (vhd) = —2 // Zk k2o — 2 // (D05 )0k D16

which in turn yields
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The last term on the right-hand side equals, after another application of integration by

parts,
—9 // (0% )0k 0,0 = 2 // vx0; (vy0i0)
—9 // (0:0%) vk 01 + 2 // vy (979)

i // (0% Yok 9y — // lox PAG.

Hence, (2.45)) can be rewritten as

2//Ayzv-yzv¢= —//IVyN|2¢+//IyN!2A¢-

The third line, (2.46) will be dealt with term by term. By the incompressibility condition

=2 [[ ton - Vyow-vowo =2 [[ [orV (o) =2 [[ forfPox - Vo

The second term, in a similar fashion, becomes (again using the divergence-freeness)

// (By -V) By - vN¢—2Z//BN 0, BY) vk ¢

_ _2%: // BYBYO, (v'0)

- % [ BB @t o - 23 || BuBivho
:—2//(BN-V)'UN-BN¢—2/ (By - on)(By - Vo).

and thus

The first term of the last line here cancels with the second term of (2.47). Thus we only
have to deal with the first term of ([2.47):

— 2//(’UN V) By - By = —2%://% (0:BY) Byo
— 2%//3}3@ (viyBk¢) = 2%;//%31]%@ (BX¢)
=23 S o423 | wBiBLos

:2//(UN'V)BN'BN¢+2/ |By|*vy - Vo,

—2//(UN -V)By - By¢ = // |By|*vy - V.

and therefore
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The last terms that we have to treat are the pressure terms of (2.49)). For the first term,
we find, again by integration by parts and the incompressibility

zﬂva-qus: —2//pNvN-v¢,

and similarly for the second term

2//va-BN¢:—2//MBN-V¢.

Thus, altgether we find that
T T
2/ Vyn|*¢ dods + 2/ / gv(lynHlyn|?¢ dzds
0 JR3 0o JR3

T
(2.50) _ /0 /R [l @0+ 26) + 20w, £)o — 2m3( By, Voo

+ (lyn|* = 2pn) (vn, Vo)rs — 2(By, vy)rs (By, V¢>R3] dzxds.

Since 0 < ¢ € O, it acts as a density, and thus, by [53, Theorem 1.2.1], the map
Y fOT Jzs IVy[?¢ dads is lower semi-continuous in L*([0, T']; H°). Thus, the limit of the
left-hand side of (2.50) as N — oo is greater than or equal to

N—oo

T T
liminf/ / Vyn|*o da:ds—l—?/ / g (lyn ) lyn P dads
o Jrs o Jrs
T T

N—oo

> liminf/ |Vyn|*¢ dods > 2/ IVy|*¢ dxds.
o Jrs 0o Jmrs

On the other hand, the limit of the right-hand side as N — oo consists of four terms,
which we treat individually. We denote G := supp ¢.
For the first term, by Cauchy-Schwarz-Buniakowski, (2.38) and ([2.41]), we find

T
/0 /R3 (lyn* = [yI?) (9 + Ag) dzds

T
< / /G lyw — wl(Ju] + ) (O + Ag) dads

g 1/2 T 1/2
<G (/ / lyn — y|2dxds) (/ / 2(lyn > + |y|2)dxds)
0 Ja 0o Jo
T 1/2
< Coyor.f (/ / lyn — y|2dmds) NZee ).
o Ja

The second term can be treated in a similar fashion:

/OT / 2yn — y, f)¢ dads

< ( / ' / \yN—dea:ds)l/Q ( / ) / \f|2¢2da:ds)

T 1/2
N—oo
< Gyl fll 220,190 (/ /\yzv—y!2dxd8) = 0.
0 G

1/2
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For the term

T T VQb
/ / ]yN|2<'vN, V)rsdrds = / / |yN]2 <’UN, 1G—> odxds,
0o Jrs o Ja ¢ [ gs

we note that since ¢ € C°((0,7) x R3), (2.41)) implies convergence in measure for the
finite measure p := ¢dr ® ds. This can be seen as follows: Let ¢ > 0. Define Xy :=

la|yn]|? <'UN, %>R3. By the binomial formula and Young’s inequality

“?JNP <UN7 1G%>R3 — [yl <U7 1G%>R3

3 Vd)’

< Zlyn =yl (Jynl* + |yI*)

\)

Set A = {%|yN —yl (lyn* + ly*) 1g ‘%‘ > 5}. Fix an arbitrary § > 0. By the above
computation we find
\%
_¢‘ - 5>
¢

3
1(| Xy — X|>e) < p (§|yw =yl (lynl* + y1?) 1c

= puAN{lyy —yl > }) + AN {lyn —y[ < 6})
< pu(lyn —yl > 6) + wAN{lyny —y[ < 0}).

The first term converges to zero by the Chebychev inequality and ([2.41):

p(lyn —yl > 6) // lyny — y|*¢pdads

< (52 //|y —y|2dxds 0.

The second term can be bounded by the Markov inequality and ({2.38]):
3 2
pAN]{lyy —y| <0}) < (’.’UN| +|y|)1c ¢ > €
<5 —// (w2 + 1) 1 —' pdads
<o o [ [ (o + o) (9] dnds
€ e}

3
<9d- 2—€C¢,yo,T,f-

The claim limy o0 1(|Xny — X| > €) = 0 now follows since 6 > 0 was arbitrary.
Furthermore, the family (X )y lies in L([0, T xR?, i) since by (2.39)) for r = ¢ = 10/3

T
||XN||L1(;L)§/ / lyn 2|V o|dzds
0o Jrs

T 9/10 , .7
< < / |yN|10/3dxds) ( / |V¢\1deds)
0 R3 0 R3

< Cyrp- Cp < 0.

1/10
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Finally, using (2.39)) in a similar way, we see that the family (Xy)y is pg-uniformly inte-
grable:

lim Sup// | Xn|p(dz,ds) = lim Sup//1{|XN|>c}|XN|¢dmds
=0 N {|XN|20} c—0 N -

= limsup [ [ 1ol oy, Vs dods

c—00 N

< lim sup//1{|XN|>c}|yN|3|V¢|d$d5

C—00 N

9/10 1/10
< lim sup (// |yN|10/3d;EdS) (//1{|XN|>C}|V¢‘dde)
cC—00 N -

1/10
< Cyoryg CILI?OS?VP (//1{XN|zc}!V¢!dmd8) =0.

Thus, by the generalised Lebesgue dominated convergence theorem we get

T T
/ lyn|*(vn, Vo)psdrds e / ly|*(v, Vé)gsdads.
0 R3 0 R3

Moving on with the energy inequality, the last term of (2.50|) can be treated in the same
way as just discussed. We are left with the pressure term. As in |[197], pp. 547 f., we
take the divergence of (2.42)) to find

| 2

‘ B
Apy = div ((’UN -V)uvy — (By - V)By — V‘ ;V + QN(|3/N’2)UN)

=div ((vy - V)oy — (By - V)By — By - (VBy) + gn(Jyn[)vn) -
Similarly, we take the divergence of and obtainﬁ
(2.52) Any = div (gn(lyn[*) By ) -
We note that for N sufficiently large
(93?111 < Con(r) -

This is obviously true on the set {r | gn(r) = 0}. If r > 0 is such that gn(r) > 0 (which
implies r > 1), we have

(gn ()% - 1218 < g (r) (g (r)) /5 - 1710
< gN(r>21/8T1/8 916 < gN(r)Zl/S 1116 < 21/8gN(r) o

where the factor of 2 appears due to the definition of the taming function. Using this

inequality and ({2.38)), we find

T T
@59 [ [ lawlyP st <c [ [ avllyP)- lyPdedt < Cry .
0 R3 0 R3

(2.51)

8Noting that (vy - V)By — (By - V)uy = V x (v x B), which is divergence-free, cf. Section
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For the first three nonlinear terms on the right-hand side of (2.51)), we note that by
Holder’s inequality (first for the product measure dx ® dt and with p = 16/7, ¢ = 16/9,
then for d¢t with p = 14/6, ¢ = 14/8) and the Sobolev embedding (2.6)) we have

T T
/ vy - V)ox|"2dadt < / o[V oy |/ Pdzdt
o Jrs o Jrs
7 9

T 187 16 T ) 16
s(/ ||vN||L18/7) (/ ||vN||Hldt)
0 0

7 9

T 187 16 T ) 16
s(/ ||yN||w/7dt) (/ ||yN||H1dt)
0

7/16
(2.54) 18/7 1/3 2/3\ 18/7
< Conirs | Cotlzzasyr | (ol 2) "

7/16
9 8 6/7 12/7
o O o ( / LIS 12 dt)

T 6/14 T 8/14
9/8
scyo,Tf0262218/7((/0 lolact) ([ ulaar) )

S CTvyOmf'

The other terms can be bounded in the same way.
Again using the interpolation inequality (2.6]), this time with j =0, m =1, p =9/8,
r=9/5and o = 1, we find

T T
(2.55) /0 ||PN||9L/9§5dt < 0%89/89/8 9/5/ ||pN||£1)/§/8dt
Recall that Apy = div Ry, where Ry is defined by . Then we have
lpxllv9ss = 11 = A)Y2A™ Apw | pors

= (I — A)Y2A" div Ry || poss

= ||(I = A)Y2(div V)L div Ry || zoss

= (I — A2V divT! div Ruv|| poss

= [[(1 = &)2V 'Ryl pors < [ Rwllzoss-

In the last step, we used the rr theory for singular integrals, e.g. [207, Chapter V.3.2,
Lemma 2, p. 133 f.]. By (2.53)) and (| it follows that the right-hand side of (| - is
unlformly bounded in N.

Therefore, by the Eberlein-Smuljan theorem (cf. [248, Theorem 21.D, p. 255]), there
is a subsequence (py, ), and a function

p € LY8([0,T]; L% (R* R?))

7/16

such that for £ — oo
(2.56) pn, — p  weakly in LY3([0, T]; L°(R?; R?)).
Finally, by another application of (2.39)), with ¢ = 12,7 = 9/4 (so o1+ % = % + 2 =

54 _ 3
55 = 5), we find

T
/0 lysl22dt < Crp s
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Thus, in the same way as above, we can employ the generalised Lebesgue dominated
convergence theorem to conclude that for ¢ € C§°((0,T) x R?)

T
lim / /(pNvN—pv,V@R:sdxdt’
N—oo 0 R3
T
< lim / /(pN—p)('v,qu)dexdt‘
N—o0 0 R3

T
—f-/ /pN<’UN—’U,V¢>]R3dZL‘dt‘
0 R3

o/8 8/9 T 1/9
< g (Iowl5e)™ ([ llow = ol 196013 ) =0
— 00 0

In exactly the same way we find a subsequence (Nj)gen such that
TN, — m  weakly in L¥8([0, T]; L%°(R?; R?)).

The limit 7 satisfies the equation

Am =0,

which, combined with the integrability property of 7 yields m = 0, thus eliminating the
"magnetic pressure” from the resulting weak equation as well as the generalised energy
inequality. Hence we have shown that the solutions to the tamed MHD equations converge
to suitable weak solutions to the MHD equations. 0

REMARK 2.12. It is to be expected that existence and uniqueness in the case of a
bounded domain D C R? can be shown in a similar way as for the tamed Navier-Stokes
equations, as in W. Liu and M. Réckner (167, p. 170 ff.]. However, their method uses
an inequality (1677, FEquation (5.61), p. 166/, sometimes called Xie’s inequality, for the
L>®-norm of a function in terms of the L?*-norms of the gradient and the Laplacian (more
precisely, the Stokes operator). This inequality holds for Dirichlet boundary conditions
on quite general domains (cf. R.M. Brown, Z.W. Shen [20, Equation (0.2), p. 1184]
for Lipschitz boundaries). If we were to use method of [1677], we would need to have a
similar inequality for the magnetic field as well. Unfortunately, to the best of the author’s
knowledge, such an inequality has not yet been established for the boundary conditions

B-v=0, (VxB)xv ondD

of the magnetic field (which mean that the boundary is perfectly conducting, cf. [201,
FEquation (1.3), p. 637]). Here, v is the outward unit normal vector of the boundary of
the domain. If such an inequality could be shown, the rest of the proof of Liu and Rockner
should follow in exactly the same way.






CHAPTER III

The Stochastic Tamed MHD Equations

ABSTRACT. We study the tamed magnetohydrodynamics equations perturbed by mul-
tiplicative Wiener noise of transport type on the whole space R? and on the torus T3.
In a first step, existence of a unique strong solution are established by constructing a
weak solution, proving that pathwise uniqueness holds and using the Yamada-Watanabe
theorem. We then study the associated Markov semigroup and prove that it has the
Feller property. Finally, existence of an invariant measure of the equation is shown for
the case of the torus.

1. Introduction

In this chapter, we consider a randomly perturbed version of the tamed MHD (TMHD)
equations of the previous chapter. This aims at modelling the turbulent behaviour of a
flow of electrically conducting fluids through porous media. To be precise, we study
existence and uniqueness of strong solutions, as well as existence of invariant measures of
the following system of equations:

| BJ*

2

dv = [Av—(v-V)’u—i—(B-V)B—FV(p—i— >—gN(|(v,B)\2)v dt

£ 3" [(0n(t)- 9)v -+ Vin(t) + helt,y ()] AWE + £ult,y(0)ek,
LD 4p- [Akz:a’l— (v-V)B+ (B -V + Vr — gy(|(v, B)P)B] dt
+ i [(G4(t) - V)B + Vri(t) + hy(t, y(t)] dWF + Fr(t,y(t))dt,
Giv(w) = 0, div(B)=0.

Here, v = v(t, z) denotes the velocity field of the fluid, B = B(t,x) is the magnetic field,
p = p(t, x) is the pressure, m = (¢, x) is the “magnetic pressure” (cf. Chapter [[I, Section
[1.3.4), gn denotes the taming function, whereas f, = f,(¢,z,y(t)) and fz = fz(t,z,y(t))
are forces acting on the fluid. The form of the noise term will be discussed below. For
simplicity, we have set all the constants appearing in the equations to one. For the
assumptions on the coefficients, see Section [2.1]

We do not repeat the motivation for studying these equations, cf. Chapter [[I} Section
[1.3] but note that these equations can be seen as a model for the flow of electrically
conducting fluids through porous media at low to moderate Reynolds numbers.

The stochastic MHD equations were first studied by S.S. Sritharan and P. Sundar
in [206] who proved existence of martingale solutions in the two- and three-dimensional
case. The paper [211] by Z. Tan, D.H. Wang and H.QQ. Wang contains results on existence
of a global strong solution in 3D for small initial data as well as existence and uniqueness of
a local solution. Their paper, however, was later retracted due to allegations of plagiarism.

49
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Questions of ergodicity in two dimensions were studied by V. Barbu, G. Da Prato
[11] for Wiener noise, and for a-stable noise by T.L. Shen and J.H. Huang [203]. K.
Yamazaki [237] proved ergodicity in the case of random forcing only by a few modes.
In three dimensions, he also proved ergodicity of a Faedo-Galerkin approximation of the
MHD equations for degenerate noise in [236)].

The asymptotic behaviour of the SMHD equations was studied in the 2D additive
white noise case by W.Q. Zhao and Y.R. Li [257], and in the 2D fractional case by J.H.
Huang and T.L. Shen [118]. H.Q. Wang [227] studied the system’s exponential behaviour.
Furthermore, S.H. Wang and Y.R. Li [228] proved long-time robustness of the associated
random attractor.

Jump-type and fractional noises have been studied by P. Sundar [209]. U. Manna and
M.T. Mohan [169], as well as E. Motyl [182] studied the jump noise case, and the latter
author provided a nice and very general framework for 3D hydrodynamic-type equations
with Lévy noise on unbounded domains, generalising the 2D framework of [.D. Chueshov
and A. Millet [40]. Chueshov and Millet proved large deviations principles as well, and
in [41] also a Wong-Zakai approximation and a support theorem.

The existence of solutions to the non-resistive MHD equations with Lévy noise was
investigated by U. Manna, M.T. Mohan and S.S. Sritharan [170].

K. Yamazaki proved existence of global martingale solutions for the nonhomogeneous
system |234]. The case of non-Newtonian electrically conducting fluids and their long-
time behaviour was studied in a paper by P.A. Razafimandimby and M. Sango [190].

In modelling the noise, we follow the approach of R. Mikulevicius and B.L. Rozovskii
[178-180] who proposed a multiplicative noise of transport-type for the Navier-Stokes
equations, motivated by the turbulence theory of R.H. Kraichnan [135], which was further
developed by K. Gawedzki and co-authors in [90,/91]. Transport-type noise was studied
by several other authors as well, e.g. Z. Brzezniak, M. Capinski and F. Flandoli [21}22],
as well as in Flandoli and D. Gatarek [79, Section 3.3, pp. 378 f.]. More recently,
M. Hofmanova, J.-M. Leahy and T. Nilssen [113] studied the problem via rough path
methods.

We note that Mikulevicius and Rozovskii consider the case of only Holder continuous o
as being important to Kraichnan’s turbulent velocity model, but for simplicity, we restrict
ourselves to the case of differentiable o (see Assumption below). We would also like
to point out that we have chosen It6 noise instead of the Stratonovich noise considered
in [179].

Existence and uniqueness as well as ergodicity for the stochastic tamed Navier-Stokes
equation were studied by M. Rockner and X.C. Zhang in [197]. The study of Freidlin-
Wentzell-type large deviations was carried out by M. Réckner, T.S. Zhang and X.C. Zhang
in [195). The case of existence, uniqueness and small time large deviation principles for
the Dirichlet problem in bounded domains can be found in the work of M. Rockner and
T.S. Zhang [194]. More recently, there has been resparked interest in the subject, with
contributions by Z. Dong and R.R. Zhang [64] (existence and uniqueness for multiplicative
Lévy noise), as well as Z. Brzezniak and G. Dhariwal [23] (existence, uniqueness and
existence of invariant measures in the full space R? by different methods).

From a physical point of view, the fact that our model is most appropriate for low to
moderate Reynolds numbers raises the question of whether or not a stochastic model for
turbulence (which is commonly associated with high Reynolds numbers) is appropriate
in this setting. It is, nevertheless, an interesting mathematical problem that we want to
address in this chapter.
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Note also that there are instances of apparently turbulent flows at low Reynolds numbers,
such as elastic turbulence (which can even occur at arbitrarily low Reynolds numbers),
found in non-Newtonian fluids like polymer solutions and described by A. Groisman and
V. Steinberg in [103]. Another example occurs in microfluidics, as discovered by G.R.
Wang, F. Yang and W. Zhao [226]. Here, the Reynolds number at which the flow exhibits
turbulent behaviour is of order Re =~ 1. However, these are more “exotic” examples and
not relatable to our case.

1.1. Regularisation of Fluid Dynamical Equations. In this section, we give a
short overview of other regularisations of fluid dynamical equations. For additional regu-
larisations, cf. Section of Chapter [[Il As in that section, we consider fluid dynamical
equations as abstract evolution equations

(1.2) oy =Ly)+N,y)+f V-y=0,

where L is a linear or nonlinear operator, A is a bilinear operator, and f is a forcing term.
We limit our presentation of the regularised terms to the Navier-Stokes case, where y = v,

L(y) = L(v) := 5 PAv, and N (y,y) := N(v,v) = —P[(v- V)v]). Here we denote the
Helmholtz-Leray projection by P: L? — L? N div_*({0}). For the related MHD models,
we give references for each model.

1.1.1. Leray-a Model. The Leray-a model for the deterministic Navier-Stokes equa-
tions was introduced by A. Cheskidov, D.D. Holm, E. Olson and E.S. Titi in [39] (cf. [218§]
for more references). Here, the nonlinearity is regularised by applying the smoothing (or

filtering) operator (I — a?A)~! to the first factor of the nonlinearity. Thus
Meray—a(v,0) := =P [({(I — ?A) v} - V) 0],
freray—a = (I — ®A) 7' f.

In the stochastic case, the model was first studied by G. Deugoué and M. Sango in a
series of papers [58-62]. The works |58-60| establish (probabilistically) weak and strong
solutions for Wiener noise and prove convergence to a weak solution of the stochastic
Navier-Stokes equations. [61] investigates the convergence of a numerical scheme to these
equations, whereas [62] is devoted to proving the existence and uniqueness of strong
solutions in the case of Lévy noise. The case of the Euler equations (i.e. with zero
viscosity, v = 0, or equivalently Re = oo) was carried out by D. Barbato, H. Bessaih
and B. Ferrario [10]. More recently, the less regularising Leray-a model with fractional
dissipation (akin to the hyperviscosity scheme introduced below, but for ¢ < 2 instead
of £ > 2, i.e. the “hypoviscous” case) was studied by L. Debbi [54] who proved well-
posedness on bounded domains and on the torus T3, and also by S.H. Li, L. Wei and Y.C.
Xie in [151-153| where they prove large deviation principles, ergodicity and exponential
mixing, respectively. Finally, the existence of random dynamical systems and random
attractors for additive Lévy noise was studied by B. Gess, W. Liu and the author in [98],
and is discussed in greater detail in Chapter [[V] Section [6.3]

The stochastic 3D MHD Leray-a model was introduced by G. Deugoué, M. Sango
and P.A. Razafimandimby in [57], where both weak and strong solutions are studied.
Deugoué [56| considered the long-time behaviour for o — 0. Furthermore, R.R. Zhang

[249] proved backwards uniqueness for these equations. Moreover, a related model for
the MHD equations was investigated by N.E. Wilson in [231}232].
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1.1.2. Globally Modified Navier-Stokes Equations. The globally modified Navier-Stokes
equations (GMNS) were introduced by T. Caraballo, P.E. Kloeden and J. Real in [38].
Here, the nonlinearity is modified through a nonlinear damping factor:

Nenns(w) == Fy([|AY?u)|2) P [(u - V)u],
with a damping function (N € (0,00)) given by

i min (1.2,

In the deterministic case, further properties of the model have been studied in a series of
subsequent papers, cf. [33,[34,132] and references therein. The stochastic Navier-Stokes
case has first been treated quite recently by G. Deugoué and T. Tachim Medjo [63], who
studied existence, uniqueness and convergence as N — oo. To the best of the author’s
knowledge, the MHD case is still completely open.

1.1.3. Regularisation by Delay. Another way of regularising the nonlinear term, stud-
ied recently by H. Bessaih, M. Garrido-Atienza and B. Schmalfuss [15], consists in intro-
ducing a time delay in the advection velocity, i.e. in considering the nonlinearity

Nielay (0, 0) (¢, 7) := P [(v(t — p,x) - V)v(t, x)].

This time delay again has a smoothing effect on the solution and allows the authors to
obtain unique global-in-time weak solutions and, for a certain parameter range in the
regularity of the initial conditions, also strong solutions. For u — 0, their solutions
converge to a weak solution of the Navier-Stokes equations. Their work builds on that of
S.M. Guzzo and G. Planas [109,(110] as well as C.J. Niche and G. Planas [183] and W.
Varnhorn [217].

In the stochastic Navier-Stokes case, X.C. Gao and H.J. Gao [89] showed existence
and uniqueness of weak solutions for the above model with linear multiplicative noise.
The stochastic MHD equations have not been studied yet.

1.1.4. Lions’ Hyperviscosity Method. Another way to add more dissipativity to the
model was proposed by J.-L. Lions [160], who considered the operator

Liyper(vV) == vyPAv — VlP(—A)Z/Z'v,

where ¢ > 2, vy > 0 and 4 > 0. For £ > 5/2, he could prove existence of a unique
regular solution in a bounded domain. In the stochastic case, it was first considered in
2D by J.C. Mattingly and coauthors in [174,175] where 1y = 0 and by S.S. Sritharan in
the setting of stochastic control (in 2D and 3D) in [205]. It was then further studied by
B. Ferrario |75] who proved well-posedness in 3D and in [76] characterised the law via a
Girsanov transformation for the vorticity form of the equation for ¢ > 3. Furthermore,
F.Y. Wang and L. Xu [225] derived a Bismut-type derivative formula for the semigroup
associated with the stochastic hyperdissipative equations on the torus for ¢ > 5.

To the best of our knowledge, the stochastic MHD equations with this regularisation
have not yet been studied mathematically.

1.1.5. Navier-Stokes-Voigt Equations. The Navier-Stokes-Voigt (sometimes written as
Voight) equations employ the following regularisation of the Stokes operator

Lxsv(v) := vPAv + o> PAdv.

This regularisation changes the parabolic character of the equations and simulates a prop-
erty of so-called Kelvin-Voigt fluids, e.g. polymer solutions, of not immediately reverting
back to the original state once external stress is removed. It was pioneered by A.P. Os-
kolkov [186] in 1973 and has since then been studied by many authors.
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The stochastic case was studied by H. Gao and C. Sun in [88,)208], where the existence
and uniqueness of weak solutions as well as questions regarding the system’s random at-
tractor and its Hausdorff dimension were posed and answered, see also C.T. Anh and
N.V. Thanh [2|. Q.B. Tang [212] proved existence and upper semicontinuity of random
attractors for unbounded domains and H. Liu and C. Sun first proved large deviation
principles in [163].

The stochastic MHD-Voigt case has not been studied so far.

1.1.6. Damped Navier-Stokes Equations (or Brinkman-Forchheimer-extended Darcy
Models). Instead of adding a linear dissipative term, one can also add nonlinear, power-
type terms that counteract the nonlinearity. This leads to the so-called (nonlinearly)
damped Navier-Stokes equations. Thus, we consider the (nonlinear) operator

Laamped (V) = PAv — aP|v|Bflv,

where @ > 0 and 8 > 1. The damping term —a|v|?~*v models the resistence to the
motion of the flow resulting from physical effects like porous media flow, drag or friction,
or other dissipative mechanisms (cf. [28]). It represents a restoring force, which for 5 =1
assumes the form of classical, linear damping, whereas 5 > 1 means a restoring force
that grows superlinearly with the velocity (or magnetic field). X.J. Cai and Q.S. Jiu [2§]
first proved existence and uniqueness of a global strong solution for g < B < 5. This
range was lowered down to § € (3,5] by Z.J. Zhang, X.L. Wu and M. Lu in [252] and
considered this the case f = 3 to be critical 252 Remark 3.1]. Y. Zhou in [260] proved
the existence of a global solution for all 5 € [3,5]. For the case 5 € [1,3), he established
regularity criteria that ensure smoothness. Uniqueness holds for any § > 1 in the class of
weak solutions.

The first problems studied in the stochastic damped Navier-Stokes case were related
to the inviscid limit of the damped equations for 5 = 1 in 2D, c¢f. H. Bessaih and B.
Ferrario [14] and N. Glatt-Holtz, V. Sverdk and V. Vicol [101]. B. You [244] proved
existence of a random attractor under the assumption of well-posedness for additive noise
for 5 € (3,5] (notably leaving out the critical, or tamed, case § = 3). K. Yamazaki
[235] proved a Lagrangian formulation and extended Kelvin’s circulation theorem to the
partially damped case (i.e. only a few components are damped, but the damping there
is much stronger, e.g. fr = 9 in two components k = 3,4 in the 4D case). Z. Brzezniak
and B. Ferrario [24] showed existence of stationary solutions on the whole space R? for
f = 1. H. Liu and H.J. Gao [161] proved existence and uniqueness of an invariant
measure and a random attractor for 5 € [3,5]. The same authors in [86] proved a small-
time large deviation principle for the same parameter range. Furthermore, again for the
same range, for multiplicative noise, exponential convergence of the weak solutions in L?
to the stationary solution as well as stabilisation were proved by H. Liu, L. Lin, C.F. Sun
and Q.K. Xiao [162]. Finally, for jump noise, H. Liu and H.J. Gao showed well-posedness
and existence of invariant measures in |87].

To the best of the author’s knowledge, the stochastic damped MHD equations have
not been considered so far. This work is a first step in this direction.
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1.2. Results and Structure of This Chapter. Here are our main results for this
chapter. First, we prove existence and uniqueness of a strong solution to the tamed MHD
equations. To be precise, we show this for the evolution equation form (2.4)).

THEOREM 1.1 (Existence and uniqueness, Theorems 3.9 3-10jand B.11]below). Let the
coefficients f = (fo, f5), ¥ = (0,6) and H = (h,h) satisfy Assumptions |(H1)H{(HS3)

and let yo € H'. Then there exists a unique strong solution y to the stochastic tamed
MHD equations, in the sense of Definition[3.7, with the following properties:

(1) y € L*(Q, P; C([0, T); HY)) N LA(Q, P; L*([0,T]; H?)) for all T > 0 and
t
+ 1B {1060 1Re] 5 < g (14 snli) - N
0
(11) In HO, the following equation holds:

(1.3) E | sup [ly(t)[5:

t€[0,T]

t

(1.4) y(t):/[A(())+Pfsy +Z/Bksy NAWE vt >0, P — as.

0 k=1

By the preceding theorem, for time-homogeneous coefficients, the solution process y =
(y(t;y0)),>0 is a strong Markov process. For ¢t > 0, we can define the associated Markov
semigroup on the space BCjy.(H!) of bounded, locally uniformly continuous functions on
the divergence-free Sobolev space H!, by

Tip(yo) :== E[d(y(t:10))], ¢ € BCo(H'), yo € H'.

Then, under a slightly stronger assumption on the coefficients of the noise, this semigroup
satisfies the Feller property.

THEOREM 1.2 (Feller property, Theorem below). Under the Assumptions |(H1)
\(H2) and|(H3)|, for everyt > 0, Ty maps BCio(H) into itself, i.e. it is a Feller semigroup
on BCi,.(HY).

In the case of a periodic domain D = T3, we prove the existence of an invariant
measure.

THEOREM 1.3 (Existence of an invariant measure, Theorem below). Under the
hypotheses |(H1), |(H2), |(H3)], in the periodic case D = T3, there exists an invariant
measure i € P(H') associated to (T})i>o0, i.e. a measure u such that for every t > 0,

¢ - BO[OC(HI)

| Totmantw) = [ otwdntm).

The goal of this chapter is to generalise the results of M. Réckner and X.C. Zhang |[196]
for the stochastic tamed Navier-Stokes equations to the stochastic tamed MHD case. In
doing so, we have to prove MHD versions of several technical tools they use, in particular
the estimates of the Lemmas and [2.5] which are more difficult in our setting, the
tightness criterion Lemma and the a prior: estimates [3.11}

The chapter is organised as follows: we state our assumptions in Section as well
as auxiliary results and estimates on the coefficients of our equation in Section Since
our proof of existence involves a tightness argument, we provide a tightness criterion in
Section [2.3] Existence and uniqueness of a strong solution is then proven in Section 3] We
start by defining weak and strong solutions in The next section, is then devoted
to proving pathwise uniqueness.
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Existence of a weak solution is proved in Section via the by now classical strategy
of proving a priori estimates for the Faedo-Galerkin approximation to the equation and
using them to infer tightness of the sequence of laws, Skorokhod coupling to obtain almost
sure convergence, and concluding by proving uniform moment estimates and convergence
in probability. This allows us to obtain — using the Yamada-Watanabe theorem — that
there exists a unique strong solution. The Feller property of the semigroup as well as
existence of invariant measures are then shown in Section Ml
A publication of the results of this chapter is in preparation, cf. [199].

2. Preliminaries

In this section, we provide the basic tools needed later. After establishing our notation
and the assumptions the coefficients, we prove some elementary estimates for the operators
associated to the coefficients. We then provide a tightness criterion for later use.

2.1. Notation and Assumptions. We define the spaces LI, W™P L1 HF etc. as
in Chapter [T} Section [2.1] and follow the notational conventions established in Chapter
, Section [1.5. By ¢2, we denote the space of square-summable sequences.

We make the following assumptions on our coefficients:

(H1) For any T' > 0, the function f = (fv,fB) with f,, fg: [0,7] x D x RS — R3
satisfies: there is a constant Cr; > 0 and a function Fy(¢,z) € L>=([0,T]; L}(D))

|00 (8,2, 9) P+ 1f (2, 9) P < Crglyl? + Fp(t,x), j=1,2,3,z €D,y R’
0y f(t,x,y)| < Cry, 1=1,...,6,z€D,ye€ RS,

(H2) For any T > 0, for the function ¥ = (o, &) with o, &: [0, 7] x D — (*(R?), there
are constants C,r, Csr > 0 such that for j =1,2,3

sup  ||Opo(t,x)|e < Cor, sup |00 (t,x)||e < Csr,
te[0,T),zeD t€[0,T],z€D
as well as

1
sup Nt 2|5 < —.
t€[0,7],2€D (e )l 36
(H3) For any T > 0, for the function H = (h, h) with h,h: [0,T] x D x RS — (*(R3),
there exists a constant Cry > 0 and Fg(t,z) € L>=([0,T]; L'(D)) such that for
any 0<t<T,z€D,ycRandj=1,2,3,1=1,2,...,6

100 H (¢, 2, )22 + 1 H (t, 2, 9) [ < Croalyl® + Fr(t,z)
HﬁylH(t,ﬂf,y)H@ < CT,H-

REMARK 2.1. The origin of the constant 36 = 4 - 3% in Assumption lies in the
fact that in the places where we need the numerical value, i.e. in the proof of of
Lemma as well as in the proof of Lemma we estimate the homogeneous second-
order Sobolev norm against the Bessel potential norm via Lemma below, giving an
additional factor of 9 = 3%. We do not claim that this value for Y is sharp, but we wanted
to give an explicit bound that suffices to make all the calculations work.

The integrability conditions Fy, Fy € L*([0,T]; L*(D)) are used in proving continuity
i time, as we want to estimate

t
/ [ Ey a2 ()| rpydr < CJt — 5|
in the proof of Lemma[3.13.
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One could also model the equations in a way that the terms f, and h in the equations
of v depend only on v instead of y. However, this case is included in our assumptions,
which are more symmetric this way.

For definiteness, we want to state the following very elementary relationship between
the classical homogeneous second-order Sobolev norm and the norm we use in this work
(which is defined via Bessel potentials).

LEMMA 2.2. Let D € {R3 T?} and y € H*(D). Then the following estimate holds:

d
(2.1) W20 = D 100l < 321yli3eo)

ij=1
Proor. Using Plancherel’s theorem and Young’s inequality, we find

3

3 3
Z 1046055y 22 = Z &€ % = Z <||§¢€j?9||3:2({|g\g1}) + ||€i€jy||%2({|§\>1})>

t,j=1 t,j=1 t,j=1
3 2 2
. & +&) . 12

S Z ||y||%2 + %y S 32||y||%2 +3 |||§|2y £2{jg[>1h)

iy=1 L£2({|¢>1})
< 3% (llyllz: + 1Ayl1Z2) <32 (IylZ + 2 Vyllze + |AylZz2) = 32T = A)yllZ
__ 92 2
= 3(|yll7e-

We define the set of solenoidal test functions as
V:={y=(v,B) | v, B e C*D;R*),div(v) = div(B) = 0}.

As in Chapter [[], Lemmal[2.1} V is dense in H* for any k € N. Let P: L*(D; R®) — H° be
the Leray-Helmholtz projection. In the case of D € {T,R3}, P commutes with derivative
operators ( [192, Lemma 2.9, p. 52]) and can be restricted to a bounded linear operator

Plgm: H™ — H™.

Furthermore, consider the tensorised projection

P:=PeP, 7Py=(PeP) (1";) = (5};).

Then P: £2 — H° is a bounded linear operator:
1Pyl = [1Po[f + 1 PBllfo < [[Pl72mmo (0ll72 +1B]72)
= 1P| Zesmo Iyl 2.
We now define operators

Aly) == PAy =P (Ez : g%%_f% _VV)>B;> =P (gn(lyP)y) .

(22) <A(y)7 g>7‘ll = <A(y>7 (I - A)g>7{0 = Al (ya g) + AQ(yv g) + A3<y7 g)?
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where

oi(t,z) - V)v
(Sk(t,2) - V)y = (((-k<(t, 5 V>)B) |

For the noise terms, we define X(¢, x) := (Uk(i’ 3) € (*(R%) and for y = ('v)
’ keN

hk(tay)

Similarly, we define Hy(t,y) := <hk(t’ y))) and

Finally, let {W* | t € Ry, k € N}, {W¥ | t € Ry, k € N} be two independent sequences of
independent Brownian motions, and define

Wk
Wtk = (WZk) )

t
[ P(ow(s,z) - V)v+ Phy(s,z,y)dWk
0

t
/Bk(S,ZE,y>dW§ = t ~ ~
0 [ P(6k(s,z) - V)B + Phy(s,z,y)dWF
0

as well as

The Brownian motions W and W can be understood as independent cylindrical Brownian
motions on the space ¢2. Similarly, W is a cylindrical Brownian motion on the space £2 x £2.
For y € H™, m = 1,2, B(t,z,y(x)) can be understood as a linear operator

B(t, - y): (2 x (2 — H™ .

To make this clear, we note that if we take the canonical basis of 2, i.e. orthonormal basis
consisting of the sequences e; := (1,0,0,...),es := (0,1,0,0,...),..., then the system

{(eo’“)e£2x€2|keN}U{(0)e€2x€2|keN}
€k

forms an orthonormal basis of £2 x 2. Then we define

Bt (1) ) = (PO T Phultas@)) gy

and

(2.3) B(t,-y) (eok) (z) = (p(gk(t,z) : V)v(:vo) + Phk(t,x,y(:v)))

It turns out that B is even a Hilbert-Schmidt operator, i.e. B(t,-,y) € Ly(£* x £2; H™ 1),
as will be proven below in Lemma [2.5] Hence we are in the usual framework of stochastic
analysis on Hilbert spaces, cf. [52] or [167].

c Hmfli
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We can now formulate Equation (|1.1)) in the following abstract form as an evolution
equation:

dy(t) = [A(y(t)) + P f(t,y(t dt+ZBk (t,y (1)) AW,

(2.4) k=1

y(O) = 1Yo € HL.
2.2. Estimates on the Operators A and B. In this section, we will prove impor-
tant but elementary estimates on the operators .4 and B. These play an important role in

deriving the a priori estimates for the STMHD equations. The first theorem is concerned
with estimates for the case of testing with the solution y itself.

LEMMA 2.3 (Estimates for A). Let y € H?. Then the following estimates hold true

(2.5) AWl < C (1 + 1yl + lyll32)
(2.6) (AW, w0 = =1Vyllze — IV an (1) lyllIZ
(2.7) < =IVyle = lyllzs + CN Iy,

1
(), v < =5 lylize — (Ilel - VoIl + 1Bl - [V B3
(2.8) + ol - VB2 + [I1B] - [Vol )
+ (2N + D)Vl + llyl20-

PRrROOF. For the first inequality, we have

JAW) 0 < [P = Ay + Pyllyo + Hp (Eg D @)B;)

HO
+ 1 Pan (lyl*)yllno
< COn (Ilyllse + 1yl + 1P(w - V)vllgo + ...+ [P(B - V)vllao + Iyl zs) -

The nonlinear terms can be dealt with as follows: applying first the Sobolev embedding
and then Young’s inequality twice, we find

[1P(v-V)Bllgo < Cl[(v-V)B|[r2 < Cllv|[+|[ VB s

3/4 1/4 3/4H H1/4>

[ollz vl ol

3/2 1/2 3/2 1/2
C (oI5l + ol ol

lollFn + llvliZe + [0l + [lvliE)
< C (14 Nlylze) .
and similarly for the other terms. The last term can be estimated by the Sobolev embed-
ding theorem and Young’s inequality by
3/20 113/2
lylize < Cllylly; HyH i < C (gl + lyll5e) -

Combining these estimates yields (2 .

Equation follows in exactly the same way as Chapter , Equation . Equation
can then be obtained by using the definition of gy.

The proof of is exactly the one of Chapter , Equation ({2.8]). OJ

The next lemma deals with the case of testing the right-hand side of our equation with
another, arbitrary, compactly supported test function.
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LEMMA 2.4 (Estimates for A and B). Let g € V with compact support supp(y) C O :
{z €D | |z| < m} for some m € N. Let T > 0. Then for any y,y’ € H? and t € [0,T
we have

T,

(2.9) (AW, )] < C5 (1+ s ) -

(2.10) 1Bt ), s I < Casanr (1Bl + 1920 ) -
and

(2.11) [(A) — AW, D)2 | < Conlly — o llez (1+ lyll5n + 19150) -

PRrROOF. The first inequality follows easily from the following calculations:

A1y, 7) = (y, (I — D)AG) 30 < |lyllz2o)|(I — A)AG |0 < Cyllyll Loyl 7o,

where the constant Cj depends on the domain O, and hence on g. For the next term we
find

Az(y,9) = —((v-V)v,(I = A)v)2 + (B - V)B, (I = A)v)30
—{(v-V)B,(I =A)B)2+((B-V)v,(I = A)B) 2
= (v@v, V(I — A)d)2 — (B® B, V(I — A)d)»
+{(v®@B,V(I-A)B)2 — (BRv,V(I — A)B)>

< ((Ioliz0) +1Blia0) ) -sup V(7 — Ayi(r)
+ 2wl Bl -sup V(0 - A)B())
< 2yliZac0) - sup [V (T — A)i(a)]

< GillyllZs(0) sup V(I = A)g(z)].

Finally,

As(y 5) = —lon gy, (T = 2)ghsz < lon(y)yllero) -sup (I = A)g(a)l
fAS
< Cllylioy sup (7 = A)i(o)l.
Combining the above estimates yields ([2.9)).

For the second estimate (2.10]), we have by the boundedness of the Leray-Helmholtz
projections

[ <t,y>,g>mup < u<< V). (= D))o + (Hty), (I = A)eall
<2( Yl = 0§l + [{Hilty), (1= A)5) ol ).
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The first term can be estimated using the definitions of the scalar products and norms
involved, integration by parts, the product rule and Jensen’s inequality:

S5 D 1= AP
-S| [ (598) (G- aR) =

[ o Vw1 =20+ (o0 VB - 3)B)_ s

R3

2

2

I
=[] =

2

I
»M

/Zak 0p0") (I — AP +0k(8x]B)(I A)Bldx

7,l=1

/ Z V10,5 (o (I — A)D') + B'O,s (ai(z — A)Bl) da

=1

/Z Opiol) (I — A" +v'ol(I — A,

]ll

2

[
wM

|
wM

2

+ B (9,,5]) (I = A)B' + B'6}(I — A)0,; B'dx

< 36)M(O Z/Z|v Jak (I —A) l‘ —|—}v w;v|

jl 1
+‘Bl 0,57 (I — ABl’ +‘Bl (I A)aﬂBl’ dz
< 36/\((9)( sup [ V,0 (8, @)% sup |(I — A)o () *[[v]|72(0)
te[0,T),zeD zeD

+ sup ||0'.(t,:B)||?2sup|V([—A)@($)|2||'U||%z(o)
t€[0,T],z€D

+ sup  [[Vea.(t, w)llezsupl(f A)B(2)P|| B 220,

t€[0,T],zeD

s o2 sup V(T = A)B()1 B0

t€[0,T],z€D

gswm( sup VLS (¢, 2) % sup (7 — A)i(a)]?

te[0,T),zeD zeD
+  sup IIEA(t,x)Ilﬁasuplv(I—A)ﬂ(w)IQ)IIyII%Q@

tel0,T],zeD z€D

which we estimate further by using Assumption [(H2)| arriving at

2
Z! (S V)y, (I = A)g)ol” < Corllylze o)
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Similarly, for the second term we find

D [(Hi(ty), (I = A)) o

2

hk t,z,y), h(t,x y)) (((I]—_AA))2> dx

2

Z

k

/ (hi(t,z,y), (I — A)o(z))gs + (hi(t, 2, ), (I — A)B(z))psda

2

dx

<20) Y | [t (T = Aot + [ (alto ). (1 = 8)Bla))s
k
< 20(0)sup |( — A)da /||htxy|||p+sup|<1 A)B(@) PR (t,2,)|[ds

<2X\O)Crpgsup|(I — A)y ]2/]y WP+ Fy(t,z)dz

z€eD
< Gy (IW220) + 1 En(®) i ) -

Thus, altogether we have proven ([2.10)).
For estimate (2.11]), we look at each of the three terms of A separately:

Ay, 7) — Ay 9 = K —v'), Lo — A)AG) 40|
< Sup (I — A)AY(@)||ly — V|| c20) = Clly — ¥' || 22(0)-

The nonlinear terms are handled in the usual way

A (y, 9) — Ay, 7))
< )(('v Vv — (v V), (T — A)6>L2(O)‘
+[(B-V)B~ (B V)B(1 - 8)9) 150

+|((v-V)B - (v -V)B',(I - A)B

) o
+ <(B Vv — (B - V), (I - A>B>

2(0)|

We treat the third term only, the other terms work in a similar manner:

‘<(v V)B— (v -V)B, (I - A)B>

L*(0)

- ’<<v ) V)B ~ (v - V)(B'~ B), (- 4)B)

L*(0)

<(v —v)®@B-v ® (B —B),V(I - A)B>

L2(0)
<sup V(I — A)B(2)] (|lv = V'l z20) | Bl 20y + I|1B = Bl 1201V | 2(0))

zeD
< Cylly — ¥'l| 2200 (||y||c2(0) + ||y/||z2(0)) ;
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and thus we obtain

| As(y,9) — A2, 9)| < Cilly — Ml 20y (Wl 2200y + 1Y 1| 22(0)
< Cylly — ¥l 2200 (||?J||L4(o) + ||y/||L4((’))) .

For the taming term, we find

[As(y.5) = As(y' 9] = [(an (1w = an (WP (1 = B)5) o)
— [(on () = o) = (9w (1) = gw(912) ', (T = A)7) oo
= [(ox (I = o) = an Oy = )y (I = 2)5) oo

<sup|(I — A)g()] /O ly—o'| [an(Iy1*) + gn (0) (Jy| + 1¥/']) [¢/]] da

zeD

<Gy [ 1y =1 [P + ol + /) ] do
<G [ =1 v +1y/P] da
< Cyvlly = ¥ lexio) (I9MlEai0) + 1 30 -
Collecting the terms, we get
[(Aly) — AY), D)ar|
< Cynly = llc20 (1 + 1yl 2o o) + 119 | 220y + 1911740y + ||?/H3:4(0)> ;
which implies by Sobolev embedding. 0

The estimates of the next lemma appear often in expressions for the quadratic variation
of the It6 term when we apply [to’s formula.

LEMMA 2.5 (Estimates for B). For any T > 0,0 <t < T and y € H?, the following
estimates hold:

1
(2.12) 1B ) Laexeao) < 519150 + Crallylio + 1Fa )0 @),
1
(2.13) 1B W) Lo xean) < 519l5e + Craslyllin + ClE(@)lln m)-

PrOOF. To calculate the Hilbert-Schmidt norm (cf. [167, Definition B.0.5, p. 217]),
we take the orthonormal basis of £ x ¢? from Equation ([2.3) and enumerate it as a set

{€}1en. Then by definition, for m = 0, 1,
€L 0
5t () st ()

2 2

IB(t, ) Zeseaeny = Y IBEy)eillzm =

leN keN

= > 1B, 9) 5

keN

>

H™  keN

Hm™
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The first inequality follows from Assumptions [(H2)| and |(H3)E

1B )2 oy = 3 / By(t, 2, y) [Pda
k

=Y [ (Sulta) )y + Halt,)Pdo
k D
<2 [ IS EVoE + it ) e

§2< sup HE(t,x)H?z)/|Vy|2—0—2C'T,H]y|2—i—FH(t,x)dx
D

te[0,T],z€D

1 1
< 5”9%1 + (2C7H — 5)“9”72%0 + 1 Fa @)1 m)-
For the second inequality, we note that

1Bt Iy aey = IBE DLy xeaw) + IVBE L e xemo):
and, using the commutativity of derivatives and P as well as the chain rule, we find

OpiBy(t,x,y) = 0P [(Zk(t,x) - V)y + Hi(t,x,y)] = POy [(Bk(t, ) - V)y + Hi(t, z,y)]

=1

Therefore, employing Assumptions [(H2), [(H3), as well as Equation ([2.1)), we find

3
IVBE ) ey < DD /D (00 Sk (t,2) - V)y + (Si(t,2) - V)Duy

k j=1

6
+ (O Hy) (t2,9) + > 0y Hi(t, 2, y) 0y | da
=1
3

< ;Z/Dm(zk(t,x)~V)a$jy|2+2\(8zj2k(t,x)'V)y+

j=1

6
+ (0 Hy) (t,2,y) + > 0 Hylt, 2, y) 0,y *da

i=1

3 3
< 2/@ 3 ||Z(t,x)||?2|8xi3xjy|2dx—I—G/DZ||0xj§](t,x)||§2|Vy|2
| 2

3,j=1
6
+ 11 (Der He) (8,2, 9) |2 +6 ) 10, H(E, 2, y) |00y da

i=1

<23 s [S(L2)[EIylde +6( sup 10n (DAY
t€[0,T),zeD t€[0,T],z€D

+ CrallylBo + 1Fa ()l + Crarl Vylido )

1
< Slyle + Crs (1VYlBe + 1yl + 1 Fa)lnm) -
which, together with (2.12)), implies (2.13)). O
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2.3. A Tightness Criterion. In this section we establish a tightness criterion, which
is a version of a corresponding result in [196, Lemma 2.7]. As the case of periodic
boundary conditions can be treated in the same way, we will focus on the case of the full
space R3.

Let D = R®. We endow the space HY _ of locally L3-integrable and divergence-free
vector fields with the following Fréchet metric: for y, 2 € HY

ply,z)i=y 27" ([/ﬂgm ly(x) — Z(x)IZdl} " A 1) :

Then the space (HY_, p) is a Polish space and H° C H{ .
Now set X := C(R,;H) ) and endow it with the metric

paly.z) = 27" ( sup p(y(t), 2(t)) A 1) :
el te[0,m]
Similar to the considerations in the proof of Chapter [[I, Theorem 2.8 we fix a complete
orthonormal basis € := {e; | k € N} C V of H' such that span{€} is a dense subset
of H? and - in the case D = T3 - such that it is also an orthogonal basis of H°. Given
y € H°, 2z € H?, the inner product (y, z)y1 is understood in the generalised sense:

(2.14) (y, 2)mr = (y, (I — A)z)gp.
This works in accordance to our choice of evolution triple
H? CH' C H.

The next lemma provides conditions for a set of X to be relatively compact, similar to
the classical theorem of Arzela and Ascoli.

LEMMA 2.6 (Compactness in X). Let K C X satisfy the following conditions: for
every T' > 0

(Z) SUPyecr SupsG[O,T] Hy(S)HH1 < 00,
(it) Tims_,0 SUPye ¢ SUP, tefo, 7, jt—sl <o [(Y(E) = Y(s), €)q1| = 0 for all e € €.
Then K s relatively compact in X.

ProOOF. We follow the proof of [196, Lemma 2.6]. It suffices to prove that K is
relatively compact in C([0,T];H).) for every T > 0. Then for T = 1, we can find

loc

a convergent subsequence (yT(ll))n — yW in O([0,1];H).). This sequence then has a
subsequence converging in C([0,2];H).) to y®. By uniqueness of limits, we find that
y@|jp1) = yV. Continuing inductively, we find a function y € C(R ;H) ) by defining
3(t) == y™(t) for t € [0,m]. The diagonal sequence {yir” | m € N} C K then converges
to y in X.

Thus we fix a 7' > 0 in the following. Let {y, | » € N} be any sequence in K. For
e € &, define

GS(t) == (yn(t), ) (= (yn(t), (I — A)e)po) .
The two assumptions immediately yield that the sequence of functions {t — G¢(t) | n €
N} is uniformly bounded and equicontinuous on [0, T'|. By the Arzela-Ascoli theorem, we
can find a subsequence (G, ) and a continuous function G such that
lim sup |Gy, (t) — G°(t)| = 0.
]

k=00 yefo,T
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Since £ is a countable set, we enumerate it as {e,, | n € N} and apply the above observation
to e; to find (G}l ) converging uniformly to G*.

We take the associated (yn,)r C K and apply the same procedure with ey to find a
subsequence (Y, )i such that (Gﬁkl) converges uniformly to G%, i = 1,2. We continue

again inductively and consider the diagonal sequence, which we denote by (¥, ), such that
for every e € £

lim sup |GS(t) — G*(t)] = 0.

=0 ¢0,T]

On the other hand, by Assumptlon (i)l for every ¢, the sequence {y,(t) | n € N} is bounded
in #'. By the Eberlein-Smuljan theorem (cf. [248 Theorem 21.D, p. 255]) closed balls
in H' are weakly compact and thus there is a function y € LOO([O T]; H') such that for
any e € £

lim sup |(yn(t) — y(t),e)p| = 0.

N0 te0,7]
By definition of £, we can conclude that for all z € H!

lim - sup |(yn(t) — y(t), 2)3:| = 0.

=00 4¢[0,T]
For z € H°, we have (I — A)™'zZ € H? C H' and thus we also find

lim sup |{ya(t) = y(£), 2ol = i sup [(ya(t) = y(t), (I — A) )] = 0.

=00 (0,77 =00 +¢[0,T]

Finally, using the Helmholtz-Weyl decomposition for both components v, B, we find that
even for z € £?

(2.15) lim sup [(y,(t) —y(t), z) 2| = 0.

We use this to show the convergence

lim sup p(y.(t),y(t)) =0,

=00 4¢[0,T]

which, by definition of p, follows if we can show that for any m € N

(2.16) lim sup / [y (t) — y(t)|*dx = 0.
”—mte[o,T]ﬂ Lo

To this end, recall first the following Friedrich’s inequality (see e.g. [141] and Chapter
Equation (2.22)): let G C R? be a bounded set. Then for all £ > 0 there is a K. € N and
functions hf € L*(G),i=1,..., K. such that for all w € W,*(G;R?) x W,*(G;R?)

/|w ]dx<2(/ 2)he( )dx> —|—€/|Vw )|?dz.

Fix an € > 0. We choose G := {|z| < m} C R3, w, := (n(yn(t) — y(t)) where 0 < ¢,, <1
is a smooth cutoff function such that supp(,, C G and (,,, = 1 on an open set G' CC G.
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We find, similar to the calculations in the proof of Chapter [[I, Theorem that

[y (t) — y(t)[Pde

{|m|<m}

<Z Un(8) — (), G - 1) 22) +e/|v<m 1 — 9)() + CnV (g — 9)(D)Pd

<3 (galt) — y(t), G - B )’

22 (IVGnllZo V l1GmllZo) /RB [yn(t) =y + [V (ya(t) — y(t)[dx

5

(W) = Y (1), Gn - B 22)” 4 22 (VG Zo V 1IGm 120 ) 19 () — y(@) 130

1

=

-.
Il

=

€

(ya(t) = y(0), G - h5)22)” + 22 (IVGallZo V 1 GllZ~) O,

=1

where we used Assumption [(i)] Thus, by (2.15)

lim ~ sup / [y (t) = y(O)Pde < 2¢ (VG V lIGnll7~) Cr,

=0 ¢c[0,T)
{lz|[<m}

which, since ¢ > 0 was arbitrary, implies (2.16) and concludes the proof. 0]

IA

This compactness statement can be turned into a tightness condition, as we demon-
strate in the next lemma.

LEMMA 2.7 (Tightness in X'). Let (pn)nen be a family of probability measures on
(X,B(X)) and assume that

(i) For all T >0

R—00 neN s€l0,T

lim sup 4, {y €X | up [y (s)[l72 > R} = 0.

(11) For alle € £ and any ¢, T > 0

limsup i, Jy € ' | sup  [(y(t) —y(s),e)| > p =0.
610 neN 5,t€[0,T,|s—t| <4
Then (pin)nen is tight on (X, B(X)).

ProOF. Fix n > 0. For any given [ € N, Assumption |(i)| guarantees that for R; > 0
sufficiently large

n
SUp 4l {y e X | sup |y(s)w > Rl} <o
neN s€[0,1]

For any k,l € N, and e; € &£, Assumption guarantees that for d;,;; > 0 sufficiently
small

1 U
Sup [y {y €X | sup [(y(t) = y(s), ei)rn| > E} < o

neN S,tG[O,l]JS—tlS(gk’i’l
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Now we set

K ::ﬂ{ye X osup [ly(s)]la < Rl}v

lEN s€[0,]]

Ky = () {Z/ €| sup [(y(t) = y(s), ei)a| < %} :

k,i,leN S’te[()?l]"s_tlg&k,i,l

The set K := K; N K, is relatively compact by Lemma and hence the closure K is
compact. Then, using the definitions of the sets K, K5, we find

o0

C C C C 77 /]7
pin(K°) < pn(K€) < pin(KY) + pin(K5) 22— > gmm <0
=1 ki l=1

Since n > 0 was arbitrary, we conclude that the sequence (p,)nen is tight on (X, B(X)).
0

3. Existence and Uniqueness of Strong Solutions

In this section, we prove the main results of this chapter, namely that there exists
a unique strong solution to the TMHD equations. After defining the notions of weak
solution, strong solutions and unique strong solution and stating the celebrated Yamada-
Watanabe theorem, we prove that pathwise uniqueness holds for the STMHD equations.
In proving the existence of a strong solution, we employ the classical Faedo-Galerkin
approximation scheme and show existence of a weak solution via the solution of the
corresponding martingale problems. Together with the pathwise uniqueness, the Yamada-
Watanabe theorem implies existence of a unique strong solution.

3.1. Weak and Strong Solutions. For a metric space U, we denote the set of all
probability measures on U by P(U).

DEFINITION 3.1. Fquation (2.4) is said to possess a weak solution with initial law
0 € P(H') if there exists a stochastic basis (0, F, P, (Fi),), an H'-valued, (F;)i-adapted
process y and two independent infinite sequences of independent standard (F;)-Brownian

k
motions {Wk(t) = (%kgg) |t >0,k € N} such that

(i) y(0) has law 9 in H';
(ii) For P-a.e. w € Q and every T > 0, y(-,w) € C([0,T]; H') N L2([0, T); H?);
(iii) it holds that in H°

t o t
o) =+ [ LAWE) + P ylde+ Y [ Bt ye)awk
0 = /0
forallt >0, P-a.s.
The solution is denoted by (0, F, P, (Ft),50; W; y)-

REMARK 3.2. Under the Assumptions|(H1){(H3) in this section, the above integrals
are well-defined by Equation ({2.5)).

For weak solutions, there are several notions of uniqueness. In this work, we are
concerned mostly with pathwise uniqueness.
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DEFINITION 3.3. We say that pathwise uniqueness holds for Equation (2.4) if, when-
ever we are given two weak solutions on the same stochastic basis with the same Brownian
motion,

(Qa f7 Pa (E)tZO; W7 y)’ (Q’ ‘Fa P7 (E)tZO) W7 y,)v
the condition P{y(0) =v'(0)} = 1 implies P{y(t) = y'(¢),Vt > 0} = 1.

The following proposition links existence of weak solutions to existence of a solution
to a corresponding martingale problem.

PROPOSITION 3.4. Let £ and X be given as in Section [2.5 For 9 € P(H), the
following are equivalent:

(i) There exists a weak solution to Equation (2.4) with initial law ¥;
(ii) There exists a measure Py € P(X) with the following property: for Py-almost all
y € X and any T > 0, the real-valued process defined by

(3.1) y € L=([0,T); 1) n L*([0,T); H?),
and for any ¢ € CP(R) and any e € €
ME(t,y) = o((y(1), €)ar) — w((y(0), €)pr)

_/O O ((y(s), ) - (A(y(s)), ) ds

_/0 O ((y(s),e)p1) - (f(s5,4(5)), e)prds

— 5 [ ) )18 el s

is a continuous local Py-martingale with respect to (By(X')):, where B,(X) denotes
the sub o-algebra of X up to time t.

ProoOF. We follow the proof of [196], Section 6.1, pp. 257 ff.
(1)=(i1)| follows from It6’s formula. For |(ii)={(i), we consider the e-th “component”

ﬂﬂmmzwﬁ—WM@WjAMMWﬂMM—AU@M$@w@

Then by [191, Chapter VII, Section 2, (2.2) Proposition, p. 295], (M.(t,y))i>0 is a
continuous local Py-martingale with respect to B;(X'), and its quadratic variation process
is given by

M) = [ 1B p(s)) e s

Now we consider the process

o

(32) M(ty) = > Me,(ty)es.

As it involves a limit, we need to show that it is well-defined. More precisely, we show
that t — M(t,y) is an H!'-valued continuous local Py-martingale with respect to (B;(X));.
To this end, let R > 0 and define the stopping time

t
Tr = Tr(y) = inf{t > 0 | / ||B(57?J(S))H%Q(ﬁx@;HI)dS > R}.
0
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By (2.13)), (3.1) and Assumption [(H3)| we find for Py-almost every y € X’ that
’ 2 "1 2 2
/0 1B(s, y(s)I L2 zigyds < /0 SMy($)3e + Crally(s)lzn + CllFu ()l m)ds

1
< Slllzeqorine) + TCT,HH?JH%OO([O,T};HI) + C||Full 1o xm) < 00,
and therefore we have that (7r(y))g is a localising sequence for the local martingale, i.e.
Tr(y) T oo, Py—a.a.y, as R — oc.

Now we define the approximations

n

M (t,y) o= M, (t AT, y)e;

j=1

As a finite sum of martingales, (M®"(t,y)); is an H'-valued continuous martingale with
square-variation (some authors use the terminology tensor-quadratic process, cf. [L76| pp.
11-13])
K M i (by) = Y [Me, Mo J(EA TR Y) € @ ¢
ij=1
n tATR
= Z / <<B<Sa y(S)), ei>'H17 <B<S> y(S)), ej>7'il>€2 Y €de.
0

1,j=1

Burkholder’s inequality (cf. [172, Theorem 1.1]) applied to the H!-valued martingale
Ny == M (t,y) — M®™(t,y) implies that for any T' > 0

EP»

sup || M (t,y) — M7 (¢, y)ll?p]
te[0,7

< CEP [< MR™ — ME™ > (T, y)]
= CEM [Tr < ME™ — MBE™ 00 (T, y)}

_ CEPﬁ Tr < Z Mej (t N TR,y)ej > (T, y)

= CE™ Z Tr / Z<Bk(5,y<3)),€i>H1<Bk(S,y<S)),€j>H1> (e; ®ej)ds

)
eleé'zj m k=1
00

)

= CEP Z Z (Z Bi(s,y(s)), e)ar, <Bk(57y<5))7€j>ﬂl> 0410345

elESzj m

— CEP Z Z / (Z Bi.(s,9y(s)), €)1, <Bk(57y<3))7ej>7-l1> ((e: ®€j) er, er)qn ds

TATR

_CZ:]ER9 /H (5,9(5)), €j)n1]l2ds | — 0,
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as n,m — o0o. Here we have used the equality
E[< M >]=E[Tr < M >
for Hilbert space-valued martingales, cf. [L76, p. 9 and Equation (2.3.7)]. This proves con-

vergence of the series of (3.2) in C([0, T]; H'), Ps-a.s. and hence, ME(t,y) := M(tATr,y)
is an H'-valued continuous square-integrable martingale with tensor-quadratic process

< M >>50 (ty) = Z [Me,, M, |(t A TR, Y) - €; @ e;
ij=1
oo tATR
=> /0 ((B(s,y(5)); i), (B(5,9(8)) €5)m1) 2 - € ® €5ds.
ij=1

Letting R — oo, we obtain that M (t,y) is an H!-valued continuous local martingale. In
particular, we find that the following semimartingale representation holds in H°:

) =0)+ [ Aw(s)ds + [ fsp(e)ds+ Mt). P—as

Now, applying It6’s formula to [jy(t)||3,,, we find that ¢ — |ly(¢)||3, and hence also
t +— ||y(t)|l3 are Py-a.s. continuous functions. Considering the evolution triple

H* CH' CH,
with the semimartingale representation of y(t) from above, we see that t — y(t) is Py-
almost surely continuous in H° and hence weakly continuous in #'. By |248| Proposition
21.23 (d), p. 258], weak continuity and continuity of the norm imply strong continuity in
H!, thus
Py(C([0,T];7")) = 1.

As any continuous martingale can be represented as the stochastic integral of some Brow-
nian motion W (by means of the martingale representation theorem, applied on the

space H!', cf. [52, Theorem 8.2, p. 220 f.]), we get the existence of a weak solution
<X7B(X>7P197(Bt(X))tzo;W;y)‘ 0

To be able to define the notion of strong solutions to Equation (2.4), we need a
canonical realisation of an infinite sequence of independent standard Brownian motions
on a Polish space. To this end, consider the space C(R,,R) of continuous functions on
R, with the metric

plw,w') := ZQ’]“ ( sup |w(t) —w' ()| A 1) .

—1 t€(0,k]

We define the product space W := [[ C'(Ry;R) and endow it with the metric
j=1

pw(w,w") := ZQ‘j (P, w)yAL), w=(w"w’..), o=@ w?. ).
j=1

The space (W, pw) is a Polish space. We denote the g-algebra up to time ¢ by B,(W) C
B(W) and endow (W, B(W)) with the Wiener measure PP such that the coordinate process

w(t) = (w'(t),w(t),...)
is an infinite sequence of independent standard (B,(W));-Brownian motions on the prob-
ability space (W, B(W),P).
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To cater for the two noise terms present in the stochastic MHD equations, we take two
copies of W and take their product 27 := W x W, with the metric

P (("LU, ZD), (w/7 ’LZ)/)) = pw(w, w/) + pw(w, w,)'

Then (20, pgy) is also a Polish space. In the same way as above, we introduce the filtration
B,(20) C B(2), and endow (20, B(20)) with the product P := P @ P of the two Wiener
measures. Then the coordinate process

-

consists of two independent infinite sequences of independent standard Brownian motions.
For simplicity, in the following we will sometimes refer to the process VW as a Brownian
motion.

Now consider the space of continuous, H!-valued paths that are square-integrable in
time with values in H?, B := C(Ry;H') N LE (R, ; H?) with the metric

loc

keN t€(0,k]

k
=> 27" | sup ||y()—y/(t)HHl—l-/IIy(t)—y’(t)||3{2dt Al

The o-algebra up to time ¢ of this space is denoted by B,(8) C B(®B). For any measure
space (S S, A\), we denote the completion of the o-algebra S with respect to the measure
A by S

DEFINITION 3.5. Let (Q,F, P, (F),50; Wi y) be a weak solution of Equation (2.4) with

initial distribution 9 € P(H'). If there exists a B(H') x B(20 )9®P/B( B)-measurable
function Fy: H' x 20 — B such that
IDP

(i) For every t > 0, Fy is By/By(B)-measurable, where B, := B(H') x B,(2W) |
(i) y(-) = Fa(y(0), W()), P-a.s.,
then we call (W,y) a strong solution.

REMARK 3.6. The function Fy is a “machine” that turns an initial value yo € H' and
a Brownian motion W € 20 into a solution via y = Fy(yo, W). The first property of Fy
18 a type of adaptedness.

Our next definition serves the purpose to clarify what we mean by a unique solution.

DEFINITION 3.7. Equation (2.4) is said to have a unique strong solution associated
to 9 € P(H) if there exists a function Fy: H' x 20 — B as in Definition such that

also the following two conditions are satisfied:

(1) for any two independent copies of infinite sequence of independent standard Brow-
nian motions {W(t) | t > 0} on the stochastic basis (2, F, P, (F;)i>0) and any
H'-valued, Fy-measurable random variable yo with distribution P o yo_l =1,

(2, F, P, (Ft) 503 Wi Fo(yo, W(+))) is a weak solution of Equation (2.4));

(it) for any weak solution (Q, F, P, (Ft),>q; Wsy) of Equation (2.4) with initial law
9, -
y(-) = Fy(y(0), W()), P —as.
The following Yamada-Watanabe theorem shows the relationship between the different

definitions introduced in this section and gives a way to show existence of a unique strong
solution to our equation.
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THEOREM 3.8 (Yamada-Watanabe). If there ezists a weak solution to Equation ([2.4))
and pathwise uniqueness holds, then there exists a unique strong solution to Equation

239).

Proor. We want to apply the results of M. Rockner, B. Schmuland and X.C. Zhang
(193] Theorem 2.1]. In the setting of that paper, we have V := H? H := H', E := H°
such that V' C H C E. Furthermore, U := ¢* x (2. We define the operators

b(t,Y)(z) :
o(t,Y)(z) :

AY (t,x)) + f(t,z,Y(t,z)), te[0,T],Y € B,
B(t,x,Y(t,z)), te[0,T],Y € B,

so our equation assumes the form
dY =b(t,Y)dt + o(t,Y)dW(t), teR,.

Then one can easily check that our assumptions imply the assumptions on the coefficients
b and o in [193]. In particular, the integrability conditions

T T
A|WaY@MMM&ﬁA|M@Y@%ﬁma%wﬂs<u%_P—waweQ

follow from Equation (2.5 of Lemma , and Equation (2.13)) in Lemma . Therefore
we can apply the Yamada-Watanabe theorem [193, Theorem 2.1], which concludes the

proof. O

3.2. Pathwise Uniqueness. In this section we prove that pathwise uniqueness holds
for the tamed MHD equations, following the ideas of [196].

THEOREM 3.9 (pathwise uniqueness). Let the Assumptions [(H1)H(H3) be satisfied.
Then pathwise uniqueness holds for (2.4)).

PRrOOF. Let y1, 4y belong to two weak solutions defined on the same stochastic basis
(Q,F, P, (Ft),;>¢) and with the same Brownian motion W and same initial condition .
Let 7> 0, R > 0 and define the stopping time

Tr = nf{t € [0,T] | llya(&)|lpr V |2(t)||[5r = R} AT.

By Assumption of the definition of a weak solution, we know that for P-a.e. w
yi(-,w) € C([0,T);H'), i = 1,2, and thus

AT, asR— oo, P—as.
So 7 is a localising sequence. Now we set z(t) := yi (£) — ya(t). z satisfies the equation
02(8) = [AG (6) — Ala(6) + P (£t (8)) — Fpa(t)))]

" i (Bult. 1)) — Bult, ul0) W)

2(0) = 0.
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Thus by Ito’s formula for ||z||3,0, we find (noting the self-adjointness of the projection P
with respect to (-, )0 = (-, )z2)

12(0) 120 = 2 / (Al ()) — Alya(s)), 2(5))odls
2 / (F(5,51(5)) — F(532(5)), 2(5))rodls
(33) 23 [(Buls(s) = Buls, 1a(s)), 2(5) oS
k=10

#3181 (5) = Bl (o) s
k=1

We stop with 7z and estimate each term separately.
The first term I;(t A Tg) can be rewritten and estimated using integration by parts
and Young’s inequality:

tATR
(A ) = —2/ 1V 2(5) | 2dls
0

tATR (V1 @V — V2 RVy) — (B ® By — By ® By)
+ /0 <<<v1®Bl_U2®B2)_(Bl®vl—32®v2) , VZ . S

tATR
- 2/ (gn(y1)yr — 9N (Y2) Y2, 2) p2 ds
0

tATR
<= [V s
0
tATR
+2/ [H'U1®’U1—’02®'l)2||1%‘2+||Bl®B1—BQ®BQ||i2
0

+ H'Ul & B1 — V2 BQ”EQ + ||.81 & v — B2 ® ’UQ”I%Q]dS

t/\TR

-2 / (gn (1) — gy (Y2)y2, 2) po ds =: Ji(E A TR) + Jo(t ATR) + J5(t A TR).
0

The terms of Jo(t A 7g) are of the general form

161 ® 1 — O @ Y72,  6;,9; € {v,B},i=1,2,

and can be estimated as follows:

161 ® Y1 — 60 @ o[}
=10, ® (Y1 — P2) + (01 — 03) @ o7
<2 (|61]1F4ll9pr — WallFs + 1161 — Oa|| a2 1E4)

<263, (161113 o1 — el — w45 + 101 — B2l 7101 — Oall 5 )
520%4R2(||w1 ¢2|’3/2Hi/)1 Wl + 161 — 0:25°16: — 02157

< 16”1/)1 Pollfn + 16 H91 02]|3n + Cr ([[Y1 — [0 + (|01 — 02170 -
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Counting all possible combinations of @ and 1) and combining the v and B-norms into
the corresponding norms for y, we find that

1 t t
To(t A 7g) < 1/ HvZ(s)n;odHcR/ 12(5)[2ds.
0 0

Since |gn (1) — gy (1) < 2|r — 7’|, we see, using a short calculation similar to the one in
Lemma [2.4] as well as the Sobolev embedding from above and Young’s inequality, that

tATR tATR
Jy(tATR) <8 / 1121 - (] + Lyl ds < 16 / Dol (o2 + lol124) ds
0 0
tATR

3/2 1/2
<1602, / V22812 e (o2 + llyal20) ds

0
tATR

<16C8 R [ IVaelds
0
tATR tATR
1
<5 [ 19kt +Can [ zlBods.
0 0
Thus, altogether we find that
tATR tATR
1
L(tATR) < = / ||Vz(s>||%¢ods+03/||2<S)|I%od8-
0 0

By Cauchy-Schwarz-Buniakowski and Assumption [(H1), we find for Ir(t A Tr)

2 / (F(5,5(5)) — F(5,92(5)), 2())pods < Crr / P e(3) s,

The term I3(t A 7g) is a martingale and thus killed upon taking expectations.
For I,(t A T7g) we have by Assumptions [(H2)| and |(H3)|

) =3 [ 1B, 1 (5) — Buto ) s

= Z/O " 1P (25 V)2(s)) + P (H (s, 51(s)) — H"(s5,2(5))) |[30ds

tATR

tATR
< sup ||E(7571’)H32/ HVZ(S)H?{odSﬂLCT,H/ 12()I30s
0

t€[0,T],zeD 0

1

tATR tATR
<7 IVEONsds + O [ ) s
0 0
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Hence, if we stop (3.3) with 75 and take expectations, we find, using the previous esti-
mates, that

tATR
B = A )] < CnalE | [ 1266) s

0
t

< CR,T,f,H/E (s A 7)) ds.
0

Applying Gronwall’s lemma yields that for any ¢ € [0, T
E [[l2(¢ A r)[l30] = 0.
Finally, we employ Fatou’s lemma to find

E [||=(t)l30] < liminfE [|=(¢ A 7a)lf50] = 0.
Thus, z(t) =0 for all ¢ > 0, P-a.s., i.e. pathwise uniqueness holds. 0

3.3. Existence of Martingale Solutions. The main result of this section is the
following

THEOREM 3.10. Under the Assumptions for any initial law 9 € P(H'),
there exists a weak solution for Equation (2.4)) in the sense of Definition .

The proof proceeds in the usual fashion, anaologously to the proof of {196, Theorem
3.8] by considering Faedo-Galerkin approximations of our equation. To be precise, fix a
stochastic basis (€2, F, P, (F;),5) and two independent infinite sequences of independent

standard (F;),-Brownian motions {W*#(t) | ¢t > 0,k € N} and an Fy-measurable random
variable yo with initial law ¢ € P(H?).

The set £ = {e; | i € N} C V was chosen as a complete orthonormal basis of H'. We
consider the finite-dimensional subspaces

H. =spanfe; | i=1,...,n}

and consider the projections onto H}, i.e. for y € H°, we define (recalling our convention

@.14))

n n

Iy = Z(y, €)1 = Z(y, (I — A)e;)ypoe;.

i=1 i=1
We want to study the following finite-dimensional stochastic ordinary differential equa-
tions in H! as approximations for our infinite-dimensional equation:

dyn(t) = [ A(ya(t)) + T f (1, v (0))]dE + 37, TLB(E, yn(8)) AW,
yn(o) = IL,yo.

Using the Lemmas and , there exists a constant C), x such that for any y € H) the
following growth conditions holds:

(. T A() + T (6 ), < G (1191l +1)

I Bt ) llre, < Coe (Il +1)
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This can be seen as follows: by using linearity, the definition (2.2)) of (A(y), )y and
inequality (2.8) of Lemma (where we drop all terms with negative sign)

<y7 HnA(y»'H}L = <ya Z<A(y)> €i>’Hlei> - <"4<y)7 Z <y7 ei)’Hl ei>H1
Hy

i=1 =1

= (AY), y)w = (Aly), I = Ay)wo
= (A®). ) < N+ DIVl + 1yl < 2Nyl
and similarly for the other terms.
Furthermore, our Assumptions [(H1) ensure that the maps
M, 2y e ILA(Y) + 1L, f(ty) € Hy,
HL >y ,B(y) € Ly(* x (3H)),
are locally Lipschitz continuous: by Equation ([2.11])

n

D (Ay) — Alga), (I = A)ei)poes

=1

ITL, (A1) — A(g2)) [l =

My
n

< 37 AW — Al el leallas, < D Cilln = wallexioy (1+ Iy, + 13y, )

i=1 =1

where O; := supp(e;), and similarly by Assumption [(H1)

I, (f(t 1) — f(t,92)) [y, < Z [(f(ty1) = f(ty2), (I — A)ei)pol el

< Z Crll(1 — A)eillygllw - y2||L2(Oi)||€i||H}L7

=1

and by Assumption [(H2)| and |(H3)|
I, (B(t,y1) — B(t, y2)) | a2 x 2241

< Z (2 V) (1 —y2) + (H(t 1) — H(t, y2)), (I — A)ei)poeill Ly xemy)

< Z K- V) (1 = y2) + (H(t,91) = H(t, 42)), (I = A)eipgolle el

<> ( sup [|E(, z)]le + Cm) leillaez el lln = vl 220,
i—1 \z€D,tel0,T]

Therefore, we can employ the theory of stochastic (ordinary) differential equations (cf.
[167, Theorem 3.1.1, p. 56]) to find a unique (F;);-adapted process y,(t) such that P-a.s.
for all ¢ € [0,T]

) =m0+ [ TAa(s + [ Tfs ()
(3.4) o "
+Zlm@@mwm&
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and for any ¢ < n
t ¢

<yn(t)a ei>H1 - <yn(0)a ei>’H1 + /<~A(yn<$))>€i>’z‘-{1d3 + / <f(37yn(8))76i>7.[1 ds

0 0

(3.5) + Z/ (Bi(s,yn(5)), €i)sn dW;“.

k=17
Our strategy now is as follows:

1. Prove uniform a prior: estimates for y,.

2. Use these to prove tightness of the associated laws.

3. Use Skorokhod’s embedding theorem to translate the weak convergence from the
previous step to P-a.s. convergence of the random variables.

4. Prove uniform moment estimates for the terms of the associated martingale prob-
lem.

5. Show convergence in probability of the martingale problems.

We start with the a priori estimates.

LEMMA 3.11 (a priori estimates). For any T > 0, there exists a constant Cr n 5.1y, >
0 such that for any n € N

E | sup [lyn(t)ll7

t€[0,T]

i / E [[lyn(s) 2] ds + / E [V lya(s)P|12:] ds

(3.6)
< CrN, £, H,yo-

Furthermore, in the periodic case it holds that

t
(3.7) / E [lyn()14] ds < Cr ss1an.

PRrROOF. We use Ito’s formula as well as Lemmas 2.3 and 2.5 to find
t t
lm @I = lool20 +2 / (A(n())s gn(s))rds + 2 / (F (5, 9n(5)), v ()} pards
0 0
t
M) + / 1B(5. 4 ()12, g2l
t t
< llyollZ — / ()| — 2 / (Ifoal - (V02 + 1B, - VB, I
(3.8) ol - (VB[22 + 1By - [V, ) ds
t
9 / (2N + 1) Vgu(8)IBp + () [Zods
0

2 / 15, 5a(5)) sl (3) el + ()

tr1
+/0 (§|!yn<s>|r%ﬁ + Croarllyn(s) 3 + OHFH@”L”D’) o

where the term M (t) is a continuous martingale and has the representation

o0

M(t) =2 (Bi(s,yn(s)), ya(s) s VL.

k=1
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Taking expectations in Equation (3.8) and applying Young’s inequality in the force term
thus gives

E|lyn (1) I3
t

+2 [ E[lfonl - [F0ull + 11 Bal - [VBul [ + lloal- VBl + [ Bul - [V 3]s

0

1 t t
< Ellyoll7n — Z/o 1y (3) 132 ds + 2/0 (2N + D)[IVya(s)ll50 + lya(s)30) ds

t t
+4AHﬂa%@w%®+@mA(mmm%+OMM@mw»m

and therefore we find,

1 T
sup Bl + 5 [ (o) eds
te[0,7 0

T
+2/E{Ill’vn! V[l + 1Bl - [VBull[z2 + [lva] - [VBulllZ2 + [[|Bal - [VoallZ2 |ds
0

T
smw%+@my/spﬁmmw%w+@mf
0 rel0,s

Gronwall’s lemma then implies

T T
sup Bl Ol + [ ln()lads + [ B[l [Foulls

t€[0,T]

(3.9) ) ) )
+ 1Bul - [VBu|llz2 + [[lva] - [V Bulllz2 + [[[Bal - |V’UTLH|L2i|d8

< Cr.NH, 10

To “exchange” expectation and supremum, we use the Burkholder-Davis-Gundy (BDG)
inequality (cf. [172], Theorem 1.1). More precisely, dropping the negative terms in (3.8)),
taking suprema and expectations, applying (3.9) and then using the BDG inequality, we
find

E <E| sup [M(t)|

te[0,7

TS 1/2
(/0 Z||Bk(8,yn(s))||${0||yn(8)”§{2ds)

sup ||yn ()]0 + Crnpy < O fHy + 3E [(M >1T/2]

te[0,7

< CrN,t,H,y, + 6E
- 1/2

te(0,7)

T
< OrN fy0 + 6B (Sup IIB(Lyn(t))lliz(pm;m)/ ||yn(3>||§{2d5)
0

< COrnpy + e S 1B, yn (017 2 x2:000)
€|0,

T
+@Anmm%m,

where we applied Young’s inequality in the last step.
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Now, an application of Lemma as well as (3.9) yields

E | sup [lyn(®)30 | < Crngigee +CrE

te[0,7

sup IIyn<t)||311] ,
te[0,7

which for small enough ¢ > 0 yields

E | sup Hyn(t)H?-[l SCT7N,f7H,y0'

te[0,7)

Combining this with (3.9)) yields the desired estimate.
In the periodic case, as £ is also orthogonal in H°, we get an Ito formula for the
H°-norms as well and find upon taking expectations and using (2.7)) of Lemma as well

as Equation ,
t
Ellya () 20 = EllsollZo + 2 / E(A(yn(5)), yn(s))peodls
t t
+2 / E(f(5, 9n(5)), 4 () odls + / E1B(s, yn(5)) |2, goipoy s
t
< Byl + 2 / E [~ |V5a(5)[20 = [19a()][44 + CN|lya(s)|20] ds
t
Lo / E [Cr.#lla(5) 20 + | F (O] 1] ds
¢ 1 2 2
+ [ B[ Sln ) + Crlln(o) e + 1Fn Ol | s

t t
< —2/0 E [||yn(s)||74] ds + C’T,N,F/O E [[[yn(8)]l30] ds

+ C7 N, 1, H.y05

and an application of Gronwall’s lemma implies (3.7)). O

Next we want to prove tightness of the laws of the solutions to the approximate
equations (3.4). We recall the notation X := C(Ry;H}.) from Section [2.3]

LEMMA 3.12 (tightness). Let p, := P o (y,)~! be the law of y, in (X,B(X)). Then
the family (pin)nen s tight on (X, B(X)).

PROOF. Let R > 0. We set
T = f{t >0 | [Jya(?)22 > R}

Then, using the Chebychev inequality as well as the a prior: estimate (3.6)), we find

sup P(tpy < T) = sup P ( sup ||yn(t)||7{711 > R)

Sub neN t€[0,T
(3.10)
1 CT,N, H,
<sup —E | sup [[ya(t)[3a | < %
neN t€[0,T]
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For any ¢ > 2 and s,t € [0,7] and any e € £ (whose support we denote by O), we find
by using Equations (3.5]), (2.9)) as well as the BDG inequality (cf. [172], Theorem 1.1)

E[[yn(t ATR) = yn(s A7), €)30|]

§3q—1<E / A (), )

n
ATp

q

+E / (), €)srdr

n
ATp

q

0 AT
+E Z/ (Bi(r, yn(1)), )20 dVWF >
-1 S/\TR
AT 1 AT a
s%(&z [ (i) arf [+E {16l ]
SATER SATER

q/2
R )

where we transferred all the spatial derivatives onto e via (2.14)). Applying the Holder
embedding L5(0) C £3(0) as well as the Sobolev embedding H' C L% Assumptions

(H1)| [((H3)[ and Equation (2.12)), we can see that

E[[yn(t ATR) = ynls ATg), €)3["]

t/\‘r}%
< Cogr (E / <1+ sup_|[yn(r )H?#) dr
S/\Tlg T’E[OT
q/2 )

_ q]
<1+ sup ||yn(7")||§’fl>] t— sl
r€[0,TATE]

t/\Tg
{E / (P + 15 () oyl
+E ( [SUP [y (r )“ + ||Ff||qoo ([0,T);L* (D)) )] it —s|?

t/\TR )
/ 1B (I sy

n
NTR

tATR
B || [ B+ [Fa(r)1r

n
NTp

S C’e,q,T {E

ATR
r€[0,TATE]

2
+E ( [SUP [y (r )“7.[1 + ||FH||qL/oo ([0,T7; Ll(]])))>] |t - S|q/2}

r€[0,TATE]

S C’e,q,T,RIE

2
(1 + SEPT [y (r )H?—Ll + ||Ff||L°<>(0T] LY(D )jL ||FH||qL/°°(0T] LY(D )] |t - S|q/2
re

S C€7Q7T7R:va7N7y0|t - S’q/27

where we have used in the penultimate step that ¢ > 2 as well as the definition of 77
and hence that ||y, (r)|[3,, = ||yn(7")||‘77_t_12 Ny (M3 < RI?||yn(r) |3, and similarly for the
other terms. Finally, we have used the a priori estimate (3.6) in the last step.



3. EXISTENCE AND UNIQUENESS OF STRONG SOLUTIONS 81

Thus by the Kolmogorov-Centsov continuity criterion (e.g. in the version of [85, Theorem
3.1, p. 28 f]) with parameters § = % = 1/2, we find that for every T > 0 and

ae(o?%_%>

E Sup |<yn<t /\ Tg) - yn(s /\ Tg>7 6>H1 |q S Ceaq»TzR’f7H7va0 : 5a

5,t€[0,T],[t—s|<8

Therefore, for arbitrary € > 0 and R > 0, we find using (3.10))

supP{ sup |<yn(t)_yn(3)7€>7-£1|>5}

neN s,t€[0,T],|t—s|<6
<supP sup [(Yn(t) — yn(s),e)3p1| > ;73 > T p +sup P {1 < T'}
neN s,t€[0,T7],|t—s|<d neN

CeqTRfHNy 0%  Crn
g4 R?

Letting first § | 0 and then R — oo, we find

<

(3.11) lim sup P { sup [{(Yn(t) — yn($), €)pr| > 5} =0.

610 neN s,tE[0,T],|[t—s|<6

Thanks to (3.10) and (3.11)), we can now invoke Lemma [2.6 to conclude that (ji,)nen is a
tight family of probability measures on (X, B(X)). O

The tightness implies the existence of a subsequence (which we again denote by
(tn)nen) that converges weakly to a measure p € P(X).
Next we apply Skorokhod’s coupling theorem (cf. [125, Theorem 4.30, p. 79]) to infer

the existence of a probability space (Q F, P) and X-valued random variables ¢ and ¥y
such that

(I) the law of " is the same as that of y,, for all n € N, i.e. Po Ut = pn;
(IT) the convergence ¢, — ¢ holds in X', P-a.s., and g has law p.

By Fatou’s lemma and the uniform (in n) a priori estimates (3.6)), the same estimates
also hold for the limiting process: for every 7' > 0

E” | sup Hﬂ(t)\lil] < liminf E” | sup H@n(ﬂHil]

(3 12) te(0,7 te[0,7)
= liminfE | sup Hyn(t)H%] < 00,
n—0o0 t€[0,T7]
as well as
T T

BT Dlae)le] ds < timint [ B [l (s) o] s

(3.13) 0 0

T
< hmmf/ E [[|yn(5)]32] ds < oo,
0

n—o0
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and
T
/EP[HI@I V|13 + IB] - IVB||7= + [||[8] - VB3> + ||| B - |Vf7|||%2]d8

0
T

B1) < tmint [ E[llonl - [Voull3 + 1 1Bal- VBl + ol - [V Bl I
0
+ 1Bl - Vo, as

< oQ.

In the periodic case D = T?, we additionally have

t t
(3.15) /“EP[MKﬁH;]dsglhgmf/ﬁE[H%A@Hb}ds<cn.
0 n=oe Jo

Next we want to study the martingale problem associated to our solutions ¥, and prove
that their limit solves a martingale problem as well, giving existence of a weak solution
to the TMHD equations. To this end, take any ¢ € C*(R), e € £,t >0,y € X. We
define the following process:

ME(ty) = I (ty) — I3 (ty) — IS (ty) — I (ty) — IZ(t,y),

where

t
() = [ (00 eh) - 1B 5(9), s
Our aim now is to show that M¢(-,y) is a martingale with respect to the stochastic basis
(X, B(X), i, (B:(X))t>0), i.e. it solves the martingale problem. This implies the existence
of a weak solution.

Since e € £ C V, as noted before, it has compact support, i.e. there exists an m € N
such that supp(e) C O := B,,(0) C R3.

We will use the following estimate below.

LEMMA 3.13. For a function y = (v, B) such that |v||Vv| € L?, |B||VB]| € L?, it
holds that y € L'? and

(3.16) lylizee < C (10l Volllz. + I1BIIVBI|) -

PRrROOF. By the Gagliardo-Nirenberg-Sobolev inequality (cf. Chapter [lI, Equation
[2.5))) for scalar functions f € W(R?)

[fllze < CIVFle2,
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it follows that

3 1/2])2
Ily*1Ze < CIVIyPIZ: = IV (Jv + [B?) 7. = C <Z |0 (|v]? + |B|2)\2>
i=1 L2

2
2\ 1/2 2

dx

3

:CZ

=1

3

> 0.0+ 5)

j=1

3

:40/2

i=1

3
Z (v]&-vj -+ Bj@Bj)

J=1

L2

3 3 3

< 240/2 <|vj|2z 00 + 1B, ) |@~le2> da
j=1 i=1 i=1

= 240/2 (|v; IV v;? + | B; ||V B;[?) da
j=1

3 3
3240/ swp [P S IVl + swp |BPY ] VB | da
= je{1,2,3} =

Jj€{1,2,3}

w

< 240/ (loP|Vol* +|BP[VBJ?) dz = 24C (|||v|| V|l 7. + 1Bl VB|7=) .
which proves the claim. 0

In order to show convergence of the martingale problems, we need to prove uniform
moment estimates as well as convergence in probability. The next lemma provides the
moment estimates.

LEMMA 3.14 (uniform integrability of M¥). The following estimate holds

(3.17) sup B [|ME(t, || + B ||M7(1,9)]) < oo

neN

ProOOF. We show that each of the terms of M¢ are bounded. The terms I, are
obviously bounded by a constant C,, since ¢ € CZ°.
For I3 we have by Jensen’s inequality for the temporal integral, as well as Equations

(9 and 10

~ T =
E” (|15t §a)[ 7] < T 12 / E” [[(A(n(5)), )2 7] ds
0
T
< Cree [ B [L4 1000 05
B
T
< Croe [ B [L4 (o)) ds
B

T -
= Crge | B [L411n(o) Pl

T -
< Crye | B L4190 Pl s

T
<Cp. / E” [1+ |[[o][Vo]|% + || B[V B][%)] ds.

This last term is bounded by our a priori estimates (3.14)).
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In the case of periodic domain D = T3, we have by Equations (2.9) and (3.15))

~ T _
B 115 (6, 5n) 7] < T 12 / E” [|(A@n(5)), €}l %] ds

T
< Crpo [ B [141505) e ds
0

T
<Crpo [ B [141305) e ds
0

S CT,QO,G,N,f,H,yO :

The other two terms can be dealt with swiftly: by Jensen’s inequality for the convex
function x + 2%/3, Hélder’s inequality for p = 3/2,¢ = 3, Jensen’s inequality for the
concave function x — %%, Assumption and (3.12)) we find

~ T ~
B 177 ] < Crollelhe | B [1- 1 (o) 3] as

T, /
< Croe [ (B [I7(sun(sDIRe]) " s
2/3

< Cre ([ (147 (3] + 17760 i) )

sup [[gn(s) 7
s€[0,T]

2/3
< Crpe (1 +E”F + Hﬂ”Ll([&T}xD))

< CT,W,€7N7f,H7yov
and by Equation (2.10]), we have in a similar manner

~ T B
B 7031 < Crp | B (106, 3a(6) ] 0
r P~ 8/3
< Crpens | 1+ER [|7(s) 30| ds
0 |

T -
< Crpens | L+E” [Jin(s)lse) ds
0 |

T -
< Crpens | L+E [Jin(s)|beo] ds
0 |

T
< Croons / E? [1+ |||o]|Vol|2 + || B|IVBI|%.] ds

S OT,%B,H7E,N,?JO N
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Our next and last ingredient for the existence proof of weak solutions is the convergence
in probability of the martingales defined above, as in [196, Lemma 3.12, p. 236 f.].

LEMMA 3.15 (convergence in probability). For every t > 0, M¥#(t,g,) — MZ(t,7) in
probability, i.e. for every e > 0

(3.18) lim P {|M#(t,5,) — M#(t,§)| > e} = 0.

n—o0

PROOF. As before, we show convergence of all the terms of M¢ and we denote O :=
supp(e). Note that by[(IT)| and since O is bounded, we find by the definition of the metric
on X that

n—o0

(3.19) lim [ |gn(t,z,@) —§(t, z,0)?dz =0, P —aa. @ecQ.
O

This then implies that for P-a.a. & € Q and all ¢ € [0, T]

|<yn(t7 ) ~> - g<t7 '7(1})7 6>H1’ < Hgn<t7 '7(':}) - g(tv '7@)”ﬁ2(O)H€H'HQ — O?

as n — o0o. By the continuity and boundedness of ¢ and Lebesgue’s dominated conver-
gence theorem, we find

lim EP (|17 (¢,9) — I (1, 9)]] = lim E [l (Ga(t), €}pa) = ¢ ((3(2), €)pa)[] = 0,
and similarly

lim E” [|£(t, §) — I£(8,)]] = lim E” [l ((§(0), D) — ¢ ((31(0), €)0)]] = 0.

n—oo

For I, we define for any R > 0 and n € N the stopping times
Tr=mf{t 2 0 [ [g.(0)]s = R}
Then by Chebychev’s inequality, and (3.6)), we get

1 B~
SuIN)P{TR <T}= SupP{Hyn( s = R} < sup 15 Al
(3.20) ne

C
P [l ®)3a] < STNLHm.

1
< sup R

R2
For arbitrary R > 0 we thus find
lim P .) — I (5)] > )
< tim P Gn) - (1.9)] > 2.7 > T)
+ Jim P{|IE(t Ga) — IS (8, 9)] > &, 7 < T}
n—o0
O£, Hoyo
R2
Equations (2.9), (2.11) of Lemma [2.4]— and again the continuity and boundedness of ¢ —
imply that for any ¢ € [0,7] and all © € Q with 7T3(0) > T
10" (G (t, @), €020 ) (AT (£, @), €)3r — ' ({G(E, @), €)300) (A(G(E, D)), )01 |
< [ ((Fn(t, @), e)an) — @' (G, @), €)300) | [(A(Gn(t, @), €201
+ 1" (Gt @), €)a) | [{AG(E, @) — A(u(t, @), €)2a] = 0, as n — oo,

< lim P{|I{(t, §n) — I{(t, )| > e, 73 > T} +
n—oo
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This — combined with Markov’s inequality and Lebesgue’s dominated convergence theorem
— yields the desired convergence:

lim P {|I5(t.§a) = I{(t,5)] > €}

< lim lim P{|I{(t, §,) — IL(t,9)] > e, 70 > T}

R—00 n—o0

I S _ _
< lim lim ~E” [Lgznsmy [ IS (8, Gn) — I5(2, )]

R—ocon—oo £

< lim lxaﬁ[ lim / Loy« [ (1), € ) (A (1), e

~ R—oo € n—00

— @' ((F(1), )2 ) (A1), €)31

ds] = 0.

Similarly, for I we get by Assumption [(H1)[and similar convergence arguments that
lim P{|I{(t,§n) — I{(t,5)] >} = 0.
n—oo

Finally, for I we find that since

[[KB(s, 5 (5)), €hrllZz — 1 (BC(s,3i(5)), €)a 72

< [S10B(s,ul3)), sl \<Bk<s,g<s>>,e>m2‘

k=1

WE

|<Bk(3agn(8>> - Bk(svg(s))7e>?{l| ’ |<Bk(s7gn<s))7€>7—£1 + <Bk(s7g<s))7€>7—ll|

e
Il

1

< llellae [ 1Bi(s:Ga(s)) = Br(s, 5(5)), b | - (1Bi(s: Ga())llro + 1Bi(s,5(5)) o)

< Ce|[(B(s,Gn(5)) — B(s,5(s)), )t 2 - (1B(s, Gn(5))| Laezxezizoy + 1B(5,5()) | o2 xezam)
when combining this with (2.12)), the convergence

lim P {|I£(t.§) — I£(t,9)] > e} =0,
n—oo
follows. This concludes the proof. 0
We are now in a position to prove the main result of this section.

PRrROOF OF THEOREM [B.10l Let ¢ > s, G be a bounded R-valued, B,(X')-measurable
continuous function on X'. Then we have by the generalised Lebesgue theorem

EF[(ME(t,y) — ME(s,y)) - G(y)]

=E” (ME(8,9) = M (5,9) - G(@) (u=Pog™

= lim BT [(ME(t,gn) = ME(s.90)) - G(5)]  (B17), B19))

= lim E” [(MZ(t,ya) = ME(5,9a)) - Glya)]  (Pogiy' = Poy,”)
= 0.

The last step holds due to the martingale property of M?(s,y,) on the stochastic basis
(Q,F, P, (Fi)t>0) and since G(y,,) is Fs-measurable. Therefore, p solves the martingale
problem and by Proposition we infer the existence of a weak solution to (2.4)). O
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3.4. Proof of Theorem [I.1l.

PROOF OF THEOREM [L.1]. The only thing left to prove is estimate ([1.3). By Ito’s
formula, taking expectations and using (2.6]), Assumption and Equation (2.12]), we
find

Elly ()50 = llvollz0 + 2/0 E(A(y(s)), y(s))nods

+ 2/ ]E(f(S, y<$))> y(8)>HOd8 + / E”B(S? y(s))H%g(ﬁXZZ;HO)dS
0 0
t t

3

< Il — 5 [ Bly(s) uds+ Crar + Crpar [ Blly(s) s,
0 0

which by Gronwall’s lemma implies

t

E|ly(t)l[30 + /]Elly(S)Hiuds < Crya (lyoll3 +1) -
0

Applying Burkholder’s inequality and performing similar calculations as in the proof of
Lemma [3.11], we get the desired estimate. O

4. Feller Property and Existence of Invariant Measures

In this section we prove further properties of the tamed MHD equations. First, we
show that they generate a Feller semigroup under stronger assumptions. Then, we prove
that there exists an invariant measure for this Feller semigroup in the case of periodic
boundary conditions.

We consider the time-homogeneous case, i.e. the functions f,>, H of our equations
are assumed to be independent of time. Furthermore, we assume Lipschitz conditions on
the first-order derivatives of the function H:

(H3)’ There exists a constant Cy > 0 and a function Fy € L'(D) such that for all
reD,y,y €RS, j=1,2,3 the following conditions hold:

10 H (2, y)l72 + [|1H (2, 9)[[72 < Crlyl* + Fu(2),
100 H(x,y) — 0w H(w, )]l < Culy — /|,
10y H (z,y)|le> < Ch,
10y H (2, y) — Oy H(x, Y )lee < Crly — /.
For an initial condition yo € H*, let y(¢; yo) be the unique solution to (2.4)) with y(0;yy) =
Yo Then by the uniqueness of solutions, we know that {y(t;y0) | vo € H',t > 0} is

a strong Markov process with state space H!. In proving the Feller property of the
associated semigroup, we need the following result.

LEMMA 4.1. For yo,ys € H', R > 0, define the stopping times
i c=inf{t > 0| [ly(t;yo)llse > R},
y07y(/)

/
R ] Yo
TR =T = =Tp NTgR.

Assume |(H1), |(H2), |(H3)] Then there is a constant Cyrn f.ux > 0 such that

E [ly(t A Tr; o) — y(E AT yo) 30 ] < Crrvipasllvo — vl -
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PrROOF. We follow the proof of [196, Lemma 4.1, p. 238 ff.] For notational conve-

nience, we denote y(t) := y(t;v0), 9(t) == y(t;y,), 2(t) = y(t) —g(t) and tg ==t A7r. By
It6’s formula, we have

tr

I2(tR) 130 = 112(0) 13 + 2/<A(y(8)) — A(Y(s)), 2(s))n1ds

+23° / Bul(5)). 2(3)) s dW®
+Z/HBI~: Bi(ii(s)), 2(s) 3, ds

= || ( )H'Hl + Il(tR> + IQ(tR) + ]3(tR) + I4(tR).

We denote by z, the velocity component of z, i.e. 2, := v — v, and similarly we write
zp := B — B. Then [;(tg) has the following form:

tr tr

I(tg) = 2 / (Az, 2)ps — 2 / (an (152 — gx (727 2

+2/ {(~(v- Vo + (5 V)0, 2.} +{(B-V)B ~ (B-V)B, 20
+(=(v-V)B+ (v- V)B, zp)w + (B -V)v — (B - V), ZB>’H1}dS.

The first term is readily analysed:

tr

/(Az 2 = —2/|| ||H2ds+2/||z||H1ds

0

For the second term, we find by using Young’s inequality, gy (r) < Cr, Holder’s inequality
(with p = 3, ¢ = 3/2) and the Sobolev embedding H! C £° that for some 0 € R

(v (yP)y = an (5175, 2)ae = (v (y1) 2 220 + (v (y1?) = an ([31%) 3. 2),,
= (gn ()2, (I = A)2)s0 + (gh(0) (Iy1* = [3%) 7. (1 = A)z),,

< lan (P12l 2 12l + Hah @)1 [yl + D12 1212

< 22 1213 + Cew (Jlo(ly P72 + 1212 + 1532

< 2 |l2ll5e + Ce 121 (012 + 171%)]| 7

< 2e||2ll3e + CenllzlZs (lyllts + 131150)

< 2e|zl3 + CellzlZn (lylli + 13113

< 2¢||2lf3e + Cenrll2l3.



4. FELLER PROPERTY AND EXISTENCE OF INVARIANT MEASURES 89

The third term consists of four sub-terms, all of which are very similar. We thus only

estimate one of them: Young’s inequality, the Sobolev embedding H* C L° as well as

the Gagliardo-Nirenberg-Sobolev inequalities ||u||f~ < C||u|]%§|]uH1L/24 and [|[Vul|s <

C ||u||§1{;1 ||'u,||2/24, combined with another application of Young’s inequality (with p = 4/3,

q =4) yield
(v-V)o—(0-V)0, 2,0 = (2o - V)V, 2p) it + (V- V)24, 2) i1
= ((zy- V)v,(I = A)zy)go + (V- V)z,, (I — A)z,)go
< 2¢f|z [ + Ce (I(z0 - V)0l + 18 - V) 2)
< 2|2, [ + Ce (I3 V022 + 18115 [V 2034)
< 2zl + Ce (I3 =l 2015 + 19150 32 201 )
< ezl + CenllzulZe < dclzull3e + Cenllzol.

Analysing the other sub-terms in the same way and putting everything together, we find

tr tr tr
@0 D) < =2 [ 12 eds + Conn [ 129)luds + 102 [ 2(5)pds
0 0 0

I(tR) is analysed using Young’s inequality and Assumption [(H1)
tr

L(ts) = 2 / Fly()) — F@(5)), 2()) s ds
<e / () [2ds + C / 1£(u(s)) — F() Bds

tr tr
< [ 1) lpds + Coy [ () B
0 0

The term I3(tg) is a martingale and thus vanishes after taking expectations.
For I,(tg), we use the following considerations, similar to the ones in the proof of
Lemma 2.5t

1B) = B Lyexreanry = I1B(Y) = BEZ 2 eze0) + 1V (Bly) = B@D)L 0 cezeo)

and the latter term consists (by using the chain rule) of terms of the following form:
Ous (Bi(y) = Bi(9)) = 0us (P (3k(x) - V) 2 + P (Hy(2,y) — Hi(,9)))
= PL(05k(2)) - V) 2 + (S4(e) - 9) By + (00 Hy) (,9) — (0o Hi) (1, 5)

= PL0wTk(2)) - V) 2 + (Sule) - V) Dosz + (00 H)(2,y) — (0 i) . )

+ > [0y Hi2,y)) 02 — {0y Hi,y)) — (95 Hi(,9)) } 05| }

=1
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Thus we find, using Assumptions|(H2)land [(H3)’} as well as Equation (2.1)), the Gagliardo-
Nirenberg inequality and Young’s inequality, that

1B(y) = B@)IIL, 2200y

= (= V) 2+ Hy) = H@) | aexean, + IV Brly) = Be(@)ll50

<2) NS V) 230 + 1 Hily) = Hi(@) o
k=1

#3 [ D[ (0uF) V) = (Bl )+ 0 Hi)o1) = o) 1.9

+ Z {(ayin(x,y)) izt — {(ayin(a:,y)) — (agin(a:,j&))}ﬁxjﬂq ‘2dx

i=1

00 3 9
< 25up [Z4(o) 2 V[ + Calllfis + 23 [ 7| (Sa(a) - 9) 002 da
ze k=170 j=1

+ 22 /ID) Z ’ (0 2k () - V) 2+ (0pi Hy) (2, y) — (0pi Hg) (2, 9)
+ 2 Oy Hi(w,y)) Oz’ = 3 (0 Hilw, ) = (95 Hi(,9)) } aﬂ-gi‘zdx

3
< 2sup || S(@) |72 12130 + Crllz 50 +25up [Se(@)[72 D (105052172
zeD zeD ji=1

3 6
+8sugy|vzk<x>|\§2uvg|\3{o+0Huzuil —i—CH/ZZ\zm@MQiPdm
TE D . .
7=1 =1
< 2d° Sup I1S6(2) 12 121132 + Cmll2l130 + Carllz 1|2 1315

1 ~
< (5 +o)llzlFe + Csmll2lzn + Cullzl3o 1915

Integrating over time we finally get

Li(tr) = / 1B(5(3)) — BUHE)) |2, o2yl

1
< [+ DelBs + Canlzlio + CslzlBds,
0

and thus, adding all the contributions together,
E [ll=(tr)l70]

tr

tr
< 20| — (3/2 — 122)E /Hz(s)n;gds +Cop s asE /||z(s)||;1ds
0 0
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Choosing ¢ = %, we find
t
E [l=(t A mr)ll3a] < 112(0)3s + Crovgms /E [12(s A 7r) I3 ds] -
0
An application of Gronwall’s Lemma then yields the desired result. 0

Let BCloe(H!) denote the set of bounded, locally uniformly continuous functions on
H'. The supremum norm

[6]loc == sup [é(y)]

yeH!

turns this space into a Banach space.
For ¢t > 0, define the semigroup 7} associated with the Markov process {y(t;v0) | vo €
H' t >0} by

Tid(yo) == E[d(y(t:w0))], ¢ € BCio(H").

Using the previous lemma, we show that this is a Feller semigroup.

THEOREM 4.2 (Feller property). Under the Assumptions|(H1), |(H2) and|(H3)] for
every t > 0, Ty maps BCoo(H') into itself, i.e. it is a Feller semigroup on BC,.(H').

PROOF. Let ¢ € BCi,.(H') be arbitrary. We need to show that for every ¢t > 0,
m e N

lim sup | Tid(yo) — Teo(yo)| = 0,

020 4o 1yt EB s llyo v ll5y1 <6

where B, := {y € H' | ||y|l=+ < m} denotes the H'-ball of radius m.
As before, we define the stopping times

i o=inf{t > 0| ly(t;y0)lls > R},
TR =Th Yo T A 7'}%0
Let € > 0. We estimate using the definition of the semigroup and the triangle inequality
Tid(yo) — Ted(yo)l < Ello(y(t:y0)) — S(y(t A 7rs 90))]
(4.2) +E[lo(y(t A TR y0)) — o(y(t ATri )]
+E[lo(y(t A Trsyo)) — oyt y0))1] -

The first term can be estimated by
E [|6(y(t; y0)) — o(y(t A Tri 90))|] = E [1{m<t}|¢(y(t; yo)) — A(y(t A TR Y0))|]
< 206l P{7r < t} < 200llocP ({7h < t}U{rf} < 1})

< 2)/¢ll o

Sup ly(s:90) 152 + sup [|y(s; yo)Hw]

s€[0,t]

RZ

1
§4||¢Hoo§ sup E
Yo m

CiN £, Hm
sup ||y(s;yo)|!§{1] §4||¢Hoo—Rg ;
s€[0,t]

where we have used the a priori estimates of (|1.3]).
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The same estimate applies to the third term, so we can find R > m sufficiently large
such that for yo, y,, € B,, we have

(4.3) Ello(y(t yo)) — oyt A Tr; yo))l] < e,
4.4 Ello(y(t ATrigo)) — o(y(Ewo))l] < e

For the remaining term, we note that since ¢ is uniformly continuous on Bz D B,,, we
can choose 1 > 0 sufficiently small such that for all y,y" € By satisfying ||y — ¢/|lz2 < 7,
we find

9(y) —o(y)| < e

Thus, for every yo,y, € By, with |lyo — yjllzn < 0 := VEn
V2[llocCt.r. N 1115

denotes the constant from Lemma — by applying said lemma, we have

— here, Ct,R,N, f,HS

E[|¢(y(t A Tr; o)) — S(y(t A 7r; Yo))]
= E [1{ytnrnmo)—v(trrmwg)ln <o |0 (E A TR Y0)) — S(y(t A TRy 1p))]
+ E [Liyearmmo)—u(tnrmn)la >n | 0 EA TR 90)) — d(y(t A Tr; 4p))]
(4.5) < e+ 2[|pllooP {lly(t A Triy0) — y(E A TR YY) I3 > 1}

2[|9|| o
< <+ 281 (e ) = o0 A sl ]

2||9||C:
<oy elCbmnsinn)y, e, <o
The claim now follows from combining Equations (4.2))—(4.5]). O

In the periodic case, we can show existence of an invariant measure for our equations:

THEOREM 4.3 (Invariant measures in the periodic case). Under the hypotheses|(H1)

in the periodic case D = T3, there exists an invariant measure u € P(H')
associated to (T})i>o such that for every t > 0, ¢ € BCjo(H')

/ Tib(y0) i) = / (o) dpa (o).
w1 H

PROOF. By Itd’s formula in H°, we have

t

E [ly(0)lFe] = 90) o +2 [ ELAWG). (oo ds

+2 [ B (sl ds + [ B[IBE) ] ds

0 0
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By Equation (2.7)), Young’s inequality, Equation (2.12)) as well as Assumption (H1)], this
can be estimated as
t
E [lly(®)50] < ly(O)[30 — 2/IE [IVy($)li50 + ly(s)llzs — CNly(s) 30] ds

0

+/mwgmmemmmﬂm

+/®[Hyuw+0ﬂm%+W%mwjm

0
t t

< I OlBo — 5 [ Elly)B]ds -2 [ E [lus)l2] ds

0 0
t

+ Cf,H,N /E [”y(S)H?Ho} ds + Cf,H - t.

0

Since we are in the case of bounded domains, we have by the embedding £*(T?) C £2(T?)
and Young’s inequality

1yl < Collyllzs < ellyllzs + Cep.
and hence for sufficiently small € = ¢4y g > 0, after rearranging

t t

o B [ly0a] + [ B [lys)Ba] ds + [ B [ly(o)l] s

0 0
< Cruanp <||y(0)||grto +1).

Now using the H!-It6 formula and the corresponding higher-order estimates (2.8)), (2.13),
we find by proceeding in the same way as in the above calculations and additionally using

(4.6) that

t

E [lly@)l3:] = lly(O)5 +2/E[<A(y(8)),y(5)>w]ds

0

+ 2

muww»m¢mmn+/Eﬂw<@MQWWﬂst

o
~ ~+

1
g—ﬁ/Ewwnm2w+cmN/Euy ] ds + Cran -
0 0

E ||y ||H2 ds+Crunp-t,

I/\
l\DI»—t
D\
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which implies that
t

1

(4.7 + [ Bl e] ds < Crma.

0
Note that this inequality is uniform in ¢ and in the initial condition .

We now conclude as follows: following the notation of G. Da Prato and J. Zabczyk [49],
we define the kernels

T
1
RT(yO; F) = f /(Tslr)(yo)dt, Yo c Hl,F c B(Hl)
0

Set F = H! and let v € P(H!) be an arbitrary probability measure. Define the associated
measure

R}I/(F)—/ERT(yO,F)y(dyO).

We will show that these measures are tight. To this end, consider the sets I', :=
{yo € H? | |lyollnz < v} € H? C H'. Since they are bounded subsets of H? and the
embedding H? C H' is compact, they are compact subsets of H'. Now, using (£.7), we
show that the measures R}v are concentrated on I', for sufficiently large » > 0, hence

tight: denoting the complement of a set A C E by A° and using Chebychev’s inequality,
we find

Ryv(Iy) = /RT(yo, v(dyy) = / / [Lre (y(t;v0))] dt v(dyo)

/ / [Ilytyo IIHQ}dt (dyo) = / / [t o) l12,2] dt v(dyo)

CyunNp
rz

< —2 Cranp v(dy) =
™ JE

Therefore, the Krylov-Bogoliubov theorem [49| Corollary 3.1.2, p. 22] ensures the exis-

tence of an invariant measure. 0J

REMARK 4.4. Note that Z. BrzeZniak and G. Dhariwal (23] prove existence of an
wmwvariant measure for a similar system even in the case of the full space, so there might
be hope to extend this theorem also in our case.



CHAPTER 1V

Dynamical Systems and Random Attractors

ABSTRACT. In this chapter, we prove the existence of random dynamical systems and
random attractors for a large class of locally monotone stochastic partial differential
equations perturbed by additive Lévy noise. The main result is applicable to various
types of SPDEs such as stochastic Burgers-type equations, stochastic 2D Navier-Stokes
equations, the stochastic 3D Leray-a model, stochastic power law fluids, the stochastic
Ladyzhenskaya model, stochastic Cahn-Hilliard-type equations, stochastic Kuramoto-
Sivashinsky-type equations, stochastic porous media equations and stochastic p-Laplace
equations.

1. Introduction

Since the foundational work in [45,47,200] the long-time behaviour of SPDEs in
terms of the existence of random attractors has been extensively investigated (cf. e.g.
[17,[31,71,80./94-97./99,105,106,138,156,158/202,221/245,255,256,263|), resulting
in an ever increasing list of specific SPDEs for which the existence of a random attractor
has been verified. While the proofs rely on common ideas, the field yet lacks a general,
unifying framework overcoming the case-by-case verification. The main aim of this work
is to further push in the direction of such a unifying framework by providing a general,
abstract result on the existence of random attractors for locally monotone SPDEs.

More precisely, we prove the existence of random dynamical systems and random
attractors for SPDEs of the form

(1.1) dX, = A(X,)dt + dN,,

where N, is a Lévy type noise satisfying a moment condition (N) and A is locally mono-
tone (cf. (A2) below) with respect to a Gelfand triple V' C H C V*. The abstract
framework introduced here relies on the concept of locally monotone operators. This
extends previously available results, which were restricted to monotone operators, and
constitutes important progress in so far that, in contrast to the monotone framework, it
includes SPDEs arising in fluid dynamics as particular examples. Inded, the generality
of this framework is demonstrated by application to a large class of SPDEs, including,
stochastic reaction-diffusion equations, stochastic Burgers-type equations, stochastic 2D
Navier-Stokes equations, the stochastic Leray-a model, stochastic power law fluids, the
stochastic Ladyzhenskaya model, stochastic Cahn-Hilliard-type equations as well as sto-
chastic Kuramoto-Sivashinsky-type equations. This recovers results from the literature
as simple applications of the abstract framework introduced here and generalises many
known results. In particular, we generalise the results given in [17,/94]97]. We refer to
Section 6 for more details.

The first main result, stated in detail in Theorem below, addresses the existence
of random dynamical systems associated to (1.1]).

95
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THEOREM 1.1 (Theorem [4.1]below). Assume that A is hemicontinuous, locally mono-
tone, coercive and satisfies a growth condition. Further assume that V. C H is compact
and that there exists a hemicontinuous, strictly monotone operator M 'V — V* satisfying
a growth condition. Then there is a continuous random dynamical system S generated by

solutions to (1.1)).

Under a slightly stronger coercivity condition we then prove the existence of a random
attractor, leading to the second main result.

THEOREM 1.2 (Theorem 5.1 below). Assume that A is hemicontinuous, locally mono-
tone, coercive and satisfies a growth condition. Further assume that V. C H is compact
and that there exists a hemicontinuous, strictly monotone operator M : V — V* satisfy-
mg a growth condition. Then the random dynamical system S is compact and there is a
random attractor for S.

Notably, the Lévy process N, in (|1.1]) is only assumed to take values in H which is
the natural choice of noise as far as trace-class noise is considered. This is in contrast
to a number of works where the noise was assumed to take values in the domain of the
operator A, in order to make sense of the transformed equation for Z; := X; — N; which
has the form 3 }

dZ, = A(Z; + Ny)dt.
It was later noticed in [94] that this assumption can be relaxed to Ny € H by not
subtracting the noise directly, but a form of nonlinear Ornstein-Uhlenbeck process instead.
More precisely, if the operator A possesses a strongly monotone part M, we construct in
Theorem [3.1| a strictly stationary solution u,; of the equation (for sufficiently large o > 0)

du; = oM (uy)dt + dIVy.

Here, the smoothing properties of the operator M guarantee that u,; takes values in the
space V. This allows us to prove the existence of a random dynamical system, assuming
only trace-class noise in H.

The existence of a random attractor is typically proven in two steps: In the first
step, uniform bounds on the H-norm of the flow are established, which means that there
exists a bounded attracting set. In the second step, the existence of a compact attracting
set is shown. In this work, we use the compactness of the embedding V' C H to prove
that the cocycle S is compact, which together with the first step implies the existence
of a compact attracting set. Notably, the approach introduced here only relies on the
standard coercivity assumption of the variational approach to SPDE. This avoids further
assumptions typically required in the literature in order to prove higher regularity of
solutions. In particular, this avoids to pose stronger regularity assumptions on the noise.

From a technical perspective, we provide general, by now standard and relatively easy
to check conditions that guarantee that a given SPDE generates a random dynamical sys-
tem with an associated random attractor. We allow for additive, trace-class Lévy noise
which results in more involved estimates, e.g. when checking exponential integrability
properties of the strictly stationary Ornstein-Uhlenbeck process. The step of transform-
ing the SPDE into a random PDE compared to that step of [94] employs a more general
deterministic result, namely the well-posedness of deterministic PDE with locally mono-
tone coefficients as proved by W. Liu and M. Réckner in [165]. In the examples, we tried
to find optimal conditions on the parameters within the limitations of the framework,
especially the condition S(a — 1) < 2 using interpolation inequalities, which was not nec-
essary in the monotone case, as there § = 0. This requires a more careful analysis of
these examples.
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1.1. Literature. We now give a brief account on the available literature on random
attractors for SPDE. Since this is a very active research field, this attempt has to remain
incomplete and we restrict ourselves to those works which appear most relevant to the
results of this work.

Randoms attractor were first studied in [45,47,200]. They are a very important
concept of capturing the long-time behaviour of random dynamical systems (RDS) and
there are many results on existence and properties of random attractors for various SPDEs
[31171,/80,96/99.|105|, 106,138, 156,158,202, 221,245,255, 256,263 .

Equivalent conditions for the existence of random attractors were given in [46]. Fur-
ther properties of random attractors that have been studied include measurability [45,
47,48, upper-semicontinuity [35,36,/154,220}242|, regularity [104,/155,157], and di-
mension estimates [55],/143,259]. The problem of unbounded domains has also been
addressed, e.g. in [12,25,/136,/168,219]. Furthermore, the concept of a weak random
attractor has been introduced recently in [222,223|. Further references are given in the
discussion of the examples in Section [6]

Stochastic (partial) differential equations driven by Lévy noise have been studied
widely, motivated among other things by applications in finance, statistical mechanics,
fluid dynamics. For an overview we refer to [189]. For results on random attractors,
cf.. [97] and the references therein. Well-posedness for locally monotone SPDEs driven
by Lévy noise was first studied by Z. Brzezniak, W. Liu and J.H. Zhu [26].

1.2. Overview. In Section [2| we state the assumptions on the coefficients and the
noise N. In Section [3|we study strictly stationary solutions for strongly monotone SPDEs.
The following section, Section [, is devoted to constructing a stochastic flow via transfor-
mation of equation (2.1)) into a random PDE. This stochastic flow is then proven to be
compact in Section 5] Combining this with the existence of a random bounded absorbing
set then immediately imply the existence of a random attractor. Applications to various
SPDEs are given in Section [0 Appendix [7] gathers the necessary results on random PDEs
with locally monotone coefficients. In Appendix [C| we recall the basic notions and results
concerning stochastic flows, random dynamical systems and random attractors.

Within the project, the authors role was to apply the theory to examples, i.e. write
Section [6] as well as the introduction and to simplify the proofs wherever possible. I have
also provided a proof of the perfection theorem in Appendix|[C] Theorem which was
needed for proving the existence of the nonlinear Ornstein-Uhlenbeck process.

2. Main Framework

Let (H, (-,-)y) be a real separable Hilbert space, identified with its dual space H* by
the Riesz isomorphism. Let V' be a real reflexive Banach space continuously and densely
embedded into H. In particular, there is a constant A > 0 such that A||v||3, < ||v||3 for
all v € V. Then we have the following Gelfand triple

VCH=H CV~
If v« (-, -)v denotes the dualization between V' and its dual space V*, then
ve(u,v)y = (u,v)g, Yue HuveV.
As mentioned in the introduction, we consider SPDEs of the form
(2.1) dX; = A(Xy)dt + dNy,

where A : V — V*is B(V)/B(V*)-measurable (we extend A by 0 to H) and N : Rx Q2 —
H is a centered, two-sided Lévy process on H.
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We assume that N is given by its canonical realization on 2 := D(RR; H), the space of all
cadlag paths in H endowed with the canonical filtration
Fo=0(wu) —w@)we, s<uv<t)

and Wiener shifts {0;}:cr (cf. e.g. |7, Appendix A.3], [6, Section 1.4.1]). We impose
some moment condition on N which will be specified below. Let P be the law of N on
Q. Then (Q, F,{F!} icis ), {0 }ier, P) is an ergodic metric dynamical system. We denote
the augmented filtration by {]-_"St}te[s,oo) and note that {F! }ees,00) is right-continuous. The
extension of P to F is denoted by P and we define F | 1= 0 (U_.oose; F2)-

Suppose that for some o« > 2 and f > 0 with f(a — 1) < 2, there exist constants
C,K > 0 and v > 0 such that the following conditions hold for all v, v, v, € V:

(A1) (Hemicontinuity) The map s +— v« (A(v; + svy),v)y is continuous on R.

(A2) (Local monotonicity)

2v+(A(v1) — A(va), 01 — va)y < (C + (1) + p(v2)) |1 — vl

where 7, p : V — R, are locally bounded measurable functions.
(A3) (Coercivity)

2v-(A(v), v)v < =7l + Kol + C.
(A4) (Growth)

IA@) 327 < O+ [ollF) (L + [loll7).
In order to be able to deduce the existence and uniqueness of solutions from the results
derived in [26], we note that due to the Lévy-Ito decomposition (cf. e.g. [1, Theorem
4.1]), and since v is assumed to have first moment, we have P-a.s.

(2.2) N; = mt + W, + / zN(t,dz), VteR,

H
where m € H, W, is a trace-class ()-Wiener process on H and Nisa compensated Poisson
random measure on H with intensity measure v (cf. [1] for Definitions). Now we state
the assumptions on the Lévy noise as follows:

(N) The process (IV;)er is a two-sided Lévy process with values in H and the corre-
sponding Lévy measure has finite moments up to order 4. Furthermore, without loss of
generality, we assume m = 0. 3

Throughout this chapter we work with the convention that C,C' > 0 and ¢,¢ > 0
are generic constants, each of which is not important for its specific value and allowed to
change from line to line.

Let us now define what we mean by a solution to (2.1]).

DEFINITION 2.1. A cadlag, H-valued, {F!}ie)s.00)-adapted process {S(t, s;w)x }efs c0)
is a solution to ([2.1)) with initial condition x at time s if for P-a.a. w € Q, S(-, s;w)x €
L ([s,00); V) and

loc

t
S(t,s;w)r =+ / A(S(r, s;w)x)dr + Ny(w) — Ng(w), VYt > s.
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3. Strictly Stationary Solutions for Monotone SPDE

The construction of stochastic flows for locally monotone SPDEs driven by Lévy noise
(presented in Section [4| below) is based on strictly stationary solutions for strongly mono-
tone SPDE driven by Lévy noise. The existence and uniqueness of such strictly stationary
solutions is proven in this section, which might be of independent interest. This generalises
a similar construction presented in [94] for the case of trace-class Wiener noise.

More precisely, in this section we consider strongly monotone SPDE of the form

where o > 0, N; is a two-sided Lévy process (as above) and M : V — V* is measurable.
Instead of the local monotonicity condition (A2), we assume that M is strongly monotone,
ie.
(A2') (Strong monotonicity) There exists a constant ¢ > 0 such that
2v« (M (v1) — M(vg),v1 — v9)y < —c|lvy — oy,  Yvp,v9 €V

where « is the same constant as in (A3).

It is easy to see that (A2') implies that (A3) also holds for M.
By the above Lévy-It6 decomposition (2.2), we may rewrite (3.1]) as

H
and [26], Theorem 1.2] implies the existence and uniqueness of an Ft-adapted variational
solution X (¢, s;w)z for each x € H. Strictly stationary solutions to ({3.1]) are constructed
by letting s — —oo in X (¢, s;w)x and then selecting a strictly stationary version u from
the resulting stationary limit process using Proposition in Appendix B.

THEOREM 3.1 (Strictly stationary solutions). Suppose that M satisfies (Al), (A2'),
(A4) with =0 and let X (-, s;w)x be the solution to (3.2) starting in x € H at time s.
Then

(i) There exists an F* __-adapted, F-measurable process

u € L*(; D(R; H)) N L*(; LY (R; V)

loc

such that
lim X(¢,s;-)r = wu

$——00
in L*(Q; H) for allt e R, z € H.
(17) u solves (3.1) in the following sense:

t
(3.3) Uy = Ug + O'/ M (u,)dr + N; — Ng, P-a.s., t > s.

(13i) u can be chosen to be strictly stationary with cadlag paths and satisfying u.(w) €
Le (R V), for allw € Q.

loc

() Let 2 < p < 4, then for each 6 > 0, t € R and large enough o > p%, there is a
constant C(0,0) > 0 such that

t
(3.4) E / | s [ 2dr < O(6, 0)e™,

—00

where C(0,0) — 0 for o — 0.
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(v) There exists a O-invariant set Qg C Q of full P-measure such that for w € Qy and
s,teR, s<t,

1 ! « «
— [ lu@ldr > Bl < 00, s - -oc,

where C(o) — 0 for o — oo.
Letp e N, p > 2, then
(vi) There exists a @-invariant set Qo C Q of full P-measure such that for w € Qg

1 t
(3.5) z/o |w, (W) |[5dr — E|luolly, t— too.

(vit) |Jue(w)||% has sublinear growth, i.e.

)l
t—4o0 |t|

=0.

PROOF. As the operator in (3.2)) is strongly monotone, some parts of the proof here
are similar to the associated statements in [94]. So here we only highlight the differences
arising from allowing Lévy noise and otherwise refer to [94].

Let X (¢, s;w)z denote the variational solution to starting at time s in v € H
(cf. [26]).

(1) First we show that there is an F* __-adapted, F-measurable process u : R x Q — H
such that

lim X(t,s; )z = u,
S——00
in L?(Q; H) for each t € R, independent of x € H.

Following the same line of argument as in [94, p. 143], using the coercivity, Ito’s
formula and the comparison lemma |94 Lemma 5.1 for a > 2 or Gronwall’s lemma for
a = 2, respectively, we obtain that for all t AQ > s9

E sup || X(r,s2;)x — X (1,813 )yl

rElt,00)

o _ 2
—1Deor2(t — 7)) *2, if v > 2;
ca

< ((% A 1o
=2 (e“é sUlyll2 + e85 |z]| + c) B r2emeoNif o = 2,

Hence, X (-, s;-)z is a Cauchy sequence in L*(Q; D([t,00); H)) and

u = lim X(¢,s;-)z
S§——00
exists as a limit in L*(Q; H) for all t € R and u is F! __-adapted.

Since X (-, s;-)z also converges in L*(Q; D([t,o0); H)), u is cadlag P-almost surely.
Since u is F-measurable, we can choose an indistinguishable F-measurable version of w.

(44) The next step consists of showing that u solves (3.3)).

This is achieved using 1t6’s formula for || - ||%, (with the only difference being an addi-
tional term of [, ||z||3(dz) on the right-hand side), the compactness of the embedding
as well as the monotonicity trick and the hemicontinuity (A1l). For details, cf. |94, p.144].

(17i) Now we prove the crude stationarity for u. Let us first show X(t,s;w)z =
X(0,s —t;,w)x for all t > s, P-almost surely.
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Let h > 0,t > s and define X;(t)(w) := X (t — h,s — h; Ow)x. Then for P-a.a. w €
(with zero set possibly depending on s, h, x)
Xn(t)(w) = X(t — h,s — h; Opw)x
t—h
=x+0 M(X(r,s — h; Opw)x)dr + Ny_p(Opw) — Ns_p(0pw)
s—h
t—h
=z+o0 M (X (r,s — h; Opw)z)dr + Ny(w) — Ng(w)

=+ 0/ M (Xp,(r)(w))dr + Ni(w) — Ny(w).

Hence, by uniqueness, X (t — h,s — h; Opw)x = X (¢, s;w)z, P-almost surely. In particular
(3.6) X(0,s —t;0w)r = X(t, s;w)z,

P-almost surely (with zero set possibly depending on ¢, s, ).

Now for an arbitrary sequence s,, — —oo there exists a subsequence (again denoted
by s,) such that X (¢, s,,;-)x — u; and X (0, s,, —t; -)x — uo P-almost surely. Thus passing
to the limit in gives

uo(Oyw) = ug(w),

P-almost surely (with zero set possibly depending on t).

Since u. € L*(€; L (R; V), in particular u.(w) € L{.(R;V) for almost all w € Q
and since u is F-measurable, we now use Proposition in Appendix B to deduce the
existence of an indistinguishable, F-measurable, F __-adapted, strictly stationary, cadlag
process @ such that @.(w) € LY (R; V) for all w € €, i.e. crude stationarity.

loc

(iv) Next we proceed to prove (3.4]). Let 6 > 0 and note that by (A2’) and (A4)
co
20 1. (M (v),v)y +t1Q < —?HUH{'} +C, YwelV
An application of It6’s formula and the product rule yields that

€|, |57 = €l |

to
+ g/ e‘%Hu,«Hﬂ?{2 (20 v« (M (u,),u)y + trQ) dr
t1

to to
T P o =
+p/ ¢’ HurH};{ 2<urad ) H +p(§ - 1)/ ¢’ HUTHZ;{ 4||Q2ur”%{dr
t1

t1
to _
+p /e‘s”Hu,nH%Q(ur,z>HN(dr,dz)
t1 H
to 5 )
[ e 2l = = ol ) N )
t1
t2

+5/ " || || 5 dr.

t1
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Therefore, by (A3)

Ee® [lug, [l < Ee™ [luy, |17

to
p r -2 ( CO o
28 [ el (- Il +C) ar

t1

t2
+<‘_”E/ € o 71 Q w3y
+E/'/ €% (e + 2113 = luellyy = plluslfh *(ur, 2)1) N(dr, dz)

—i—éE/ " ||y || .

t1

Noting that
-2 —2
e+ bl — 2l = pllalls 2, byl < Colllz 2RI + IR,
we obtain by using the moment Assumption (N) that
to )
B[ [ e (et 20 el — bl i) N d2)
t H
1 ; 2
=B [ [ (a2l = Nl = plla I 2)ar) i)
t1 H

[
<CE [ [ e (lunlly el + 1215) o)
t1

SC(E/tl P (s +1)d>,

t
Ewwunp<Eéwwnp—@fE/WJWuw*mwwm
to = t1 4 ] TIH TV
1

and thus

p &
+ <p(— — Dtr@ + C) IE/ 65T|]url\’;{_2dr
2 t1

to to
+ 5E/ " || ||Bydr + C’/ e dr.
t1

t1

Applying Young’s inequality and the embedding V' C H, we get

to
co _ o
By < Bl (57 =200 E [ el
t
to '
+C / e dr.
t1
Stationarity of u; implies
to to
(3.7) (pfl“ 25\ ) / &7 |y |[Br 2| S dr < (J/ e dr
t1 t1

and thus (3.4) holds, provided o is sufficiently large that 2% — 26A~" > 0.



4. GENERATION OF RANDOM DYNAMICAL SYSTEMS 103
(v) Applying (3.7)) for § = 0 and p = 2 yields

to
]E/ lun[dr < C(ts — ).

t1

Since u; is stationary, we have E||u,||$ = E||uol|$. Hence,
El|uolls < C < o0,

and Birkhoft’s ergodic theorem implies the claimed convergence.

(vi) The convergence follows exactly as in [94, Proof of Theorem 3.3 (i), 146
f.] from the stationarity and Birkhoff’s ergodic theorem as well as an application of 1t6’s
formula and the a priori bounds arising from [94, Lemma 5.2] in the case o > 2 and
Gronwall’s lemma for o = 2, respectively.

(vii) This is proven by invoking the dichotomy of linear growth (cf. |7, Proposition
4.1.3]) in the same way as in |94, Proof of Theorem 3.3 (ii), p. 147]. O

4. Generation of Random Dynamical Systems

In order to construct a stochastic flow associated to (2.1]), we aim to transform ([2.1)
into a random PDE. However, since we only assume that N, takes values in H we cannot
directly subtract the noise. Motivated by [94] we use the transformation based on a
strongly stationary solution to the strictly monotone part of . More precisely, we
impose the following assumption:

(V) There exists an operator M : V — V* satisfying (A1), (A2") and (A4) with 5 = 0.

The motivation behind the Assumption (V') is that M is the strongly monotone part of
Ain (2.1). For example, for many semilinear SPDE such as stochastic reaction-diffusion
equations, stochastic Burgers equations and stochastic 2D Navier-Stokes equations, one
can take M = A (standard Laplace operator). For quasilinear SPDE like stochastic
porous media equations, stochastic p-Laplace equations or stochastic Cahn-Hilliard type
equations one can take M(v) = A(|v|""1v), M(v) = div(|Vv|P~2Vv) and M (v) = —A?v,
respectively (see Section [6] for more concrete examples).

Following the arguments given in [94], for ¢ > 0 we may consider the F-measurable,
strictly stationary solution u; (given by Theorem to

dut = O'M(Ut)dt + dNt

The key point is that u takes values in V', while NV takes values in H. The operator M is
used to construct Ornstein-Uhlenbeck type process corresponding to dX; = o M (X;)dt +
dNV;. If N; takes values in V' (cf. [97]), then this regularizing property is not needed and
we can just choose M = —Idy. The condition (V') can be removed in this case.

Let X (t,s;w)z denote a variational solution to starting in x at time s (the
existence and uniqueness of this solution is proved in Theorem {4.1)).

Defining X (¢, s;w)x 1= X (¢, s;w)r — u(w) we get

(X(t, s;w)z,0)g = (xr — ug,v) g + / ve(A(X (r, s;w)z + u,),v)ydr

t
—a/ ve(M(u,),v)ydr, v eV, P-a.s.
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We have used the following stationary conjugation mapping
(4.1) T(t,w)y =y — u(w),

and the conjugated process Z(t, s;w)r := T(t,w)X (t, s;w)T (s, w)z satisfies
¢
(4.2) Z(t, s;w)r =z + / (A(Z(r, s;w)x + u,) — oM (u,)) dr

as an equation in V*. Let

A ) = Alw+u,) —oM(u,), ifu.€V;
U A, else,

where for the simplicity of notations we suppressed the w-dependency of w,..
Since u,(w) € V for all w € Q2 and a.a. r € R, from (4.2)) we obtain

(4.3) Z(t, ssw)r =z +/ Ay(r, Z(r, s;w)z) dr.

In order to define the associated stochastic flow to ([2.1]), we first solve (4.3]) for each w € Q
and then set

(4.4) S(t,s;w)r :=T(t,w) ' Z(t, s;w)T(s,w)x.

This is done in detail in the proof of Theorem below. For this purpose and also in
order to subsequently prove the compactness of the stochastic flow, we need to impose
the following additional assumption:

(A5) The embedding V' C H is compact.

THEOREM 4.1 (Generation of stochastic flows). Suppose that (A1)—(A5), (V) are sat-
isfied and there exist non-negative constants C' and k such that

n(v1 +v2) < C(n(vr) +n(va)),
(4.5) p(v1 + v2) < C(p(v1) + p(v2)),
nw) +pv) <CA+ lol|7)A + |lvflE),  Vo,ve,v eV,

Then we have the following:

(1) There is a unique solution Z(t,s;w) to (4.3)). Z(t,s;w) and S(t, s;w) (defined in
(4.4) ) are stationary conjugated continuous RDS in H and S(t, s;w)x is a solution
of (2.1)) in the sense of Definition .

(1) The maps t — Z(t,s;w)x, S(t,s;w)x are cadlag, © — Z(t,s;w)z, S(t,s;w)x
are continuous locally uniformly in s,t and s — Z(t,s;w)x, S(t, s;w)x are right-
continuous.

PROOF. (i) We consider as an w-wise random PDE. We use this point of view
to define the associated stochastic flow.

In order to obtain the existence and uniqueness of solutions to for each fixed
(w,s) € Q xR, we need to verify the Assumptions (H1)-(H4) (see Appendix [7)) for
(t,v) — Ay(t,v). We check (H1)-(H4) for A,(t,v) on each bounded interval [S,T] C R
and for each fixed w € ). For ease of notations we suppress the w-dependency of the
coefficients in the following calculations.

(H1): Follows immediately from (A1) for A.
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(H2): Let vy,vp € V, w € Q and t € R such that u;(w) € V. Then by (A2) and (4.5
we find

2v (Ay(t,v1) — Au(t,v2),v1 — v2)y

=2y (A (v +w) — A(va+w), (V1 +up) — (2 +w))v
< (C+nvr +u) + pvs +w)) lor — v

< (C+ Cn(us) + Cplug) + Cnlvr) + Cp(va)) [lor — va |7

Note that by (4.5
(ue) + plue) < C 1+ [lully) (1+ fJuell)
Since u.(w) € L (R; V) N L2 (R; H), we have

f(t) =C+ CU(Ut) + Cp(ut) € Llloc(R)a

i.e. (H2) holds for A,. For t € R such that u;(w) € V' a similar calculation holds.
(H3): Forv eV, w e Qand t € R such that u,(w) € V, by (A3) we can estimate

(4.6) 2v+ (A, (t,0),v)y = 2p (A (v +uy) , v+ u)y
—2u (A (v 4+ u) ,up)y — 20« (M (), v)y
< Ko+ ugllzr — v +uly +C
+ 2[|A (v + wy) ||y ||uellv — 200 (M (uys), v)y.

For any 1,65 > 0, by (A4), the condition (. —1)5 < 2 and Young’s inequality there exist
constants C¢,, C., such that

2||A (v + uy) |

V*

Vi UtHV

a- pest
<O (U o +urlg™) (14 o+ ully = )l

<er (1 o+ wlly) + Coy (1 o+ wllf ) fluel
< ellot ull§ + Celludll$ o+ welldy + 20 el + e
and
20+ (M(ug), v}y < Co|M(u) |57 + &0
< Co(Cllunlly + C) + sl

where we recall that M satisfies (A4) with g = 0.
Combining the above estimates with we have
2+ (Au(t,v), v)y < (K + Cllu9) o+ wellfy — (v = e0) v+ wlly
+ 20, lug|l§ + C + &1 + Coy (Cllually + C) + 2|v]l5.
Using
lv +well|§ > 272l — fluel¥
we obtain (for £; small enough):
2y« (A, (t,v),v)y
< —(y—e1 =277 e)2 0ol + 2(K + O lluel[§) ol
+ (v =1 + 20, + OC, )lluellyy + 2(K + Cey lue|[9) |uel[3; + CC, + C + 1.
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Now choosing €1, €5 small enough yields

(4.7) 2+ (Au(t,v),0)v < =Aloll$ + g(®)lollF + F(2),
where
F o= (y—e1 — 2% 1gy)21 7 > 0;
g(t) = 2(K + Cs, lue[¥) € Lige(R);
F(t) = (v — &1 + 2C, + CC) a3
+2(C + O Jlul[§)lwel|3 + CCoy + C + &1 € Ly (R).
Here the local integrability of ¢ and f follows from the local L%integrability of u in V

and local boundedness of v in H. For t € R such that u;(w) € V we can use the same

calculation to prove (H3).
(H4): Forv eV, w e Q and t € R such that w(w) € V:

(o]
oz—l)
V*

< C U+ o+ ully) (1+ 1o+l ) + CIM ()3

vl =A@+ u) — oM (w5

JAu(t,v)| 7
<c(lA@+u)l

\f + ||M(Ut)|

< C(1+ 0llg + lally + ol + el + ol ol
o o el + a5+ leaell el )
< C (14 ally) Iollg + €+ ol + Cllolig ol
+ O (1 unllg -+ lealty + e e )
< (@ + GO lg) (1+ IvI7) |
where
Ci(t) 1= C (1 Junllg + ally + a5 el ;) € LR
Co(t) 1= C (1+ |uill}) € L (R).

This yields (H4) on any bounded interval [S, 7] C R.

For t € R such that u; & V one can show (H4) by a similar calculation.

Hence, (H1)—-(H4) are satisfied for A, for each w € 2 and on each bounded interval
[S,T] € R. By Theorem [7.1] there thus exists a unique solution

Z(,5:w)x € Lin([s,00); V) N L% (s, 00); H)

loc
to (4.3) for every (s,w,x) e R x Q x H.
By the uniqueness of solutions for (4.3) we have the flow property

Z(t, s;w)r = Z(t,r;w)Z(r, s;w).
Therefore, by Proposition the family of maps given by
(4.8) S(t,s;w) == T(t,w) o Z(t,s;w) o T (s,w)

defines a stochastic flow.
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Strict stationarity of u, implies that A, (t,v) = Ap,,(0,v). By the uniqueness of

solutions for (4.3) we deduce that

Z(t, s;w)xr = Z(t —s,0;0w)x
and thus Z (¢, s;w)z is a cocycle. Since T'(t,w) is a stationary conjugation, the same holds
for S(t, s;w)x.

Measurability of w — Z(t, s;w)x follows as in the proof of [97, Theorem 1.4]. In fact,
the same argument proves JFt-adaptedness of w + Z(t,s;w)r. Due to , in order
to deduce measurability and Ff-adaptedness of S(t,s;w)z we only need to prove local
uniform continuity of z — Z(t, s;w)x which is done in (ii) below. Then it is simple to
show that S(t, s;w)z is a solution to (2.1]).

(i7) Since T'(t,w)y is cadlag in ¢ locally uniformly in y, t — S(t, s;w)x is cadlag. Since
(H2) holds for A,, by Gronwall’s lemma (cf. [167, Theorem 5.2.4 (i), Eq. (5.32)]) we
have for s <'t,

1Z(t, s;w)x — Z(t, s;w)yl 3
t
<o | [ (10) 402G s5)2) + o2 dr| e =
By (4.5) for y € B(x,r) :={y € H| ||z — y||z < r} we have
t
[ (1) 020 siw)a) + 2l s < ©
Thus x — Z(t,s;w)x is continuous locally uniformly in s,¢. Moreover, for s; < sy we
have
| Z(t, s1;w)x — Z(L, 59;w) ||
=||Z(t, 52;w)Z (89, 51;w)x — Z(t, 59; )7 ||

< exp U (f(r) +n(Z(r, si;w0)x) + p(Z(r, s23w)x)) dr | [|Z(s2, s1:w)a — 2,

52
which implies right-continuity of s — Z(t, s;w)z.
Right continuity of s — S(t, s;w)x and continuity of = +— S(¢, s;w)z locally uniformly
in s,t follow from the corresponding properties of Z(t, s;w). O
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5. Existence of a Random Attractor

In the following let D be the system of all tempered sets. Now we are in a position to
state the main result of this chapter.

THEOREM b5.1. Suppose that (A1)—(A5), (V) and hold and let S(t,s;w) be the
continuous cocycle constructed in Theorem[{.1. Then

(i) S(t, s;w) is a compact cocycle.

For o = 2 additionally assume K < % in (A3). Then

(i) there is a random D-attractor A for S(t, s;w).

As a first step of the proof of Theorem we shall prove bounded absorption. Let
B(z,r) :={y € H| [z —yllm < r}.

PROPOSITION 5.2 (Bounded absorption). Assume (A1)—~(A5), (V) and (4.5)). Ifa =2,
additionally assume K < % in (A3). Then there is a random bounded D-absorbing set

{F(w)}weq for S(t, s;w).
More precisely, there is a measurable function R : Q — Ry \ {0} such that for all D € D
there is an absorption time sy = so(D;w) such that

(5.1) S(0,s;w)D(0sw) € B(0, R(w)), Vs < sg, P-a.s.
Proor. By we have
2 (Au(t,0), v)v < (v — &1 = 2071 e) 2 J0l|§ + 2(K + Ccy [lue[) 0]l + F ().
Note that for a = 2 we also have K < 74—)‘, and choosing €1, 9 small enough, we conclude
2y (Au(t0),0)y < clt.w)|ollf + ftw), YweV,
where c(t,w) := —¢ + Cl|u(w)||$ and
Flt,w) = C (L4 Nuell + el + luel 3 llll5)

for some C, ¢ > 0.
Note that ¢ does not depend on . For a.e. t > s we obtain

d
&HZ(t,s;w)xH% =2y (Au(t, Z(t, s;w)z), Z(t, s;w)x)y

< ct,w)||Z(t, s; )zl + f(t,w).

By Theorem for sufficiently large o, there is a subset 2y C €2 of full P-measure such
that

1 0
= [ hurlidr  Eluall < o7, for s - —oc

and [lug(w)]|% ||ue(w)]|$ is exponentially integrable for all w € €.
Hence, there is an syo(w) < 0 such that

for all s < sp(w), w € Qp and some ¢ > 0.
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Let D € D, z4(w) € D(fsw). For some 5y = 5¢(D;w), by Gronwall’s lemma we obtain
120, 53 w)zs(w) |7

. 50 o . N -
<lra(@) e + / & f(r,w)dr + / IR Fy o)y
S S0

(5.2) w - ~
< 1+/ egrf(r,w)dr+/ efr(*5+0Hur||?/)dff(r,w)d7,

[e's) S0

=:R(w), Vs<35, P—as.,

where the finiteness of the second term follows from the exponential integrability of f.
Since T'(t,w) = T(Aw) is a bounded tempered map, we find bounded absorption for
S(t, s;w). O

PrROOF OF THEOREM [5.7]. (i) Compactness of the cocycles S(t,s;w), Z(t,s;w) fol-
lows as in [95 Theorem 3.1].
(17) We prove that Z(t, s;w)x is D-asymptotically compact. By Proposition there
is a random, bounded D-absorbing set F. Let
K(w):=2Z(0,-1;w)F(f_1w), Yw € .
Since F(f_jw) is a bounded set and Z(t, s;w) is a compact flow, K (w) is compact. Fur-
thermore, K (w) is D-absorbing:
Z(0,s;w)D(0sw) = Z(0, —1;w) Z(—1, s;w)D(0sw)
CZ(0,-L;w)F(0_w) C K(w),
for all s < sy P-almost surely. By Theorem this yields the existence of a random

D-attractor for Z(t,s;w) and thus, by Theorem for S(t, s;w). O
6. Examples

The main results of Theorems and are applicable to a large class of SPDE,
which not only generalises/improves many existing results but also can be used to obtain
the existence of random attractors for some new examples. In this section, we mostly
present those stochastic equations with a locally monotone operator in the drift, hence
the existing results of [94,95,97] concerning only monotone operators are not applicable
to those examples. We gather the examples considered in these papers at the end of this
section.

Here is an overview of the examples considered: In Section [6.1] we study general
Burgers-type equations. Sections and are devoted to Newtonian fluids, in par-
ticular we study the 2D Navier-Stokes equations and the 3D Leray-a model. More sim-
ilar examples where the framework can be applied are summarised in Remark We
then move on to non-Newtonian fluids in Sections and [6.5 where power law fluids
and the Ladyzhenskaya model are discussed. Sections and are concerned with
Cahn-Hilliard-type equations in the sense of [184] and general Kuramoto-Sivashinsky-
type equations. Finally, in Section we show how the aforementioned equations with
monotone operators can be embedded into framework presented here.
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Notations In this section we use D; to denote the spatial derivative % and A C R? is

supposed to be an open, bounded domain with smooth boundary and outward pointing
unit normal vector n on JA. For the Sobolev space VVO1 P(A,RY) (p > 2) we always use
the following (equivalent) Sobolev norm

fulhy = ([ rwwpdx); .

Most examples below deal with equations for vector-valued quantities. However, in some
examples like those of Sections [6.1], and [6.7, we are in the scalar-valued case. We
use the same notation for LP and Sobolev spaces in either case, as there is no risk of
confusion. Thus, for p > 1, let L? denote either the vector-valued LP-space LP(A,R?) or
the scalar-valued LP-space LP(A,R), with norm || - ||z».

For an R%valued function v : A — R? we define

d
u - V = Zujaj
7j=1

and for an R%*%valued function M : A — Rdxd

div (M) = <Z (%Mi,j)

For the reader’s convenience, we recall the following Gagliardo-Nirenberg interpolation
inequality (cf. e.g. [210, Theorem 2.1.5]).
If m,n € N and ¢ € [1, 00| such that

d

i=1

1 1 n ml n

—-4 Y <h<1
qg 2 + d d’  m~— — 7
then there exists a constant C' > 0 such that
(6.1) Jullwra < Cllullfyme|lull}z’, we W™ (A).

In particular, if d = 2, we have the following well-known estimate on R? (cf. [165]214]):
(6.2) lullzs < CllullZalIVullz, v e Wo™(A).

6.1. Stochastic Burgers-type and Reaction-Diffusion Equations. We consider
the following semilinear stochastic equation

d
(6.3) dX; = <AXt + Z [i(Xy) D X + fo(Xt)> dt + dNV,

i=1

for the scalar quantity X on A. Let (N;);er be an L?(A)-valued two-sided Lévy process
satisfying (V). Suppose the coefficients satisfy the following conditions:

(i) f; is Lipschitz on R for all i =1,...,d;
(ii) fo € C°(R) satisfies

|folx)| < C(fz|" + 1), z € R;
(fo(z) — fow))(x —y) < CA+|yl*)(z —y)? z,y €R.

where C, r, s are some positive constants.

(6.4)
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EXAMPLE 1. Assume

(1) Ifd=1,r=2,s =2,

(2) Ifd=2,7r=2,5s=2, and f;,i = 1,2,3 are bounded,

(3) If d =3,r =2,s = % and f;,1 = 1,2,3 are bounded measurable functions which
are independent of X;.

Furthermore assume that the constant K in the condition (A3) and the domain A
satisfy K < %.

Then there is a continuous cocycle and a random attractor associated to .

Proor. We consider the following Gelfand triple
V=W, ?(A) C H:=L*A) CV* = (Wy* (M)

and define the operator
d
Alu) = A(u) + fo(u) = Au+ Z fitw)Diu + fo(u), ue V.
i=1

One can show that A satisfies (A1)—(A3) with @ = 2 and vy =
(see |165, Example 3.2]). For (A4) we note that
)
V* .

and a constant K

N =

JAu+ o)l < € (Il Au

The first term satisfies

e £ 11 fo(w)]

1Aull < CL+ [[ulf) (1 + [loll%),

where v = 2 in case (1) and v = 0 in case (2). For the second term we note that by
applying Holder’s inequality and (6. 1)

lollze (14 [lullze),
| ve{fo(w), o)v[* < {lIollZe (L+ Jullfe) . d
lollZe (U + lullfies) d

< oIl (1 + Nl lullZ)-

Therefore, (A4) holds with a = § = 2.
Note that (A5), (V') and (4.5)) hold obviously with M = A, therefore, the assertion
follows from Theorem (.1l and Theorem [(.1] O

REMARK 6.1. (1) If d = 1, one may take fi(x) = x such that Theorem |1| can be
applied to the classical stochastic Burgers equation (i.e. with fo = 0). Note that
we may also allow a polynomial perturbation fy in the drift of . Hence, Theorem
also covers stochastic reaction-diffusion-type equations. Due to the restrictions of the
variational approach to (S)PDE we can only consider reaction terms of at most quadratic
growth. However, as outlined in (94, Remark 4.6], the main ideas apply to SRDE with
higher-order reaction terms as well, e.g. using the mild approach to SPDE.

(2) The stochastic Burgers equation has been studied intensively over the last decades.
W. E, K.M. Khanin, A.E. Mazel and Y.G. Sinai [66] proved the existence of singleton
random attractors in 1D for periodic boundary conditions and noise of spatial reqularity
C3. R. Iturriaga and Khanin in [120] generalised these periodic results to the multi-
dimensional case with spatial C* noise. Y. Bakhtin [8] studied the case on [0, 1] with
random boundary conditions of Ornstein-Uhlenbeck-type. The case on the whole space
driven by a space-time homogeneous Poisson point field was studied by Bakhtin, E. Cator
and Khanin [9].

1
2
3
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In [51], G. Da Prato and A. Debussche study the stochastic Burgers equation on
an interval with Dirichlet boundary conditions and for cylindrical Wiener noise. They
note (51, Remark 2.4] that one can prove existence of a random attractor using essentially
the same techniques as [47]. The theorems proved in this chapter extend the above results
to the case of more general, rougher noise as well as to the more general class of equations

of the form (6.3)).

6.2. Stochastic 2D Navier-Stokes Equation and Other Hydrodynamical
Models. The next example is stochastic 2D Navier-Stokes equation driven by additive
noise. The Navier-Stokes equation is an important model in fluid mechanics to describe
the time evolution of incompressible fluids. It can be formulated as follows

Ou(t) = vAu(t) — (u(t) - V)u(t) + Vp(t) + f,

6.5
(6:5) div(u) =0, ulga =0, u(0) = uo,

where u(t, z) = (u'(t,x),u?(t, r)) represents the velocity field of the fluid, v is the viscosity
constant, p(t, ) is the pressure and f is a (known) external force field acting on the fluid.
The stochastic version was first considered by A. Bensoussan and R. Temam in [13] and
has since been studied intensively. Random attractors for additive (as well as linear
multiplicative) Wiener noise were first obtained by H. Crauel and F. Flandoli [47].

As usual we define (cf. [214, Theorems 1.4 and 1.6]):

H:{uGLQ(A;R2): V-u=0in A, u-n:OonaA};
V:{UEWOLQ(A;RQ): V-u=0inA}.

The Helmholtz-Leray projection Py and the Stokes operator L with viscosity constant v
are defined by

(6.6)

Py : L*(A,R?*) — H, orthogonal projection;
L:H**(AR*)NV — H, Lu=vPyAu.
We thus arrive at the following abstract formulation of the Navier-Stokes equation
(6.7) w =Lu+ F(u) + f, uw(0) =uy € H,
where f € H (for simplicity we write f for Py f again) and
F:VxV V" Fluwv):=—Pyl(u-V)v], F(u) == F(u,u).
It is well known that F': V x V — V* is well-defined and continuous. Using the Gelfand
triple V. C H = H* C V*, one sees that L extends by continuity to a map L : V —

V*. Now we consider a random forcing and thus obtain the stochastic 2D Navier-Stokes
equation

(6.8) AX; = (LX; + F(X,) + f)dt + dN;,
where (N;)ier is a two-sided trace-class Lévy process in H satisfying (V).

EXAMPLE 2. (Stochastic 2D Navier-Stokes equation) There exists a continuous cocycle
and a random attractor associated to ([6.8).

PROOF. According to the result in |[165, Example 3.3], (A1)-(A4) hold with o = =
2, n=0and p(v) = ||[v]|74 and K = 0. (A5), (V) and (4.5) hold obviously (with M := L).
Therefore, the assertion follows from Theorem [4.1] and Theorem [5.1] O

REMARK 6.2. (1) The above result improves the classical results in |47, Theorem
7.4] and (45, Example 3.1] by allowing more general types of noise. Besides Lévy-type
noise being allowed here, even for Wiener-type noise, we don’t need impose any further
assumptions on the noise except those needed for the well-posedness of the equation.
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(2) As we mentioned in the introduction, many other hydrodynamical systems also
satisfy the local monotonicity (A2) and coercivity condition (A3). For example, I.D.
Chueshov and A. Millet [40] studied well-posedness and large deviation principles for
abstract stochastic semilinear equations (driven by Wiener noise), covering a wide class
of fluid dynamical models.

In fact, they consider abstract equations of the form

du(t) = (Lu(t) + B(u(t), u(t)) + Ru(t))dt + o(u(t))dW (1).

The operator L is a linear unbounded, self-adjoint and negative definite operator with V =
D((—L)'?), H is a separable Hilbert space such that the Gelfand triple V C H C V* holds.
In [40], the inclusions do not have to be compact, but we have to assume this. R: H —
H is a bounded linear operator. The bilinear operator B satisfies certain continuity,
symmetry and interpolation/growth conditions, cf. [40, (C1)]. These assumptions imply
the conditions of this article:

(A1) is clear by the continuity assumptions on the operators. (A2) has been shown
in (40, Eq. (2.8)] for the operator B. For the other two operators this follows immediately.
(A3) with « =2, v =1 and K = ||R|| follows as by assumption v«(B(v,v),v)y =0, and
(A4) with B = 2 is implied by

| ve(B(v,v),u)v| = | v+ (B(v,u), v)v| < Cllullv[[o]lullv]lv-

As we assumed bounded domains, (A5) holds and finally (V') holds for M = L. Since
a =2, we get the additional constraint K = ||R|| < 3.

Therefore, Theorem and Theorem can be applied to show the existence of a
continuous cocycle and of a random attractor for all the hydrodynamical models studied
in [40] driven by additive Lévy-type noise. These models include stochastic magneto-
hydrodynamic equations, the stochastic Boussinesq model for the Bénard convection, the
stochastic 2D magnetic Bénard problem and the stochastic 3D Leray-o model driven by
additive noise. For brevity we shall restrict our attention to one further example, namely
the stochastic 3D Leray-o model.

6.3. Stochastic 3D Leray-a Model. We now apply the main result to the 3D
Leray-a model of turbulence, which is a regularization of the 3D Navier-Stokes equation
and was first considered by J. Leray [148] in order to prove the existence of a solution to
the Navier-Stokes equation in R3. Here we use a special smoothing kernel, which goes back
to A. Cheskidov, D.D. Holm, E. Olson and E.S. Titi [39] (cf. [218] for more references). It
has been shown there that the 3D Leray-a model compares successfully with experimental
data from turbulent channel and pipe flows for a wide range of Reynolds numbers and
therefore has the potential to become a good sub-grid-scale large-eddy simulation model

for turbulence. The (deterministic) Leray-a model can be formulated as follows:
60 Ou=vAu— (v-V)u—Vp+ f,
(6.9) div(u) = 0, ugs =0, u=v—e*Av,

where v > 0 is the viscosity, u is the velocity, p is the pressure and f is a given body-
forcing term. Using the same divergence-free Hilbert spaces V and H as in (but in
the 3D case), one can rewrite the stochastic Leray-a model in the following abstract form:

where f € H, (Ny)ier is a trace-class Lévy process in H satisfying condition (), and

Lu =vPyAu, F(u,v)=—Pg [((I - 52A)_1 u - V) U} :



114 IV. DYNAMICAL SYSTEMS AND RANDOM ATTRACTORS

The stochastic 3D Leray-a model was studied by G. Deugoue and M. Sango in [59)]
and I.D. Chueshov and A. Millet in [40] for the case of Brownian motion noise. The
inviscid case v = 0 was investigated by D. Barbato, H. Bessaih and B. Ferrario in [10].
The model has also been extended to the case of 3D MHD equations by Deugoué, P.A.
Razafimandimby and Sango in [57].

EXAMPLE 3. (Stochastic 3D Leray-a model) There exists a continuous cocycle and a
random attractor associated to (|6.10)).

ProOF. Conditions (A1)—(A4) have been checked above and in [164, Example 3.6]
with @ = 2, K =0, § = 2. Condition (V) holds with M := L and (A5) is clear. The
assertion now follows from Theorem .1 and Theorem 5.1} O

REMARK 6.3. To the best of our knowledge, the existence of a random attractor seems
to be new for this model.

6.4. Stochastic Power Law Fluids. The next example is an SPDE model which
describes the velocity field of a viscous and incompressible non-Newtonian fluid subject
to random forcing in dimension 2 < d < 4. The deterministic model has been studied
intensively in PDE theory (cf. [84,/121] and the references therein). For a vector field
u: A — R? we define the rate-of-strain tensor by

iuj + Oju; .
e(u) : A = R @ R em(u):w, i,j=1,...,d

and we consider the case that the stress tensor has the following polynomial form:

7(w) : A = RI@RY 7(u) = 20(1 + |e(u)|)P2e(u),
where v > 0 is the kinematic viscosity and p > 1 is a constant, and for U € R? ® R? we
define |U| = (Zd |Uij]2> 1/2.

ij=1
In the case of deterministic forcing, the dynamics of power law fluids can be modelled
by the following PDE (cf. [121, Chapter 5]):

Owu = div (7(u)) — (u - V)u — Vp + f,

6.11
( ) le(U) = 0, u|aA = 0, U(O) = Ug,

where u = u(t, x) = (u;(t, m))?zl is the velocity field, p is the pressure and f is an external
force.

REMARK 6.4. For p =2, (6.11)) describes Newtonian fluids and reduces to the
classical Navier-Stokes equation (6.5)).

The cases p € (1,2) and p € (2,00) are called shear-thinning fluids and shear-
thickening fluids, respectively. They have been widely studied in different fields of science
and engineering (cf. e.g. [84,121] and the references therein).

In this section, we only consider the case p > > 2, i.e. the shear-thickening case.
In the following we consider the Gelfand triple V- C H C V*, where

V={ueWy”(ARY): V-u=0inA};
H:{UGLQ(A;Rd): V-u=0inA, u-n=0ondA}.

d+2
2
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Let Py be the orthogonal (Helmholtz-Leray) projection from L?*(A,RY) to H. As in
Example the operators

N W (ARYNV — H, N(u) := Py [div(T(uw))];
F: (W**(AR)NV) x (WP(ARN)NV) — H;
F(u,v):= =Py |[(u-V)v], F(u):= F(u,u)
can be extended to the well defined operators:
NV VS F: VXV =V
In particular, one can show that

v (N (u), v /ZTZ] u)e; j(v)dr, u,v € V;

i,7=1

v (F(u,v),w)yy = —y«(F(u,w),v)y, v«(F(u,v),v)y =0, u,v,w € V.
Now ((6.11)) with random forcing can be reformulated in the following abstract form:
(6.12) dX; = N (Xy) + F(Xy) + f)dt + dV,
with f € H and N; being a trace-class Lévy process in H satisfying the condition (V).

EXAMPLE 4. (Stochastic power law fluids) Suppose that 2 < d < 4 and p € :M, 3} ,
then there exists a continuous cocycle and a random attractor associated to (6.12)).

PROOF From [166, Example 3.5] we know that (Al) and (A2) hold with p(v) =

Ce vy} %% and n = 0, and the operator M := N is in fact strongly monotone. (A3) holds
with a = p and K = 0. Furthermore, we have

1£(v)]

An application of the Gagliardo-Nirenberg interpolation inequality (6.1) yields

ve <ol m, veEV,
Lr-1

Il 22 < Cllollv Il

with § = . Note that 26 < p—1if p > %2, hence the embedding V C H implies

d+2)

(1-6) 120, 12(1—0)—((p—1)—20
IE@)v- < Clll el < Clloli ol ol ="

B=p)p

< Clllvlolly™

<ol ol = IF@IE

which implies o = p, § = (gp_%)p. Since p < 3, we get § > 0. The condition f(a — 1) < 2
is equivalent to (3 — p)p < 2, which is satisfied for p > 2.
It is also easy to see that

IV ()]

Hence the growth condition (A4) holds with the above o and 5. (V') and (A5) are clearly
satisfied. The assertion now follows from Theorem [£.1] and Theorem (.11 . O

ve SC(LA+ o5 ), veV.
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6.5. Stochastic Ladyzhenskaya Model. The Ladyzhenskaya model is a higher
order variant of the power law fluid where the stress tensor has the form

T(u): A — RE@QRY,  7(u) = 2p0(1 + \e(u)\2)¥e(u) — 2uAe(u) = TN(u) + Tﬁ(u).

The model was pioneered by O.A. Ladyzhenskaya [142] and further analyzed by various
authors (see [254] and the references therein). Compared to the power law fluids con-
sidered above, there is an additional fourth order term V - (—2u;Ae(u)) present in the
equation.

The existence of random attractors for this model has been studied for p € (1,2), i.e
shear-thinning fluids, by J.Q. Duan and C.D. Zhao in [254] and for p > 2 by B.L. Guo
and C.X. Guo [108].

In this section we apply the general framework to this model in the case p € (1, 3],
recovering the results of [254] and parts of the results of [108]. This restriction on
p allows us to understand the nonlinear term as a perturbation of the linear term. It is
necessary again due to the restriction S(aw—1) < 2 which restricts the homogeneity in (A4).
Furthermore, applying the Gagliardo-Nirenberg inequality , we find a “maximal”
range (1, p.] C (1, 3] of parameters p to which the method presented here applies.

In what follows, the exact form of the powers in the stress tensor does not play any
role, i.e. the results apply just as well to the case

TN (u) = 2p0(1 + le(u) )P~ ?e(u),
Consider the Gelfand triple V. C H C V*, where
V={ueW*(L;RY): V-u=0inA};
H={ueL’(;;RY): V-u=0in A, u-n=0on0A}.
Let Py be the orthogonal (Helmholtz-Leray) projection from L?(A,RY) to H. Similar
to Examples [6.2] and [6.4], the operators
N :CX(NRHYNYV — H, N(u) := Py [diV(TN(u))} ;
L:CX(MRYNV = H, Lu:= Py [div(T"(u))] ;
F:(CONRHYNV) x (C2(ARYNV) — H;
F(u,v) :== =Py [(u-V)v], F(u) := F(u,u);
can be extended to the well defined operators:
N: VsV LVSVS F VXV SV
With these preparations, we can write the model in the abstract form
(6.13) dX; = W(Xy) + LX + F(Xy) + f)dt + dN,

where N; is a two-sided Lévy-process satisfying the condition (N). We then have the
following result:

EXAMPLE 5. (Ladyzhenskaya model) Let d < 6. Then there exists a p. = p.(d) > 2
such that for p € (1,p.| there is a continuous cocycle and a random attractor associated

to (E13).

PRrOOF. We note the following properties of 7V [121 pp. 198, Lemma 1.19]:

(6.14) (¥ (e(w) — 7 (e(v))(es(u) — ei(v)) >
(6.15) 7 (e(u))es; (u )2
| <

2

(6.16) 75 (e(u)] < C(L+ Je(u) ).
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Furthermore, we need the following higher-order version of Korn’s inequality (a proof can
be found at the end of this section):
(6.17) IVe(w)|2 > Cllul|gze  Yu € WP (A;RY).

The condition (A1) is clear. For (A2) we have to estimate three terms:
(2) v-WN(u) = N(v),u = v)v = (¥(e(u)) — ™V(e(v)), e(u) — e(v)) < 0 by (6.14).
(b) In this case we get by
v-(L(u—v),u—v)y = =2u|[Ve(u —v)[[1: < =Cllu—v[lZ2..
(c) We estimate
ve(F(u) — F(v),u—v)y = y«(F(u—v,v),u—v)y
2(1-6)

< O Vollualle = vl 20 < CIVolliaflu - ol e = vl

< ellu = o[} + Cel| Vol zallu = vll3,
where we applied the Gagliardo-Nirenberg interpolation inequality as well
as Young’s inequality. Here the exponents # and ~ are defined by
_d 1 , v 1
i VTime Voo

For the above calculations to work, we need to have

d d
@:96(0,1) and ¢>1&qc¢€ (ZVLOO)’

On the other hand, for the term ||Vv||L« to be bounded, we need the Sobolev
embedding H*? C H%? which holds only if
d d 2d
2—521—E©q§m.
Furthermore, to check , we have to interpolate once more:
IV0llze < [[oll 32z o]l
which implies
_qd+2q—2d
=
The condition # € [1,1) from implies ¢ > 2 and the condition v = 4q4_3d9 <2
implies d < 6.
Thus, in total we have to have
q € (C—i V2 2—d}
4 Td-2|’
which is nonempty for 1 < d < 10.

7

Putting the three estimates together we find
veN(u) + Lu+ F(u) = N((w) — Lv—F(v),u —v)y

4q
< —(C = 9)llu—=vlf22 + Cl[Voll i lu — vl
ie. (A2) with p(v) = C.||Vv| ;4" and n = 0. By the choice of ¢ and the Sobolev
embedding theorem, p is locally bounded.
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For Assumption (A3) we proceed in a similar fashion (by the incompressibility condition,
the term involving F is zero):

(a) v+(N(v),v)y = —(TN(e(v)), e(v))n < 0 by (6.15).
(b) v+(L(v),v)y = =[IVe(®)|[}: < =CillvlF2 = =Cillv]l¥,
and thus (A3) holds with o = 2. Here we have again the case that the constant K in
(A3) vanishes, thus the condition K < % is trivially satisfied.
Note that up to this point, the parameter p did not appear in any of the calculations.
Assumption (A4) requires to calculate three terms again:

(a) For the term N, we distinguish two cases:

(i) Let 1 <p < 2. By-weﬁnd
| ve N (v),u)v| < / ( (u)|dz < C/(1+ le(v))"~ le(u)|dz
< C(L+ [l le(wllze < O+ [lolly ) lullv
< O A Jollv)lullv-
(ii) Now let p > 2. Again, applying (6.16) we get
| v+ N (v),u)v| < / ( (u)ldz < C/(l + le(v)))Pe(u)|dz
< CL+ [l e(wllzr < O+ [lolf) lullas
< C (1 ol Vlolty ") lully
where we used the Sobolev embedding V = H?*? C H'? which holds for p < d%
and the Gagliardo-Nirenberg inequality (6.1]) with
dp +2p — 2d
4p
which has to be in [2, 1). However, since a = 2, we need that 6(p — 1) < 1. As

long as p < 2 this condition is always satisfied. For p > 2 this is more difficult.
We want to have

9:

Y

2d
1>20p—-1)<=0>p"—3p+ ——
= 0(p—1) P =3t
We see that the latter condition is always strictly satisfied for p = 2 but never

satisfied for p = 3. The critical value of p can be calculated as

3 1 [/d+18

pe=35+ 51—

2 2V d+2

As d > 1 we find that p. < 2.618. As d < 6 we find p. > %—i—%’/% ~ 2.36.
This leaves us with two conditions for this range of p:

2d
2<p<d—Apc Pe-

(b) [ v+ (Lo, upv| = [(Ve(v), Ve(u)) 2| < [[Ve(v)]| 2| Ve(u)]| 2 < [[ollv]lulv.
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(c) For the last term we find
2(1-6
[(F(v,0),u)| = [(F(v,u),0)] < ClIVullpal|o]]® 20 < Cllullv [l 1ol .

where we have taken the biggest possible ¢, ¢ = d2—_dQ, and where 0 = d%? and since
a = 2 we again need to have
20 <1< d<6.
The conditions (V) and (A5) are easily seen to be satisfied. O

PrROOF OF ([6.17). The classical Korn inequality states that
(6.18) / le(w)Pde > CllulZns Vu € HY(A;RY).
A
We would like to set v = Vo for v € Ho?(A; R?). Note that

(Ve(v))y = (Ohe (0),_, = = (B:(Ov); + 0;(Dk0);) = e(hv).

ij=1" 9

Now by applying (6.18)) to the vector Oyv for fixed k, we find

/\Ve(v)|2dx:Z/ \8ke(v)|2dx:Z/ le(Ov) [Pda
A — JA A
>CY Noline=C) Y l10:kv;i:
k ki

= CZ Z HgiakU”%?(A;Rd) = CHUH%QQ(A;Rd)‘
koo

O

6.6. Stochastic Cahn-Hilliard-type Equations. The Cahn-Hilliard equation is a
classical model to describe phase separation in a binary alloy. The reader is referred to
A. Novick-Cohen [185] for a survey of the classical Cahn-Hilliard equation (see also G.
Da Prato, A. Debussche [50] and N. Elezovi¢, A. Mikeli¢ [67] for the stochastic case)
and to [184] for Cahn-Hilliard type equations. Let d < 3. We want to study stochastic
Cahn-Hilliard type equations of the following form:

dX = (—A’X + Ap(X)) dt + dN;, X(0) = X,

VX -n=V(AX) -n=0 on 0JA,

where X is a scalar function, N; is an L?*(A)-valued, two-sided Lévy process satisfying
condition (N), and the nonlinearity ¢ is a function that is specified below. Let

Vo i={ue€ H**(A): Vu-n=V(Au)-n =0 on dA},

where H*?(A) denotes the standard Sobolev space on A (with values in R).
We consider the following Gelfand triple

V C H:=L*\) cVr,

(6.19)

where
V' := completion of Vi w.r.t. ||| g2e.

Recall that we use the following (equivalent) Sobolev norm on H??:

1/2
||u||H2,2 = (/ ]Au|2dx> .
A

Then we get the following result for (6.19)).
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EXAMPLE 6. (Stochastic Cahn-Hilliard type equations) Suppose that o € C1(R) and
there exist some positive constants C' and p < 2 such that
¢(x) 2 =Cy, lo(x)] < C(L+ |2f), v €R;
lo(@) — ()] < COA+ |z~ + [y )]z —yl, 2,y €R.
Let Cgy be the constant from the Gagliardo-Nirenberg interpolation inequality (6.1) for
HY2(A) € H**(A) N L*(A) and X the constant from the embedding V C H. Assume that
Cgo < i

GN

Then there ezists a continuous cocycle and a random attractor associated to (6.19).

(6.20)

PRrROOF. We denote
A(u) == —=A%u+ Ap(u), u € HY?(A).
Note that for u € Vi by Sobolev’s inequality (the embedding V' Cc W%t C L* holds by
our assumption on the dimension d) we have
ve(A(u), v)v| = [(=Au+p(u), Av) 2| < lvflv (fullv + [le(w)l =)
< Cllolly (L flullv + lullze) < Cllolly (1 + [[ully + [Jully), ve V.

Therefore, by continuity A can be extended to a map from V' to V*. Moreover, this also
implies that A is hemicontinuous, i.e. (A1) holds.

The other conditions (A2)—(A4) as well as were shown in [166, Example 3.3]
with @« = 2, = 2(p — 1). As we need the exact form of the coercivity condition (A3
to check the condition K < %, we repeat its proof. By the interpolation inequality
and Young’s inequality we have for any v € V/,

ve(BAp(v),v)y = —/ASO’(U)IVUIde < Cyllvlline < CoConllvllviivlia

1
< Sl + 5C2Chy ol

DN | —

i.e. (A3) holds with a = 2 and K = 3C2C¢y and v = 5. Thus by our assumption on
C,, the inequality K < % = % holds. The condition (V') is satisfied as the operator
M := —A? is strongly monotone. (A5) and (4.5)) are clearly satisfied as well. O

REMARK 6.5. (1) Note that the technical constraint B(a — 1) = 2(p — 1) < 2 forces
p < 2, so the method does not cover the “classical” Cahn-Hilliard equation for which o is
a double-well potential, p(u) = u® — u, i.e. p = 3.

(2) The results of this article on existence of a random attractor for stochastic Cahn-
Hilliard type equations seem not have been established in the literature before.

6.7. Stochastic Kuramoto-Sivashinsky Equation. The Kuramoto-Sivashinsky
equation combines features of the Burgers equation with the Cahn-Hilliard type equations
studied in the previous section. It was introduced in the works of Y. Kuramoto [139] and
D.M. Michelson and G.I. Sivashinsky [177,204] as a model for flame propagation. The
equation in one spatial dimension has the form

(6.21) O = —0tu — 02u — ud,u.

The first two terms on the right-hand side are of Cahn-Hilliard type (with ¢(x) = x), the
last term is of Burgers type. We briefly show the existence of a continuous cocycle as well
as a random attractor in the periodic case for a slightly generalised model.
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EXAMPLE 7 (Stochastic Kuramoto-Sivashinsky equation). Let A = (—L,L), L > 0
and p < 2. Let ¢ € CY(R) satisfy the conditions as well as Cy, < %, where Can
s as in Section |0.6|. Furthermore, let Ny be an H -valued two-sided Lévy process satisfying
condition (N). The space H is defined below.

Then the equation
(6.22) du = (—9,u — 92p(u) — ud,u) dt + dN;
with boundary conditions
Olu(—L,t) = u(L,t), i=0,...,3

and initial condition u(x,0) = uo(z),z € A generates a continuous cocycle and has a
random attractor.

PRrRooFr. Let
H = {u € I2(A) - /u(x)dx - o} . V=H,NH
A
We write

A(u) == Lu+ N(u) + B(u) := —02u+ 02p(u) — udyu, u e HY(A).

L, N have been extended to operators from V to V* in Section [6.6] where the conditions
(A1)-(A4) were checked for them as well. That B is well-defined can be seen from the
following calculations: by (6.1 we find

1 1
| ve{udsu, v)v] = 5 [(9a(u?), v) 2] < SllullallOwvllzz < Cllully llullulvlv-

This not only implies the extendability but also gives the remaining contribution to (A1)
as well as to (A4) with « = 2, § = 2. For the local monotonicity we note that by the
embeddings H*? C H'? C Wt C L*, we find

2 ye(udpu — v0v, u — v)y = 2/(u —v)20vdx < C||0,v| e ||u — v]|3
A

which gives (A2) with another locally bounded contribution pg(v) = ||0,v]|p~. For (A3)

we note that v« (B(v),v)y = 0. Thus the conditions (A1)-(A4) are satisfied with o = 8 =

2. The conditions (A5), (V) and (4.5)) are again clearly satisfied. O

REMARK 6.6. D.S. Yang [238] has studied stochastic Kuramoto-Sivashinsky equation
in the case d =1, p(x) = —x with periodic boundary conditions and proved the ezistence
of a random attractor for H-valued trace-class Wiener noise. The above result extends
this to a more general class of equations and also to the case of Lévy noise.

6.8. SPDE with Monotone Coefficients. In [94], the stochastic evolution equa-
tion

dXt = A(t, Xt)dt + th + /LXt o dﬁt

is considered on a Gelfand triple V' C H C V*  where the Wiener process takes values in
H, u € R, B is a real-valued Brownian motion and o denotes Stratonovich integration.
The operator A in this context satisfies (A1), (A2) with p =n =0, (A3), and (A4) with
f = 0 and coefficients C,~, K depending on (¢,w). This case of a “globally” monotone
operator (typically just called monotone operator) is covered by the theorems in this work,
if u = 0 and the coefficients C,~, K are independent of (f,w) and satisfy K < 74—)‘. Note
that S(a — 1) = 0 < 2 is satisfied in this case, and so is (4.5).
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Accordingly, all examples considered in [94] under these assumptions are covered by
the results of this chapter. These examples include the stochastic generalised p-Laplace
equations on a Riemannian manifold, stochastic reaction diffusion equations, the stochas-
tic porous media equation as well as the stochastic p-Laplace type equations studied by
W.Q. Zhao and Y.R. Li [258] and the degenerate semilinear parabolic equation consid-
ered by M.H. Yang and P.E. Kloeden in [239]. For more details the reader is referred
to [94] and the references therein.

7. Existence and Uniqueness of Solutions to Locally Monotone PDE

In this section we recall an existence and uniqueness result for locally monotone PDE
(cf. [164,(166,/167]). As before, let V' C H C V* be a Gelfand triple. We consider the
following general nonlinear evolution equation

(7.1) u'(t) = A(t,u(t)), Y0O<t<T,
U(O) = Ug € H,
where T > 0, ' is the generalised derivative of w on (0,7) and A : [0,T] x V — V*
is restrictedly measurable, i.e. for each dt-version of u € LY([0,T]; V), t — A(-, u(-)) is
V*-measurable on [0, 7).
Suppose that for some o > 1,3 > 0 there exist constants ¢ > 0, C' > 0 and functions

f,g € L'([0, T];R) such that the following conditions hold for all ¢ € [0, 7] and v, vy, vy €
V:

(H1) (Hemicontinuity) The map s — v« (A(t, v1 + svq),v)y is continuous on R.
(H2) (Local monotonicity)

2v-(A(t,v1) — A(t,v2), 01 = va)y < (f(8) +n(vi) + p(va)) lor — wal [,
where 1, p: V' — [0, 4+00) are measurable and locally bounded functions.
(H3) (Coercivity)

2v-(A(t, v),v)v < —cllolli + g(®)[[vll7 + f(1)-
(H4) (Growth)
a7 < (0 + el ) (14 1ol ).
THEOREM 7.1. Suppose that V' C H is compact and (H1)—(H4) hold. Then for any
up € H, (7.1) has a solution u on [0,T], i.e.
we L0, T V)N C([0,T]; H), u' € L==([0, T]; V"),
and .
(u(t),v)g = (ug, V) —I—/ v+ (A(s,u(s)),v)yds, Vtel[0,T],veV.
0
Moreover, if there exist non-negative constants C', v such that
(7.2) n() +p(v) < CA+ [[olv) A+ [lvl[}), veV,
then the solution of (7.1)) is unique.

PROOF. The conclusions follow from a more general result in [166] (see Theorem 1.1
and Remark 1.1(3)) or [167, Theorem 5.2.2]. O
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A. [P Solutions and Integral Equations

In [69] E.B. Fabes, B.F. Jones and N.M. Riviere proved that the weak formulation
for the Navier-Stokes equations on the whole space is equivalent to solving a nonlinear
integral equation of the form

(A1) u(z,t) + Blu,u)(x,t) = / Lz —y, t)ue(y)dy.

Rd
They used this formulation to prove regularity estimates in mixed space-time LP spaces.
Their results play an important role in showing smoothness for smooth initial data for
the weak solution of the tamed Navier-Stokes equations in [197] and in this section we
attempt to derive analogous results for the MHD equations.
The main idea of [69] is threefold:

1. Find a divergence-free solution to the heat equation with the initial data of the
Navier- Stokes problem via Fourier analysis.

2. Use this solution as a test function in the weak formulation to derive the integral
equation.

3. Prove regularity of the solution to the integral equation (which amounts to esti-
mating the nonlinear term B(u, ).

We follow their steps with the necessary modifications of the MHD case. Fabes, Jones and
Riviere consider mixed space-time LP4-norms on Sy := R? x [0, T] for p,q > 2, defined by

1/q
J /

T
a/p
il = 3 | [ ([ steras) “ar]
j=1

0

where %+§ <1,d < p < 0. The space of functions that have finite L”9-norm is denoted
by LP(Sr). As we are only interested in the case p = ¢, we will occasionally assume this
for simplicity in the following. All the results that follow, however, are true also in the
more general case.

A.1. A Divergence-Free Solution to the Heat Equation on the Whole Space.
The first step consists in constructing a symmetric d x d matrix-valued function (¢, x)
(Eij(z,t))¢;_, with the following properties:

(i) AE(z,t) — OyE;j(z,t) =0 for all t > 0, z € R%
(ii) V - Ei(z,t) = 0 for all z € RY t > 0 where E; is the i-th row of Ej;, i.e.
Ei = (Eﬂ, e 7Eid>

(iii) For g € LP(R?), 1 < p < oo (i.e. g € LP(R?) and V - g = 0 in the sense of

distributions), the following convergence holds:

[ B0y~ ga) i D@ as tLo

The function is given by

where .
[(z,t) i= ————e 1#°/4%

denotes the Weierstral kernel and R; denotes the Riesz transformation,

fwmm:M—mW/ Y dy

e=0 z—y|>e |1: - y|n+1
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Then one can show that E;;(z,t) € C*(R% x (0,00)), and for 1 < p < oo and g € LP(R?),

(A3) Eyy(e,t)(g)(x) = / P(a =y g:(y)dy,  ace.

R4

We now want to define the nonlinear operator B. Recall that F; denotes the i-th row of

E;;. We denote by (u(y,s), VE(x —y,t — s)) the d x d—matrixﬂ

4 d
((U(y, 8)7 kaEz(‘T - Y, t— S)>)Zk;:1 - (Z uj(ya S)DmkEZ](x - yat - S)) ’
J=1 ik=1
and define the operator B(u,w) by

(A.4) B(u,w)(z,t) := /0 /Rdm(y, s),VE(x —y,t —s)) - w(y, s)dyds.

Note that even though E;;(-,1) ¢ L'(R?), since its Fourier transform is not continuous at
the origin, and L' functions have uniformly continuous Fourier transform, cf. [230} Satz
V.2.2, p. 212], we still have D,, F;; € L'(Sr). This implies the following:

LEMMA A.1. Let u,w € LP(St), p > 2. Then B(u,w) € LP/?(Sr).

PROOF. As this statement is not entirely obvious and we will need it below, we prove
it here for the reader’s convenience. We want to estimate

T - 2/p
Z [/ |1B;(u, w)|p/2dxdt}
— LJo Jre

=/ L

To simplify notations, we let

p/2 2/p

t
Z/ . DrkEz](x - y7t - S)uj<y7 S)Uk(y7 S)dyds dzdt
jk Y0 JR

Fiji(y, ) == |Dg, Eij(y, 5)|1j0,1(s) and Gx(y, s) := Lo (s)|ui(y, s)vr(y, s)|.

We denote by f ® g the convolution in space and time, i.e.

f®g(z,t) = /_OO y flx—y,t—s)g(y, s)dyds.

INote that E is a d x d-matrix, so taking its gradient we get a tensor of rank 3. By multiplying with
the vector u, we obtain a tensor of rank 2, i.e. a matrix.
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Then, using that s € [0,¢] if and only if ¢t — s € [0, ], the inner integral of the expression
we want to estimate can be written and estimated as

p/2
// Z//DIkEZ] y,t )UJ'(y?S)’Uk(yaS)dde dadt
Re | IF 0
p/2

// Z// Ot t—S DrkEzj( y7t_S)]-[O,t}(s)uj(y7S)Uk(yv‘S)dde dzdt

R4 —o0 R4

p/2

/ / Z / [ ot = 9) (DBt = .t = ) 1(5)| [ ol dyds | o

R4 —o00 Rd

//( ’jk@ij)(%t))p/?dxdt.

Thus by Young’s convolution inequality and the Cauchy-Schwarz-Buniakowski inequality

T ~ 2/p
> [ / |B,-(u,w)|p/2dxdt]
0 R4

%

s [ [.(z

R4 7,

= Z | Z 1[0,T]<Fijk ® ij)HLP/2(Rd+1)
7 7.k

<Y (Fyr ® Gin) | vz eas

i,5,k

<Y N Fell ey |Gkl vz gy

Z'7]’7I€

2/p

p/2
Fijr ® Gji)(z, t)) dadt
k

= 1Da Eijll 1 (50 1508 || 125y
1,5,k

= I1Dx Eijllaisn sl o(sm osll Logsr)

/[:7j7k

< (z HDMEMHMT)) (z uujuw|\vkuLp<sT>)
7.k

6.4,k
= (Z HkaEinLl(sT)> [ull o gspy [0 Lo (1)
0.4,k

where we used Hélder’s inequality for p = 1,p’ = oo for the sum ) ;» and the embedding
(>(d) C £*(d). The proof is complete. O

Given this operator, we define the operator B(y1, y2) by

B V1, U Bl, BQ
(A.5) By y2) := (BEULBQ)) I’SS(BMWD '
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The operator B occurs naturally when we (formally) use the function F; as a test function
in the weak formulation. This will be the subject of the next section.

Before moving on with the theory, let us give a useful Sobolev version of the classical
Schauder estimates (for lack of a better name) for the heat equation. To this end, we
introduce another short-hand notation for the convolution appearing in the definition of
B, Equation (A.4):

(f®g)(z,t) := / y flz —y,t—s)g(y, s)dyds.

LEMMA A.2. Lety € R, p,q € (1,00), and f € LI((0,T); WP) be a function. Then
the convolution of f with the heat kernel T' lies in the space L((0,T); WY**P). More
precisely,

IT® f| Lo,y < el fllLaqo,rymrn).-
These can also be rewritten into estimates with respect to temporal derivatives.

PROOF. In the case p = ¢, the result is classical, cf. e.g. the book of O.A. Ladyzhen-
skaya, V.A. Solonnikov, N.N. Ural’ceva [140, Chapter IV, Equation (3.1), p. 288]. For
p # q, it was proven by N.V. Krylov in [137, Theorem 1.1] using a Banach space version
of the Calderén-Zygmund theorem. ([l

A.2. Equivalence of Weak Solutions to the MHD Equations and Solutions
to the Integral Equation. By S(R%!) we denote the Schwartz space of rapidly de-
creasing functions, and by S&'(R?*!) we denote its dual space, the space of tempered
distributions. Our space of test functions for the weak formulation of the MHD equations
is

Dy = {¢(x,t) € R | ¢; € S(RT™), ¢y =0 for t > T,V - p(x,t) = 0 Vo, t}.

DEFINITION A.3 (Weak solution). A function y(x,t) = (v(z,t), B(x,t)) € R* is
a weak solution of the MHD equations with initial value yo = (vo, By) if the following
conditions hold:

(Z) UaB € Lp’q(ST); b, q Z 2. B
(i) For all test functions § = (0, B) € Dy we have the following equality:

/0 ' /R (v, 00 + Ag)dr + /O ' /R S0, (VO)(v) = (VB)(B))dxzdt
A0 v [ [ B.B0) - v B

T
— [ {wla)twonde~ [ [ (f)dadt.
Rd 0o Jrd
(111) For dt-a.e. t € [0,T], V - u(-,t) =0 in the sense of distributions.

Note that this definition of weak solution does not directly correspond to the notion
of weak solution given in Chapter [[I} Section [2.2] But we have the following:

LEMMA A4. Let d =3, T > 0 be arbitrary and let y = (v, B) be a weak solution in
the sense of Chapter[Il, Definition [2.5. Then y is also a weak solution in the sense of

Definition [A.3.



A. L? SOLUTIONS AND INTEGRAL EQUATIONS 129

PRrROOF. We first prove that v, B lie in LP9(Sy) for appropriate p,q. By definition,
we have

v, B € L>([0, T); L*(R* R?)) c L([0, T]; L*(R?*; R?)).

Since we need to have I—?; + % <1, and p = 4, this implies v, B € L*9(Sy) for any q > 4.
Next we need to prove that the weak formulation of the equation follows for the differ-

ent set of test functions Dy. This follows directly from Proposition 2.6 The divergence-

freeness is then clear as well. 0

The weak solution satisfies a scalar equation. We cast this scalar equation, by choosing
suitable test functions, into an equivalent vector-valued equation. More precisely, we have
the following result, corresponding to Theorem (2.1) in [69] for f = 0 and Theorem (4.4)

for f # 0.

THEOREM A.5 (Integral Equation). Let yo € L™ (R%), 1 <r < 00, p,q¢ > 2, p < oo. If
y € LP(Sr) is a weak solution of the MHD equations with initial value yo, then y solves
the integral equation

(A.7) y+ B(y,y) = /]Rd I(x — 2, t)yo(2)dz + /0 /Rd E(x —z,t —3)(f(z,s))dzds.

PRrROOF. The idea is to use E; (the i-th row of the matrix E;;) as a test function in
the weak formulation. The problem is that this function is not in Dy, so it needs to be

regularised first.
To this end, take functions a € C*°(R* R, ), ¢» € C*(R,R,) with

a(a:)—{l’ 2] > 2, w(t)—{l’ t>2,

0, lz[<1, 0, t<1.
Let ax(x) := a(Ax), ¥(t) := (t/e). We first regularise in space by defining
(A.8) EY = Fo U (anFu(Ey)) .

Then EZ-(]’-\)(-,t) € S(R?) for all t > 0 and is divergence-free: 3~ 8iji(;‘) (x,t) = 0 for all
t > 0,2 € R? which can be seen by taking Fourier transforms. We fix (x,t) and let E? be
the i-th row of Ef; The space-time regularised i-th row is then defined by

(A.9) der(z,8) = U(s + 2npe(t — ) EN (@ — 2,t — 5).
This function is defined on all of R¥! and moreover (¢. y,0), (0, ¢.») € Dr. We can thus
plug these test functions g, » into - ) to find

/ /Rd (05 + A) e n dzd3+/ /Rd (V20e ) (v)) — (B, (V.9 ) (B))dzds
_ —/Rd<UO($U)7¢€,)\(ZC,O)>dZ—/OT Rd<f1a¢e,A>dZd8

/OT/Rd<B>(8s+Az)¢s,A>dZdS+/OT/Rd<B,(Vnga)\)(v»_<U’ (V.dor)(B))d=ds

T
= —/ (Bo(:z),qba,,\(:r,O»dz—/ (f2, e x)dzds,
R4 0 Rd

respectively. These two equations can be treated in the same way, so we focus on the first
one — the equation for the velocity. The first factor in the definition of ¢, , is identically
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one for s > 0, so we can omit it in the following calculations. To calculate the first term
on the left-hand side, note that for s > 0 by applying the product rule and the chain rule

(A, + 0)per = (A, + O)e(t — )EN (@ — 2,t — 5)
= (A, — 0s) (ng’i(/\)> (x —2z,t—5)
= Gult = 5)(A. — 8,) (BV) (@ = 2= s)
(- ) ED (-2t — )

1
= ——L(t — S)Ei(’\)(x —z,t—s),
€

where we used the definition of Ej; in the last line. The function 1.(¢ — s) is constant for
s & [t —2e, t—s] and thus ¢.(t —s) =0 for s ¢ [t — 2e,t — ¢]. Furthermore, ¢.(t —s) =0
for s ¢ [0, — ¢]. Thus we find that the left-hand-side of the tested equation equals

__/t /RdvE x—zt—s)m(t )dzds

+ /0 y be(t — ) <<v, (VEM(z — 2,t — 8)(0)) — (B, (VE)(z — 2,1 — s)<B)>) dzds.

Next we would like to let A — oco. Since EZ-()‘) — FE; in LP, 1 < p < oo, in particular for
p=2and p = 4, we find that the above converges inf] L4(Sr) to

__/t /RdvE z,t—s)w’(t;s)dzds

+ /0 » Y (t —s) ((v,(VE;)(x — z,t — s)(v)) — (B, (VE;)(x — z,t — s5)(B))) dzds

We first consider the first term. Since v(-,s) € LP(R?) is weakly divergence-free for a.e.
s € (0,T) by definition, we find that

/Rd (v(z,$), Ei(r — z,t — s))dzds = /Rd [(x — z,t — s)vi(z, s)dzds.

Thus, by inserting suitable zeroes,

1 t—e t—
- —/ Y ( S) / I'(z — z,t — s)vi(z, s)dzds
€ Ji—2¢ €
1 t—e t—
= ——/ Y ( S) / ['(z — z,t — s)vi(x, s)dzds
€ Ji—2¢ € Rd

2These norms are with respect to the still variable and until this point fixed parameters x and t¢.
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We are left to prove that the last two terms converge to zero in LP/%4/2(Sr) as ¢ — 0. The
idea is that, as 1. is a smooth cutoff function, ¢, := %1// (2) is a mollifier: it is compactly
supported on [, 2¢], has integral one and as we send e towards zero, it converges to the
Dirac distribution, which can be seen as follows: for a Schwartz function ¢ € S(R),
substitution and integration by parts shows that

e = [ () et =2 [ (1) ptsgas

:/¢ ot —2)dz = [(2)p(t — £2)] +e/¢ ot — e2)dz

= p(t — 2¢) + 8/1 U(2)p(t —ez)dz — @(1).

This implies that, as ¢ — 0,

1 t—e _
——/ Y (t S) / D(z — z,t — s)v;(z, 8)dzds — —v;(z, ) in LP/>Y2(Sy).
t Rd

€ Jioe €

In a similar way the nonlinear terms converge to
B(v,v)(z,t) — B(B, B)(z,t) = Bi(y, y)(z,1),

and by the (weak) divergence-freeness of the initial conditions, we find

lim ¢ (é) /Rd(vo(x), EV(z — 2 1))z = /R vos(=)T(x — 2, £)d.

The forcing term converges in the same way (but without cancellations due to divergence-
freeness) to

_ /Ot Rd(fh Ei(x — z,t — s))dzds = — /Ot /Rd E(z — z,t — s)(f1)dzds.

Doing the same for the equation tested against (0, EZ»()‘)) and putting all the terms together,
we arrive at the desired equation. [l

REMARK A.6. We have only shown that y being a weak solution to the MHD equations
implies that y solves an integral equation. In fact, one can prove, following the steps
in [69] that this is actually an equivalence, i.e. that solutions to the integral equation are
also weak solutions.
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A.3. Regularity of Solutions to the Integral Equation.

THEOREM A.7 (Regularity). Let y be a solution to the equation y + B(y,y) = f and
y € LP1(Sr), % + % < 1. Let k be a positive integer such that k + 1 < p,q < oco. If

D;“D{f c Lp/(la\+2j+1),q/(\a|+2j+1)(ST) whenever |al +2j < k,
then also
DjD{y e Lp/(la\+2j+1),q/(\a|+2j+1)(ST) for |a) +25 < k.

PROOF. The proof proceeds along the same lines as that of Theorem 3.4 in [69], with
the necessary modifications to the MHD case. Since y = f — B(y,y), we only have to
show that D2D]B(y,y) € Lp/(al+2+1).a/(el+2j+1) (G,

For k = 1, our assumptions read f € LP9(Sy) and D, f € LP/>9/2(Sy) for all i. We
split the argument into two parts: that for the v-part of the equation, i.e. for the equation
v+ Bi(y,y) = f1 and that for the B-part of the equation, i.e. B + Bs(y,y) = fo. Since

the terms B;(u, v)(z,t) are of the form (with summation convention)

Bi(u,v)(x,t) = (D, I) ® (w [0qvr — RiRyvg]) (z,t),

and as our assumption on the coefficients p, ¢ implies 1 < £, 1 < oo, we can apply Lemma
as well as the LP%-boundedness of the Riesz transform (cf. J.E. Lewis [149, Theorem

4, p. 226]) to find that
HD:cjgi(U, U)HLp/z,q/z(sT) < Cllug [0avx — RiRyvy] ||Lp/2,q/2(sT)
< Cllwllzracsy) (10avellLracsy) + | R Rivk || Lra(ss))

< Cllullzraspy [vll zracsy),

and therefore D, Bi(y,y) € LP/*>%/2(Sr). This in turn implies D, v € LP/>9/2(Sy). The
same argument yields D,, B € LP/%9/2(Sy).

For £ > 1, we use induction over k, assuming that the theorem is true for k. Now
assume

DeD]f € L/t 2t0a/(el+24D (gy - for |a| 425 <k 41, p,g > k+ 2.

Derivatives with respect to multi-indices (j,a) with 25 4+ |a| < k are covered by the
induction hypothesis. We thus only need to consider the case 25 + |a| = k + 1.

Case 1: j = 0. In this case, we apply all but one derivative and see that DB (y,y)
and DBy (y,y) each can be written as a sum of terms of the form D,, B(D?uy, Dus),
uy,ug € {v, B} with |3] + |y| = k. The same reasoning as above, since the (induction)

hypothesis implies 1 < 725, 45 < oo, yields

1Dz, B(Dgur, DYus) || oresnarierayspy < ClDTur, DJug)gall oo aroea sp)-

If we set p := IM%’ q = M%, we can apply the generalised Holder inequality with
7 := 15 because

1 k+2 +1 +1 1 1

L_k+2_hl+l Bl 11

r p p p p q

This implies that
1Dz, B(DJ w1, DJus) || o es2r.aroesa) sy SCHDfUlHL v 1 Dguall s

[B[+1 [yI+1

which is finite by the induction hypothesis.
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Case 2: 7 > 0. In this case, we place all the spatial derivatives on the functions uq, us,
so we can write

(A.10) DIDB(ur,us) = Y CaoDIB(Duy, DYuy).
1B+ 1yI=lol
Since by definition and integration by parts we have

Blaw) = /0 /Rd<u(y’ s), VE(x —y,t = s5)) - w(y, s)dyds
= / /]Rd Liog (t— S)D;pkEij(ai —y,t— S)Uj(y, s)wy(y, s)dyds

/ /d i ( $)1j0.4(t — 8) Dy, [u;(y, t — s)wi(y, t — s)] dyds,
R

by applying D; we get two kinds of terms from the product rule:
(i) If the derivative hits the indicator function, we (formally) get terms of the form

[ [ d e = 9B = ot =)D [ )l )} s
— [ [ 5= B~ et = 9D Ty sty )] s
= [ Byt~ 1002 [us(0 (. 0]y
- [ Bt =)D g ] dy

= Dy, [u;(x, hwy(z,1)] — /Rd Eij(x — y,t) Dy, [u;(y, t)wi(y, t)] dy,

i.e. in the first term both integrals shrink to a point due to the delta functions
and we are left with one spatial derivative of © and w. In the second term, we
are left with an unproblematic spatial integral.

(ii) If the derivative operator hits the function E;;, we use the definition of E;; to
find D,E;; = AE;;. So each temporal derivative is transformed into two spatlal
derivatives. We Can then use integration by parts again to transfer all but one of
these (spatial) derivatives to u and w, so this term becomes proportional to

D, B(D?u, DY w),
where || + 7| = 1.
Proceeding inductively, we see that if we apply D, for 7 > 1 times, we have two cases:
(i) The time derivative hits the indicator function at least once. In this case we get
a term

Dy~ Dyu(x, t)(D; Djw)(z, 1),

where s < r and |v| + |n|+2r =2(j — 1)+ 1 = 2j — 1. Here we get the factor
j — 1 because we “lose” one time derivative to the d-distribution, but we get one
more spatial derivative (with the scaling factor 1) due to the derivative from VE.

(ii) All the derivatives hit VE. In this case, by continuing as in case 2 above, trans-
ferring all but one derivative onto u and w, we get a term

D,, B(D?u, DY w),
where |3'| + |7/| = 25 — 1.
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With regard to (A.10)), we replace u by D?u and w by DJw, |3| + |y| = |a| and apply
Lemma [A.2] to find

IDIDE Bl w2y o <C >, Y WD D) (DiDw)| ey
|Bl+|v|+2r=Fk s<r

The summation runs over |3| + |y| 4+ 2r = k since in either case we “lose” one (spatial)
derivative. By the inductive hypothesis for the induction over k, we have

Dy~*DPy € LFFe—2+1(87),  DfDYw € LR+ (Sy).

Noting that
|ﬁ|+2r—23+1+ V[ +2s+1 k42

p p p
we apply the generalised Holder inequality to find

1D? Dg B(u, w)

)

LF¥2 (1)
r—s nf S 1YY
SO Z ZHDt DmuHLm(ST)||Dthw||L|'YH$H(ST)’
|Bl+AF2r=k s<r
which is finite. O
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B. A Note on Vector Calculus

The condensed notation employed for MHD equations can be confusing at times, so,
for the reader’s convenience, we would like to clarify some of the notation used throughout

this thesis.

Ul

B.1. Gradient of a Vector — Navier-Stokes Case. Letv = |v?]| :R?® —» R?

U3

be a sufficiently smooth vector field. Then its gradient is defined as the rank 2 tensor (i.e.
3 x 3 matrix)

812)1 82?}1 83?]1
Vv := | 0102 00? 0507
003 Oyv® 0303

Formally, one can think of this as being “V ® v” (in the sense of the Kronecker product).
This then induces the usual Euclidean Hilbert-Schmidt scalar product:

(Vu, Vo) = Vu - (Vo) = Z (Vu', V') Z o;u'd

=1 i,7=1

B.2. Gradient of a Vector — MHD Case. In the MHD case we are dealing with
6-dimensional vector fields

3
_ (VY _ |V Y 6
y—(B)— B ' R? — R,

where R® = R? x R? is endowed with the scalar product

i) ={(5)(3)) = 0o +5(8.5)

The gradient is then defined as the rank 2 tensor (a 6 x 3 matrix)

81’1)1 82’01 83’01
81’02 82?]2 831}2

. v\ [(Vv) | &P 90 95 |, ,
vy '—V(B) = (VB) =lanp ap ap |= VOV
O1B? 0,B* 03B
OB? 0,B3 0;B3

This in turn induces the Hilbert-Schmidt scalar product

3

(Vy.V§) = Vo- (V&) +SVB- (VB =Y <<Vv Vi) + S(VEB, v31>)

=1
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C. Stochastic Flows and Random Dynamical Systems

We recall the framework of stochastic flows, random dynamical system (RDS) and
random attractors. For more details we refer to |7,145,47.,200]. Let (H,d) be a complete
separable metric space and (2, F, P, {0, };cr) be a metric dynamical system, i.e. (t,w)
0, (w) is (B(R) ® F, F)-measurable, 6y = id, 0,15 = 6, 0 05 and 0, is P-preserving for all
s,t € R.

DEFINITION C.1. A family of maps S(t,s;w) : H — H, s <t is said to be a stochastic
flow, if for every w € Q)
i. S(s,s;w) =idy, for all s € R.
it. S(t,s;w)x = S(t,r;w)S(r, s;w)x, forallt >r>s, € H.
A stochastic flow S(t, s;w) is called
iti. measurable if (t,s,w,x) — S(t,s;w)x is measurable.
iv. continuous if x — S(t, s;w)x is continuous for all s <t, w € Q.
v. a cocycle if S(t,s;w)x = S(t —s,0;0,w)x, forallzr € H,t > s, w € Q.
A measurable, cocycle stochastic flow is also called a random dynamical system (RDS).

For a cocycle stochastic flow the notation of the initial time s € R is redundant.
Therefore, often the notation ¢(t,w) := S(t,0;w) is chosen for cocycles in the literature.
Since all the results may be extended to a time-inhomogeneous setup (where S(t, s;w) is
not a cocycle in general) we prefer to use the notation S(¢, s;w).

DEFINITION C.2. A function f: R — R, is said to be
1. tempered if lim f.e"™ =0 for alln > 0;
r——00

ii. exponentially integrable if f € L} (R;R.) and ffoo fre™dr < oo for allt € R,
n > 0.

Let us note that the product of two tempered functions is tempered and that the
product of a tempered and an exponentially integrable function is exponentially integrable
if it is locally integrable.

In the following, let S(t, s;w) be a cocycle.

DEFINITION C.3. A family {D(w)},ecq of subsets of H is said to be

i. a random closed set if it is P-a.s. closed and w — d(z, D(w)) is measurable for
each x € H. In this case we also call D measurable.
ii. tempered if t — | D(0w)|| g is a tempered function for all w € Q (assuming H to
be a normed space).
iii. strictly stationary if D(t,w) = D(0, 6,w) for allw € Q, t € R.

From now on let D be a system of families { D(w)},eq of subsets of H. For two subsets
A, B C H we define

sup inf d(a,b), if A # 0;
A(A, B) = { acabcB () 7

00, otherwise.
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DEFINITION C.4. A family { K (w)}ueq of subsets of H is said to be
i. D-absorbing, if there exists an absorption time sy = so(w, D) such that

S(0,s;w)D(Osw) C K(w), Vs < sg
for all D € D and w € Qy, where Qo C Q is a subset of full P-measure.
1. D-attracting, if
d(S(0,s;w)D(Osw), K(w)) =0, s— —00
for all D € D and w € Qy, where Qo C Q is a subset of full P-measure.

DEFINITION C.5. A cocycle S(t, s;w) is called

1. D-asymptotically compact if there exists a random, compact, D-attracting set

{K(w)}wea -
i1. compact if for allt > s, w € Q and B C H bounded, S(t,s;w)B is precompact in

H.
We define the 2-limit set by

Q(D;w) = ﬂ U S(0,7;w)D(0;w),

r<07<r

and one can show that (cf. [47])
Q(D;w) ={zxr € H| 3s,, > —o0, x, € D(f,,w) such that S(0, s,;w)x, — x}.
DEFINITION C.6. Let S(t,s;w) be a cocycle. A random closed set { A(w)}yeq is called

a D-random attractor for S(t, s;w) if it satisfies P-a.s.

i. A(w) is nonempty and compact.
1. A is D-attracting.
iti. A(w) is invariant under S(t, s;w), i.e. for each s <t

S(t, s;w)A(fw) = A(Qw).

The following theorem gives a sufficient condition for the existence of a random at-
tractor (cf. e.g. [47]). Let o € H be an arbitrary point in H.

THEOREM C.7. Let S(t,s;w) be a continuous, D-asymptotically compact cocycle and
let K be a corresponding random, compact, D-attracting set. Then

Aw) = {UD“’ ADiw) , ifweQ;

{o} , otherwise.

defines a random D-attractor for S(t,s;w) and A(w) C K(w) N Q(K;w) for all w €
(where Q is as in Definition [C-4)).

Now we introduce the notion of (stationary) conjugation mappings and conjugated
stochastic flows (cf. [119}/131]).

DEFINITION C.8. Let (H,d) and (H,d) be two metric spaces.

i. A family of homeomorphisms T = {T(w) : H — H}uecq such that the maps
w — T(w)z and w — T (w)y are measurable for all x € H,y € H, is called a
stationary conjugation mapping. We set T(t,w) = T(Ow).

it. Let Z(t,s;w), S(t, s;w) be cocycles. Z(t,s;w) and S(t, s;w) are said to be station-
ary conjugated, if there is a stationary conjugation mapping T such that

S(t,s;w) =T(t,w)o Z(t, s;w) o T (s,w).
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It is easy to show that stationary conjugation mappings preserve the stochastic flow
and cocycle property.

PropPOSITION C.9. Let T be a stationary conjugation mapping and Z(t,s;w) be a
continuous cocycle. Then
S(t,s;w) :=T(t,w) o Z(t,s;w) o T (s,w)
defines a conjugated continuous cocycle.

The existence of a random attractor is preserved under conjugation.

THEOREM C.10. Let S(t,s;w) and Z(t,s;w) be cocycles conjugated by a stationary
conjugation mapping T consisting of uniformly continuous mappings T'(w) : H — H.
Assume that there is a D-attractor A for Z(t s;w) and let

= {{T(w)D(w)}wea| D € D}.
Then A(w) = T(w)A(w) is a random D-attractor for S(t, s;w).
We will require the following strong notion of stationarity:

DEFINITION C.11. A map X : RxQ — H is said to satisfy (crude) strict stationarity,
of
X(t,w) = X(0,0,w)
forallw € Q andt € R (for allt € R, P-a.s., where the zero-set may depend on t resp.).

As P is f-invariant, crude strict stationarity implies stationarity of the law. Objects
obtained as limits in L?(§2) or limits in probability usually only satisfy crude strict station-
arity. Thus one needs the existence of selections of indistinguishable strictly stationary
versions. The following Proposition provides these.

ProrosiTioN C.12. Let V C H and X : R x Q — H be a process satisfying crude
stationarity. Assume that X. € D(R; H) N L$ (R; V') for some o > 1, P-a.s. Then there

- loc
exists a process X : R x Q — H such that
i X.(w ) € D(R; H) N L, (R; V) for allw € 2.
. X, X are indistinguishable, i.e.

P[X; # X, for somet € R] =0,
with a 0-invariant exceptional set.
1. X is strictly stationary.

PROOF. The proof is based on [147, Proposition 2.8], which in turn is based on |7,
Theorem 1.3.2]. Throughout the proof, we denote the Lebesgue measure on R by A.

We first note that we may change X on a set of measure zero, so that X.(w) €
D(R; H)N LY (R; V) for all w € Q. Let

loc
= {w € Q| X;(w) = Xo(Ow) for a.a. t},
O = {w € Qfw € Q for a.a t}.

Step 1: Show Qy € F and P(£y) = 1. Since X has cadlag paths, by [127, Remark
1.1.14, p. 5], X: R x Q — H is product-measurable. As (¢,w) — 6w is measurable by
the definition of a metric dynamical system, we find that

A={(t,w) e Rx Q| X}(w) # Xo(Ow)}
= (X, Xo00) ' ((H x H\A) € BR)® F,



C. STOCHASTIC FLOWS AND RANDOM DYNAMICAL SYSTEMS 139

where A := {(z,z) | + € H} is the diagonal. By [125 Lemma 1.26], for every w € Q,
the w-section A, := {t € R | (t,w) € A} is Lebesgue-measurable. Thus, since the maps
I: f+ [ fdXand J: w+> 14, are measurable, we find

N\ ={weQ | ANA,) >0} =T oJ)'((0,00)) € F.
Now, by Fubini’s theorem we find

/ //1Atwd)\ JAP(w)
//1Atde JAA(E) — / (X, # Xy 0 0] dA(t) = 0,

where we used the crude stationarity assumption in the last step. Hence A(A,) = 0 for
a.a. w € Q, i.e. there exists an N’ C Q with P(/N') = 0 such that A(A,) for all w € (N')°.
This means that Q\Qy C N’ and therefore P(Q\y) = 0.

Step 2: In a similar way, we establish 2; € F and P(;) =1

Since by the first step,

B:={(t,w) ERx Q| Ow ¢ Q} =012 € BR)® F,
we can again consider the measurable w-sections B, := {t € R | (t,w) € B} € B(R) and
N\ ={weQ]| AXB,) >0} eF.

Therefore, applying Fubini’s theorem as well as the f-invariance of P gives

/ //1Btwd)\ JAP(w)
//LgtdeP JAA(E) = / B ¢ Q0] (D)

_ / P o -1 (Q2)dA(t) — / P(OS)AA(t) = 0.
R R
Furthermore, €2 is (6;)-invariant, which can be seen as follows: let t € R be arbitrary.
By definition we have
wed elweQy VseAw) AN(Aw)) =0.

Now for any s € A(w)® — ¢ (which is still a Lebesgue-nullset by translation invariance of
the Lebesgue measure), there is an § € A(w)® such that s +¢ = § and hence

00w = 0,1 sw = Ozw € (g,

which implies that 6;w € ;. )
Step 3: Definition and well-definedness of X.
Let g € H be an arbitrary point. Set

(C.1)

P () X s(0sw), w € Qq,s €R arbitrary such that ,w € Q,
w) =
! Zo, w € Q\Ql

We show that X is well-defined. To this end, let w € Qy, ¢t € R and s; € R such that
Os,w € Qo, i = 1,2. Then there exist A(05,w) C R with A(A(fs,w)) = 0 and

Xu(0s,w) = Xo(0, 0 05,w) = Xo(Ouss; (w)) Vu € A(Os,w)°.
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The set s;+A(0s,w), i = 1,2 is still a nullset and hence so is (s1 + A(fs,w))N(s2 + A(Os,w)).
Now we let u,, € (51 + A(05w)) U (82 + A(Os,w))® with u, | t. Then
Xi—s, (05,w0) = l&r_r} Xy, s, (0s5,w) (X is right — continuous)
= l%g Xo (0, w) (un, — 51 € A(b5,w))
(
(

=lim X, s, (0s,w) (un — s2 € A(Os,w))
n—

=X 4, (0s,w) X is right — continuous).

Step 4: X is strictly stationary.
If w ¢ Qq, then 6;w ¢ Q since otherwise by the f-invariance of Q, w = 0_; 00w € (.
Thus, we have for such w that

Xi(w) = 20 = Xo(Ow).
Now let w € ; and ¢ € R. Then there are A-nullsets A(f;w), A(w) such that
Xi(w) = Xi_s(0,w), Vs e A(Bw)e,
Xo(Ow) = X_(rrw), Vs e A(w)°.
Therefore, for s € (A(6w) U (t + A(w)))® we have

Xt(w) = X; s(Osw) (s € A(Ow)°)
=X _(s-1) (O(S_t)+tw)
= Xo(Ow) (s —t e A(w)?),

i.e. the strict stationarity of X.
Step 5: Regularity of X.
The regularity properties X.(w) € D(R; H) N L.
ately from the ones for X.
Step 6: X is measurable and X, X are indistinguishable.
We have

(C.2) weEMNQY = X (w) = X,w)

for all ¢ € R by letting s = 0 in the definition (C.1). The space (Q, F,P) is complete
and since P(Q25 U Q) = 0, we deduce the measurability of X as follows: let ¢ € R and
A€ B(H). Then

X71(A) = (X;l(A) A (N Ql)> ¥ (X;l(A) N (N 91)0)

(R; V) for all w € Q follow immedi-

= (X;71(A) N (2 NQ)) U (X’;l(A) NN Ql)c)
= BucC.

The first term satisfies B € F since X is measurable and Qy,€; € F by Step 1 and 2.
The second term C'is contained in the set (2§ U €2f, which is a P-nullset by Step 1 and 2
and hence C' € F by completeness. Both imply X, '(A) € F and thus X is measurable.

Moreover, by ((C.2]), we have
P[X, # X, for some t] < P(Q5UQS) = 0.

Therefore, X and X are indistinguishable, which concludes the proof. 0
REMARK C.13. From Step 6 of this proof we see that X is (f:’ﬁoo)teR—adapted if X is
(ﬁoo)teR—adapted.
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