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Abstract

In this work, we aim to study some fine properties for a class of nonlinear SPDE within
the variational framework. The results consist of three main parts. In the first part, we
study the asymptotic behavior of nonlinear SPDE with small multiplicative noise. A
Freidlin-Wentzell large deviation principle is established for the distributions of solutions
to a large class of SPDE, which include all stochastic evolution equations with monotone
coefficients. In the second part, some properties of invariant measures and transition
semigroups are investigated for SPDE with additive noise. The main tool is the dimension-
free Harnack inequality, which is established by using a coupling method and Girsanov
transformation techniques. Subsequently, the Harnack inequality is used to derive the
ergodicity, compactness and contractivity (e.g. hyperboundedness or ultraboundedness)
for the associated transition semigroups. Moreover, the uniformly exponential convergence
of the transition semigroup to the invariant measure and the existence of a spectral gap are
also obtained. These results are first established for general stochastic evolution equations
with strongly dissipative drift, e.g. stochastic reaction-diffusion equations, stochastic
porous media equations and the stochastic p-Laplace equation (p > 2) in Hilbert space.
Stochastic fast diffusion equations and the singular stochastic p-Laplace equation (1 <
p < 2) are investigated separately by using more delicate arguments due to the weak
dissipativity of the drifts. In the last part, the invariance of subspaces under the solution
flow of SPDE is investigated. We prove that the solution of an SPDE takes values in some
suitable subspace of the state space if the initial state does so. This gives the stronger
regularity estimates for the solution of an SPDE, which can be used for further study of
the corresponding random dynamical system. As examples, the main results are applied

to many concrete SPDEs in Hilbert space.

Keywords: Stochastic evolution equations, variational approach, large deviation prin-
ciple, weak convergence approach, Harnack inequality, strong Feller property, irre-
ducibility, ergodicity, spectral gap, coupling method, porous medium equation, fast

diffusion equation, p-Laplace equation, reaction-diffusion equation.
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Introduction

The theory of It6 stochastic differential equations is one of the most beautiful and
fruitful areas in the theory of stochastic processes. It started to develop at the beginning
of 1940s and is based on It0’s stochastic calculus (cf.[It646, It651]). However, the range of
investigations in this theory before 1960s had been mainly restricted to ordinary stochastic

differential equations.

The situation started to change from 1960s and 1970s. The necessity of considering
equations combining the features of partial differential equations and It6 equations had
appeared both in the theory of stochastic processes and related fields. In various branches
of science (e.g. physics, biology and control theory), a large number of models were found
that could be described by stochastic partial differential equations (SPDE) of evolutionary
type. Those equations can describe the evolution (in time) of processes with values in
function spaces and can be used to model all types of dynamics with random influence.
For example, one can use stochastic evolution equations (SEE) to describe a free (boson)
field in relativistic quantum mechanics, a hydromagnetic dynamo process in cosmology,
the diffraction in random-heterogeneous media in statistical physics, and the dynamics of
populations for models with a geographical structure in population genetics (cf.[R0oz90,
KR79)).

One powerful impetus to the development of the theory of stochastic evolution equa-
tions comes from the problem of non-linear filtering of diffusion processes. The filtering
problem is one of the classical problems in the statistics of stochastic processes. The main
goal is to estimate the “signal” by observing it when it is mixed with some noise. One of
the key results of modern non-linear filtering theory states that the solution of the filtering

problem for processes described by It6’s ordinary stochastic equations is equivalent to the



solution of an equation commonly called the filtering equation, which is a typical example

of a stochastic evolution equation.

The emergence of stochastic evolution equations was also simultaneously stimulated
by the inner requirements of mathematics. In fact, the incentive for the first mathematical
investigation of SEE was the inner needs of the theory of differential equations in infinite
dimensional spaces. In the mid-sixties of the 20th century, Baklan [Bak63, Bak64] and
Daletskii [Dal66] studied stochastic evolution equations with the goal of constructing a

solution to the Cauchy problem for the following Kolmogorov equation
OF(t 1
—% = §tT[B*(t,:E)F"(t,I)B(t,x)] + A(t,x)F'(t,z); t > 0; F(0,2) = ®(x).
They used a probabilistic method for constructing the solution and the main idea was to
write the solution in the form F(¢,z) = E[®(X (¢))|X (0) = x|, where X (¢) is the solution

of the following stochastic evolution equation
dX(t) = A(t, X (¢))dt + B(t, X (t))dW(t), X(0) = x. (0.0.1)

Therefore, it was necessary to study SEE (0.0.1) in order to realize this procedure in
[Bak63, Bak64, Dal66]. Concerning the existence of a solution to (0.0.1), they assumed
that A(t,u) = A(t)u and the operator A(t) generates an inhomogeneous semigroup (i.e.
evolution operators) T, and B satisfies a Lipschitz condition. Then the following equation
was considered

X(t) = T, X(0) + /0 t T, B(X(s))dW (s). (0.0.2)

The proof of existence and uniqueness of the solution for this equation is done simply
by Banach’s fixed-point theorem. It was then proved under additional conditions that
the solution of (0.0.2) belongs to the domain of the operator A (for Lebesgue almost all
time) and equation (0.0.1) is equivalent to (0.0.2). This is the main idea of the so-called
semigroup (or mild solution) approach for SPDE.

In 1971, Bensoussan [Ben71] used a completely different idea to construct the solution
of (0.0.1) for B = I (identity operator). He formulated a coercivity condition instead of
assuming that A generates a semigroup, and the method of time discretization was used to
construct the solution. The coercivity condition ensures that the corresponding discrete

equation is easily solvable and the solution also satisfies some a priori estimates; then a
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weak limiting procedure was employed to obtain the solution for the original stochastic

equation. This method was used earlier by Lions for deterministic equations (cf.[Lio72]).

Stochastic Evolution Equations

In [BT72] Bensoussan and Temam studied stochastic evolution equations with a non-
linear drift A satisfying a monotonicity condition. This monotonicity method was fur-
ther developed in the works of Pardoux [Par72, Par75], where he investigated a general
SEE with unbounded nonlinear operators as drift and diffusion. The solution obtained
in [Par75] belongs to the domains of the operator A, B in (0.0.1) (for Lebesgue almost
all time) and is also measurable with respect to the o-algebra generated by the Wiener
process on a prescribed probability space, hence it is a strong solution according to the

terminology of stochastic equations.

In [KR79] Krylov and Rozovskii generalized these results to general stochastic evolu-

tion equations

dX; = A(t, X;)dt + B(t, X,)dW,, (0.0.3)

and certain conditions (e.g. the local Lipschitz condition on B) in [Par75] were removed.
The Markov property of the solution was obtained for SEE with deterministic coefficients.
In particular, the results in [KR79] also generalized It6’s classical theorem on the strong
solvability of finite dimensional stochastic differential equations with random coefficients
satisfying Lipschitz conditions. They also proved Ito’s formula for the square of the norm
of a semimartingale in a rigged Hilbert space, which plays a very important role in the
entire theory. This is the so-called variational approach for SPDE in the literature. This
seminal work was extended later in many different aspects, we may refer to [Gy682, GMO05,
RRWO07, Zha08] for various generalizations.

In this work, we use the variational approach to analyze a wide class of nonlinear
SPDE in a unified framework. But we should mention that there also exist many other
important approaches to study SPDE in the literature: e.g. the martingale (measure)
approach (cf.[Wal86]), the semigroup approach (cf.[DPZ92¢c, DPZ96]) and the white noise
approach (cf.[DKPW02, HOUZ96]). For each approach there exist an enormous literatures

3



which can not be listed here; hence we refer the reader to the above monographs and the

references therein.

The main aim of this thesis is to investigate some fine properties for a large class of
SEE within the variational framework, e.g. small noise asymptotic properties and long
time behavior of the solution, ergodicity, contractivity and compactness of the associated
transition semigroups, and some regularity estimates of the solution in subspace. Now we

describe those results more specifically.

Large Deviation Principle

In probability theory, large deviation theory mainly concerns the asymptotic behavior
of remote tails of sequences (or families) of probability distributions. The first rigorous
results concerning large deviations are due to Cramér, who applied them to models in in-
surance business. Establishing large deviations principles is one of the most effective ways
to obtain information from a probabilistic model. Some of the best known applications
of large deviation theory arise in statistical mechanics, quantum mechanics, operations

research, ergodic theory, information theory and risk management.

In chapter 2 we will study large deviation principle (LDP) for the solutions of general
SEE driven by small noise

AXE = A(t, XE)dt + eB(t, XJ)dW,, X¢ = a. (0.0.4)

Roughly speaking, {X¢} is a family of random variables defined on a probability space
(Q, F,P) and taking values in some Polish space E (e.g. path space). Large deviation
theory is mainly concerned with the tail (or deviation) events A for which probabilities
P(X*® € A) converge to zero exponentially fast as ¢ — 0. The obtained convergence
results can be applied to the analysis of the destablizing effect of the noise term in (0.0.4)
(cf.[DPZ92c]). The rate of such exponential decay is expressed by the rate function.

Definition 0.0.1 (Rate function) A function I : E — [0, +00] is called a rate function if
I is lower semicontinuous. A rate function I is called a good rate function if the level set

{r € E:I(z) < K} is compact for each K < 0.



Definition 0.0.2 (Large deviation principle) The sequence {X¢} is said to satisfy the
large deviation principle with rate function I if for each Borel subset A of E

— inf I(x) < limiglf52 log P(X° € A) < limsupe®logP(X® € A) < — inf I(x),

zEA° e—0 z€A

where A° and A are respectively the interior and the closure of A in E.

This general large deviation principle was first formulated by Varadhan [Var66] in
1966, although some basic ideas of the theory can be traced back to Laplace and Cramér.
Concerning its validity for stochastic differential equations in finite dimensional case we
mainly refer to the well-known Freidlin-Wentzell LDP (cf. [FW84]). The same problem
was also treated by Varadhan in [Var84] and Stroock in [Str84] by a different approach,
which followed the large deviation theory developed by Azencott [Aze80], Donsker and
Varadhan [DV77, Var66]. In the classical paper [Fre88] Freidlin studied large deviations
for the small noise limit of stochastic reaction-diffusion equations. Subsequently, many
authors have endeavored to establish the large deviations results under less and less re-
strictive assumptions. For the extensions to infinite dimensional diffusions or SPDE under
global Lipschitz condition on the nonlinear term we refer the reader to Da Prato, Zabczyk
[DPZ92¢] and Peszat [Pes94] (also the references therein). For the case of local Lipschitz
condition we refer to the work of Cerrai and Rockner [CR04], where the case of multi-
plicative and degenerate noise was also studied. One should also mention the result of
Cardon-Weber [CW99] on the LDP for the stochastic Burgers equations and the work
of Hino and Ramirez [HRO03] for Varadhan’s small time estimate of large deviations for

general symmetric Markov processes.

Concerning the large deviation results for SPDE within the variational framework,
Chow first studied the LDP for semilinear stochastic parabolic equations on a Gelfand
triple in [Cho92]. Recently, Réckner et al obtained the LDP in [RWWO06] for the distri-
butions of the stochastic porous media equations with additive noise. All these papers
mainly followed the classical ideas of discretized approximations, which was first devel-
oped by Freidlin and Wentzell. The standard procedure to establish the small noise LDP
for SPDE is as follows. One first needs to consider an approximating Gaussian model
by time discretization and establish the LDP for this approximated model. Then one

can derive the LDP for the original non-Gaussian model by establishing some necessary
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exponential continuity and tightness of the solutions in suitable spaces. But the situation
becomes much involved and complicated in the infinite dimensional case since different

types of SPDE need different techniques and estimates.

An alternative approach for LDP has been developed by Feng and Kurtz in [FKO06],
which mainly used nonlinear semigroup theory and infinite dimensional Hamilton-Jacobi
equation. The techniques rely on the uniqueness theory for the infinite dimensional

Hamilton-Jacobi equation and some exponential tightness estimates.

In chapter 2 we derive the Freidlin-Wentzell LDP for general SEE with monotone
drifts and small multiplicative noise, which cover all types of SPDE within the variational
framework (cf.[PRO7, KR79]). Instead of studying different types of SPDE in infinite
dimensional spaces case by case, we establish a general theorem for the large deviation
principle. The main results are applied to derive the LDP for stochastic reaction-diffusion
equations, stochastic porous media equations and fast diffusion equations, and the stochas-
tic p-Laplace equation in Hilbert space etc. In particular, the main results generalize and
improve the earlier work [Cho92] on semilinear SPDE and [RWWO06] on stochastic porous

media equations.

The proof of our main results on the LDP is mainly based on a weak convergence
approach and some approximation techniques. In fact, it would be quite difficult to follow
the classical discretization approach in the present case. Many technical difficulties would
appear in the discretization arguments, e.g. it would be very difficult to obtain some
regularity (Holder) estimate for the solution w.r.t. the time variable, which is essentially

required in the classical proof of the LDP by discretization techniques.

Hence in chapter 2 we adopt a stochastic control and weak convergence approach in the
proof. This approach is mainly based on a variational representation formula for certain
functionals of infinite dimensional Brownian motion, which was established by Budhiraja
and Dupuis in [BD00]. The main advantage of the weak convergence approach is that
one can avoid some exponential probability estimates, which might be very difficult to
derive for infinite dimensional models. However, there are still some technical difficulties
appearing in the implementation of the weak convergence approach within our variational

framework. The reason is that the coefficients of SEE are nonlinear operators which are



only well-defined via a Gelfand triple (so three spaces are involved). Hence we have to
properly handle many estimates involving different spaces instead of just one single space.
Some approximation techniques (e.g. finite dimensional approximation and truncation

techniques) are also used in the proof.

Harnack Inequality and Its Applications

In chapter 3, 4 and 5 we establish the dimension-free Harnack inequality and strong
Feller property for the transition semigroups associated with different types of nonlinear
SPDE within the variational framework. As applications, the ergodicity, contractivity
(hyperboundedness or ultraboundedness) and compactness property are derived for the
associated Markov semigroups. The convergence rate of the transition semigroups to the

invariant measure and the existence of a spectral gap are also investigated.

The dimension-free Harnack inequality was first introduced by F.-Y. Wang in [Wan97]
for diffusions on Riemannian manifolds. Let M be a connected complete d-dimensional

Riemannian manifold and L := A + Z for some C'-vector field Z such that

Rie(X,X) — (VxZ,X) > —K|X[]?, X e TM

t

for some K € R. Then the corresponding semigroup P, := el satisfies the following

Harnack inequality: for any p > 1 and nonnegative f € C,(M) we have

pKp(z,y)?
2(p—1)(1 — e 2Kt) |’

(Pif(z))" < (P fP(y)) exp z,y €M, (0.0.5)

where p(z,y) is the Riemannian distance between x and y.

The main feature of this Harnack inequality is that the estimate (0.0.5) does not
depend on the dimension of the underlying manifold M, hence it can be applied to study
many infinite dimensional models. This is the key difference of this inequality from Li-
Yau’s parabolic Harnack inequality (cf.[LY86]). Even in finite dimensional case, there are
some very useful models which satisfy the dimension-free Harnack inequality (0.0.5), but
which do not satisfy Li-Yau’s Harnack inequality, e.g. the Ornstein-Uhlenbeck semigroup
on R¢ (cf.[LW03]).



In recent years, the dimension-free Harnack inequality turned out to be a very efficient
tool for the study of finite and infinite dimensional diffusion semigroups. For example,
it has been applied to study functional inequalities in [Wan99, Wan01, RW03b, RW03a];
the short time behavior of infinite dimensional diffusions in [AK01, AZ02, Kaw05]; the
estimation of high order eigenvalues in [GW04, Wan00]; the transportation-cost inequality
in [BGLO1] and heat kernel estimates in [GWO01].

Very recently, the dimension-free Harnack inequality was established in [Wan07] for
a class of stochastic porous media equations and in [LWO08] for stochastic fast-diffusion
equations. As applications, an estimate of the transition density, ergodicity and some
contractivity properties were obtained for the associated transition semigroups. The ap-
proach used in [Wan07, LWO08] is mainly based on a new coupling argument developed
in [ATWO06], where the Harnack inequality was derived for diffusion semigroups on Rie-
mannian manifolds with curvature unbounded below. The advantage of this approach is
that one can avoid the assumption that the curvature is lower bounded, which was used
in previous articles (cf.JAKO01, AZ02, BGL0O1, RW03a, RW03b]) in an essential way and
would be very hard to verify in the present framework of SPDE.

In chapter 3 we establish the Harnack inequality for a large class of SEE with ad-
ditive noise. More precisely, we mainly deal with stochastic evolution equations with
strongly dissipative drifts in Hilbert space, which cover many important types of SPDE
such as stochastic reaction-diffusion equations, stochastic porous media equations and
the stochastic p-Laplace equation (cf.[PRO7, KR79, Zha08]). The proof of the Harnack
inequality and the strong Feller property is based on a coupling method and Girsanov
transformation techniques. Subsequently, we investigate some properties of the invariant
measures such as the existence, uniqueness and concentration property. Moreover, based
on the Harnack inequality, the ergodicity, contractivity (e.g. hyperboundedness or ultra-
boundedness) and compactness are established for the associated transition semigroups in
Hilbert space. In particular, we give a very easy proof for the (topological) irreducibility by
using the established Harnack inequality. Hence the uniqueness of invariant measures for
the transition semigroups is obtained without assuming strict monotonicity for the drift,
which was required in many earlier works [PR07, Wan07, LW08, RRW07, DPRRW06].

We also derive the convergence rate of the transition semigroups to the invariant measure,



which implies a decay estimate of the solutions for the corresponding deterministic evolu-
tion equations (e.g. p-Laplace equation, porous medium equation). This result coincides
with some well-known estimates in PDE theory. Finally, some uniformly exponential er-
godicity of the associated Markov semigroup and the existence of a spectral gap are also

investigated.

As we mentioned before, the main results in chapter 3 are applied to many nonlinear

SPDEs in Hilbert space. However, the stochastic fast diffusion equation (0 < r < 1)
dX, = A(| X' X,)dt + BdW,
and the singular stochastic p-Laplace equation (1 < p < 2)
dX, = div(|VX,[P2VX,)dt + BdW,

does not satisfy the strong dissipativity condition which is assumed for the drift in chapter
3, hence the general result cannot be applied to these two types of SPDE. For example,

the drift of the stochastic porous media equation (r > 1) satisfies
(Al ) = Aol )=o)y < e [ fu= oo = —clu— o]
A

But the drift of the stochastic fast diffusion equation (0 < r < 1) only satisfies the
following weak dissipativity property (see chapter 4 for details)

v (Al ) = Aol ), u = v)y < —C/A (lu = vf* (jul v o)) da.

Therefore, we study the stochastic fast diffusion equations in chapter 4 and the singular
stochastic p-Laplace equations (p < 2) in chapter 5 separately. Due to the weak dissipativ-
ity of the drift, we need to make more delicate estimates in order to establish the Harnack
inequality. The strong Feller property and heat kernel estimates are also obtained for the
corresponding transition semigroups. Moreover, if we have some strongly dissipative per-
turbations in the drift, then the ultraboundedness and compactness property can also be
derived for the associated Markov semigroups. In particular, the exponential ergodicity
and the existence of a spectral gap are also investigated. As applications, some explicit
examples are discussed to illustrate the main results. In particular, we prove that the
transition semigroup associate to a stochastic reaction-diffusion equation is ultrabounded

and compact, hence its generator has only discrete spectrum.



Invariance of Subspaces under the Solution Flow

Recently, Rockner and Wang proved in [RW08] the L*invariance of the solution for

the stochastic porous media equations (r > 1)
dXt - A(|Xt|T_1Xt)dt + B(t, Xt)th,

i.e. the solution takes values in the L? space (note that the original state space is W™1)
if the initial condition does and has right continuous paths in L? (almost surely). Later,

this property was used to investigate the existence of the random attractor (cf.[BLROS]).

Chapter 6 is devoted to establish this type of regularity properties for a large class of
SPDE within the variational framework. The desired regularity property can be generally

formulated as follows. Consider the Gelfand triple
VcCH=H"CV”
and the stochastic evolution equation
dX; = A(t, Xy)dt + B(t, X;)dW,, (0.0.6)

where A : [0,7] x V xQ — V*and B : [0,T] x V x Q — Ly(U, H) are progressively
measurable. Suppose (S, | - ||s) is a subspace of H and X, € S a.s.. We want to prove

that the solution X; of (0.0.6) also takes values in S for almost all path, i.e.
Plw: X (w)es 0<t<T)=1
In fact, in chapter 6 we prove that for some p > 1

E sup || X:|[% < . (0.0.7)

te[0,7
The typical choice of the subspace is S = D(\/T ), where T is a positive definite self-adjoint
operator on H. This regularity estimate (0.0.7) has been used in [GMO07] for deriving the
convergence rate of implicit approximations for SEE and in [Cho92| for establishing the

large deviation principle for semilinear type SPDE.
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The main idea in the proof is to find a sequence of equivalent norms || - ||, on H
satisfying
Vo €S, |zlla T ||zl[s(n — o0).

Then by applying Itd’s formula for || - [|2 we may prove for any time T'

E sup [|[Xi|P <K, n>1
te[0,T]
for some constants p > 1 and K. Then the desired result follows by taking the limit in

the above estimate.

As examples, the main results are applied to stochastic reaction-diffusion equations,
the stochastic p-Laplace equation, stochastic porous media and fast diffusion equations

in Hilbert space.
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Chapter 1

Preliminaries on Stochastic Analysis in Infinite Dimen-

sional Space

In this chapter, we collect some results of stochastic analysis in infinite dimensional
space as preliminaries for the following chapters. We omit all proofs and refer the reader to
[PRO7, DPZ92c¢] for details. In the first part, we introduce the Wiener process and general
martingales in infinite dimensional space, then we give the definition of the stochastic
integral in Hilbert space and some important properties. In the second part, we recall
the variational framework and some classical results for stochastic evolution equations in
[KR79]. In the last part, we shortly review the different concepts of solution to stochastic

equations and their relations.

1.1 Stochastic integral in Hilbert space

The theory of stochastic integration in infinite dimensional space is a very broad
area in the theory of stochastic processes. The first important work in this direction
was due to Daletskii [Dal66], where he constructed a Wiener process (with an identity
covariance operator) in a Hilbert space and defined the stochastic integral. Kuo [Kuo75]
investigated the stochastic integral with respect to an abstract Wiener process in a Banach
space and Kunita [Kun70] initiated the study of the integrability w.r.t. a square-integrable

martingale in a Hilbert space. Later some considerable progress was achieved by Metivier,
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Meyer and many others, we refer to [KR79] for more detailed exposition.

1.1.1 Infinite dimensional Wiener processes

For a fixed separable Hilbert space (U, (-, -)y/) we denote its Borel o-algebra by B(U)
and all bounded operators on U by L(U).

Definition 1.1.1 A probability measure p on Hilbert space (U, B(U)) is called Gaussian
if for all w € U the bounded linear mapping

v U—R; v (v,u)y

has a Gaussian law, i.e. for allw € U there exist m := m(u) € R and 0 := o(u) € [0, 00)
such that if o(u) > 0,
)2

1 (@=m
o (u)HA) = pu € A) = /e_ 202 dx, for all A € B(R),
e () = e )= —— | 5 ®)

and if o(u) = 0,

Theorem 1.1.1 A measure p on (U, B(U)) is Gaussian if and only if for any u € U,
/l(u) = / ei(ﬂ,”)Uu<dU) — €i<m:u>U*%(Qu,u)U7
U

where m € U and Q € L(U) is a non-negative, symmetric and trace class operator.

In this case p will be denoted by N(m, Q) where m and Q are called mean and covari-

ance (operator) respectively. The measure p is uniquely determined by m and Q.

Proposition 1.1.2 If Q € L(U) is a non-negative, symmetric and trace class operator,

then there exists an orthonormal basis {ey}ren of U such that
Qer = Arer, Ay 2> 0,k €N,

where Y A\, < 00 and 0 is the only accumulation point of the sequence (Ay)gen-
keN
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Proposition 1.1.3 (Representation of a Gaussian random wvariable) Suppose
m € U and Q € L(U) is a non-negative, symmetric and trace class operator, {eg}ren is
an orthonormal basis of U consisting of eigenvectors of () with corresponding eigenval-
ues A\g, k € N. Then a U-valued random variable X on a probability space (0, F,P) is
Gaussian with P o X' = N(m, Q) if and only if

X ="V ABrer +m,

keN

where By, k € N, are independent real-valued Gaussian random variables with mean 0 and

variance 1. And the series converges in L*(Q, F,P;U).

Now we can give the definition of the standard )-Wiener process. To this end we fix

a positive time 7" and a non-negative symmetric trace class operator ) on U.

Definition 1.1.2 A U-valued stochastic process W (t),t € [0,T], on a probability space
(Q, F,P) is called a (standard) Q- Wiener process if:

(1) W(0) = 0;
(i) W has P-a.s. continuous trajectories;

(#ii) the increments of W are independent, i.e. the random variables
W(t1), W(ta) = W(t1), -+, W(ta) = W(tn-1)

are independent for all 0 <t; <---<t, <T, neN;

(iv) the increments have the following Gaussian laws:
Po(W(t)—W(s) ' =N(0,(t-s)Q), 0<s<t<T.

Proposition 1.1.4 (Representation of the Q- Wiener process) Let ex, k € N, be
an orthonormal basis of U consisting of eigenvectors of Q) with corresponding eigenvalues
M,k € N. Then a U-valued stochastic process W (t),t € [0,T], on a probability space
(Q,F,P) is a Q-Wiener process if and only if

W) = S vV MBe(t)er, £ € 10,7,

keN
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where Py, k € N, are independent real-valued Brownian motions on (2, F,P). The series
converges in L (Q, F,P; C([0,T],U)) and thus always has a P-a.s. continuous modifica-

tion.

Definition 1.1.3 A Q-Wiener process W (t),t € [0, T, is called a Q-Wiener process with
respect to a filtration Fy, t € [0,T1], if:

(i) W(t),t € [0,T], is adapted to F;,t € [0,T];

(i) W(t) — W (s) is independent of Fs for all0 < s <t <T.

Now we consider the following cylindrical Wiener process.

Definition 1.1.4 Suppose Q € L(U) is non-negative and symmetric, then a cylindrical

Wiener process on U 1is defined as the following series:

W(t)=> Bilt)e, t €[0,T], (1.1.1)
keN
where eg, k € N, is an orthonormal basis of Q%(U) and B, k € N, is a family of indepen-

dent real-valued Brownian motions on (Q,F,P).

Remark 1.1.1 If Q is a trace class operator, then we know the series (1.1.1) converges
in L*(Q,F,P;U). In the case that Q is not trace class operator then one looses this
convergence. However, one can show that (1.1.1) converges in L*(Q,F,P;U,) whenever

the embedding Uy C Uy is Hilbert-Schmidt. And it is also easy to see that W (t),t € [0,T1,

15 a Wiener process on Uy with trace class covariance operator.

1.1.2 Martingales in Banach space

We first introduce the conditional expectation of any Bochner integrable random vari-
able with values in a separable real Banach space (£, || - ||), which is similar to the real-

valued case.

Proposition 1.1.5 Let X be a Bochner integrable E-valued random variable defined on
a probability space (Q, F,P) and let G be a o-field contained in F. Then there erists a
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unique, up to a set of P-probability zero, Bochner integrable E-valued random variable Z,

measurable with respect to G such that

/XdP:/ZdeorallAEQ.
A A

The random variable Z is denoted by E(X|G) and is called the conditional expectation of
X wrt G.

Definition 1.1.5 Let M(t),t > 0, be a stochastic process on (S, F,P) with values in E
and let Fy,t > 0, be a filtration on (Q, F,P). Then the process M is called a Fi-martingale

if:
(i) E(||M(t)]|) < oo forallt >0;
(i1) M(t) is Fi-measurable for all t > 0;
(1ii) E(M(t)|Fs) = M(s) P-a.s. for all0 < s <t < 0.

Now we denote the space of all F-valued continuous square integrable martingales
M(t),t € [0,T] by M2(E), which will play an important role in the definition of stochastic

integral.

Proposition 1.1.6 The space M2 (E) equipped with the norm
1/2 1/2
M|z = sup (E(IMO)]*) " = (E(MD)]*)
t€[0,T]
1s a Banach space.

Proposition 1.1.7 Let W (t),t € [0,T], be a U-valued Q- Wiener process with respect to
a normal filtration Fy,t € [0,T], on a probability space (0, F,P), then W (t),t € [0,T] is

a continuous square integrable Fi-martingale, i.e. W € M2.(U).

Proposition 1.1.8 (Burkhélder-Davis-Gundy inequality) If M € MA(E) and 7 is

an a.s. finite stopping time, then

Esup [|M(t)]| < 3E(M)}>.

t<rt
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1.1.3 Stochastic integral in Hilbert space

Let (La(X,Y), || - ||2) denote the space of all Hilbert-Schmidt operators from X to
Y. Similar to the finite dimensional case, one can first consider the stochastic integral of
elementary processes w.r.t. the Wiener process and establish the Ito-isometry. Then by
a standard limiting procedure and localization argument one can extend the definition of

stochastic integral to the following class of processes:

Ny = {(ID ([0, T] x Q — LQ(Q%(U), H)’ ® is predictable and

P (/OT 1®(s)||2ds < oo) - 1}.

Note that Uy := Q%(U ) is a separable Hilbert space equipped with the following inner
product

(u,0)0 == (Q 20, Q2v)u, v € Q3(V),
where Q_% is the pseudo inverse of Q% in the case that () is not one-to-one. Hence we
know that [|®(s)[|> = [|®(s) © Q| y(w,m).

Proposition 1.1.9 Let ® € Ny and M(t) := f(f O(s)dW (s),t € [0,T]. Define

(M), = / |®(s)[2ds, t € [0.T)

then (M) is the unique continuous increasing F;-adapted process starting at zero such that
|M(t)]]? — (M), t €[0,T), is a local martingale.

Remark 1.1.2 @) is not necessarily a trace-class operator here. The case Q =1, i.e. W,

15 a cylindrical Wiener process, is also included.

Proposition 1.1.10 (Girsanov theorem) Assume that ¢(-) is a Uy-valued Fy-predictable

process such that

B (o ([ et awno— [ leolias) ) =1 (112)

Then the process
t

W) =Wt - [ e()ds te 0.
0
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is a Q-Wiener process w.r.t. {F;i>0 on the probability space (2, F, f’) where

apw) =exp ([ (et awoho— 3 [ 1etolias) apeo)

Proposition 1.1.11 Either of the following conditions is sufficient in order for (1.1.2)
to hold:

(i) E [exp (£ lle(s)lids )| < oo

(ii) there exists 6 > 0 such that sup E <e5\\%0(8)||3> < 00.
s€[0,7T

1.2 Variational approach for stochastic evolution equations

Now we describe the variational framework and the main results of [KR79] in detail.
Let
VCH=H"CV”

be a Gelfand triple, i.e. (H, (-,-)g) is a separable Hilbert space and identified with its
dual space by the Riesz isomorphism, V is a reflexive and separable Banach space such
that it is continuously and densely embedded into H. If (-, )y denotes the dualization
between V' and its dual space V*, then it follows that

vel{u,v)y = (u,v)g, u € Hv e V.

Let {W;}+>0 be a cylindrical Wiener process on a separable Hilbert space U w.r.t a com-
plete filtered probability space (Q, F,F;,P) and (Lo(U; H), || - ||2) denote the space of
all Hilbert-Schmidt operators from U to H. Now we consider the following stochastic

evolution equation

where for some fixed time T
A [0,T|xVxQ—=V" B:[0,T]xV xQ — Ly(U; H)

are progressively measurable, i.e. for every ¢ € [0, T, these maps restricted to [0, t] x V x

are B([0,t]) ® B(V) ® F-measurable (B denotes the corresponding Borel o-algebra). For
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the existence and uniqueness of the solution to (1.2.1) we need to assume the following

conditions on A and B.

Suppose for a fixed a > 1 there exist constants > 0, K and a positive adapted process
f e LY([0,T] x ;dt x P) such that the following conditions hold for all v, v;,v, € V and
(t,w) € [0,T] x Q.
(H1) (Hemicontinuity) The map s — v+ (A(t,v; + svq), v)y is continuous on R.

(H2) (Monotonicity)

2v-(A(t,v1) — A(t, v9),v1 — va)v + || B(t,v1) — B(t,vg)Hg < Kljv, — ngfq.

(H3) (Coercivity)
2y« (A(t, v), v)y + | B(t,0)|5 + 0llvlly < fi + K%
(H4) (Boundedness)
1A, v)llv- < £V + Kullg

Definition 1.2.1 (Solution of SEE) A continuous H-valued (F;)-adapted process { X }iejo.r
is called a solution of (1.2.1), if for its dt ® P-equivalent class X we have

X € L*([0,T] x Q,dt @ P; V)N L*([0,T] x Q,dt @ P; H)

and P-a.s. . .
Xt:XOJr/ A(s,)_(s)der/ B(s, X,)dW,, t €[0,T).
0 0

Theorem 1.2.1 ([KR79] Theorems I1.2.1, 11.2.2) Suppose (H1) — (H4) hold, then
for any Xy € L*(Q — H; Fo; P) (1.2.1) has a unique solution {X,}em and satisfies
E sup || X3 < oo.
te[0,7
The proof of this theorem strongly depends on the following It6 formula for the square

norm of the solution
t

t
1X0% = X% + / (20 (A(s, X.), Xohy + | B(s, X,)[12) ds + 2 / (Xo, B(s, X,)dW,) 1.
(1.2.2)
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This It6’s formula (or energy identity) was essentially used to derive some a priori esti-
mates and to prove the uniqueness and continuity of the solution. We should remark that
the proof of (1.2.2) in a rigged Hilbert space is much more difficult than the case that all

components take values in a single Hilbert space.

This seminal work was extended later in various directions: e.g. (1.2.1) driven by a
general martingale (not necessarily continuous) in [Gy682]; K and € in the assumptions
(H2) — (H4) are time-dependent in [GMO5]; (1.2.1) with coefficients A and B related to
Orlicz space framework in [RRWO07]; K0 in (H2) — (H4) are random and time-dependent
in [Zha08].

1.3 Different concepts of solution to stochastic equations

In this part we give a short review about the different types of solution to stochastic
equations and the relations among them. Roughly speaking, there mainly exist three kinds
of solution for S(P)DE in the literature: the strong, weak and martingale solution. In finite
dimensional case, the corresponding definitions and their relations are well investigated.
For instance, weak solution is equivalent to martingale solution due to the well-known
Doob (martingale representation) theorem (cf.[Doo53, SV79]). But the analogue of this
result in infinite dimensional space becomes very delicate and complicated. One purpose
of this section is to clarify different concepts of solution and the relations among them in
infinite dimensional space, and we also want to emphasis the differences comparing with

the corresponding finite dimensional results.

1.3.1 Strong solution vs. Weak solution

For studying stochastic differential equations, one has to differentiate between strong
and weak solution. A strong solution is usually defined as a measurable functional of given
Wiener process (on some path space) that satisfies equation in a classical or generalized
sense (cf.[IW81]). Strong solution exists for many classes of S(P)DE such as: It6 equa-
tions with Lipschitz coefficients (cf.[SV79, KS05]), stochastic evolution equations with

monotone coefficients (cf.[Par75, KR79]), Kushner’s and Zakai’s equations of nonlinear
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filtering (cf.[R0z90]) and many others.

But a strong solution often fails to exist in the case of S(P)DE with non-smooth

coefficients. The following simple example was given by Tanaka. Consider the equation
dXt = B(Xt)th, XO - O, (131)
where W, is a 1-dimensional Brownian motion and

1, if x > 0;

B(z) =
-1, ifx <DO.

One can prove that such an equation has no strong solution. On the other hand, according
to the classical result in Doob’s book (see [Doo53] Ch.VI, Section 3) one can show that
(1.3.1) has a martingale (equivalently, weak) solution. Roughly speaking, one replaces
the requirements on the integro-differential relations between the strong solution and the
Brownian motion by the appropriate conditions on the probability law of the solution.
The difference between these two concepts is similar to the one between a random variable
and its law. In general, one could not conclude that the weak solution X’ is a measurable
functional of Brownian motion W' on the path space. But X’ has the same probability
law with the strong solution X if it exists, and in many cases the probability law is the

only thing that really matters.

On the other hand, according to the famous Yamada-Watanabe theorem, there exists a
unique strong solution if and only if there exists a weak solution and the pathwise unique-
ness holds. This result was first proved in [YW71] for finite dimensional case, see [PR07]
for a detailed proof. About some further related work we refer to [Jac80, Eng91, Che03].
In recent years, the analog result in infinite dimensional space has been established by On-
drejat [Ond04] within the semigroup framework (cf.[DPZ92¢|) and Rockner et al [RSZ08]
within the variational framework (cf.[KR79]).

Remark 1.3.1 (1) Pathwise uniqueness is obviously far from being a necessary condi-
tion for the existence of strong solution. Fven in the case that the uniqueness in law
does not hold, there exist some examples which show that strong solution can exist (see

e.g.[Eng91] section 4). FEngelbert proposed some sufficient and necessary condition for
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the existence of strong solution in [Eng91], where he used the concept of “joint solution

measure” introduced by Jacod [Jac80).

(2) In [Che03] Cherny proved that uniqueness in law together with the existence of
strong solution imply the pathwise uniqueness. This is a dual result of the well-known
Yamada- Watanabe theorem. The analog result for SPDE in Banach space was established
by Ondrejdt in [Ond04].

1.3.2 Weak solution vs. Martingale solution

In finite dimensional space (e.g. R?), weak solution is equivalent to martingale solu-
tion due to the classical martingale representation theorem. Various classes of SDE, where
strong solutions do not exist or the existence is very difficult to prove, can be handled
by using the martingale problem approach. For example, S(P)DE with non-smooth coef-
ficients arising in physics and other sciences such as stochastic hydrodynamic equations

[GLP99], stochastic quantization equations in quantum field theory [JLMS85].

The idea of martingale problem approach can be traced back to Doob [Doo053]. Stroock
and Varadhan were the first to give the general concept of the martingale problem in
finite dimensional space and developed the related techniques comprehensively in [SV79].
Skorohod also introduced another approach to the weak solution of ordinary SDE [Sko65],
see also [EK85, IW81, ZK74] for more references therein.

The martingale problem approach was applied to infinite dimensional systems, in par-
ticular, to many important classes of nonlinear SPDE first by Viot [Vio76]. Further de-
velopments are due to Grigelionis, Mikulevicius, Kozlov, Kunita, Metivier, Mikulevicius,
Rozovskii and many others [Kun97, MR99, GRZ08|.

Concerning the equivalence between weak and martingale solution in infinite dimen-
sional spaces, the situation becomes quite complicated because there exist various gen-
eralizations of the martingale representation theorem under different (incomparable) as-
sumptions in infinite dimensional space. One may refer to the following references, where
the infinite dimensional martingale representation theorem was established under different

assumptions within different frameworks.
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e Hilbert spaces: Lepingle-Ouvrard[LO73]; Ouvrard[Ouv75]; Da Prato-Zabczyk[DPZ92¢];
e Complete nuclear spaces: Korezlioglu-Martias[IKKM88];
e Banach spaces: Dettweiler [Det90], Ondrejat [Ond05];

e Topological vector spaces: Mikulevicius-Rozovskii [MR99).
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Chapter 2

Freidlin-Wentzell Large Deviations for Stochastic Evolu-

tion Equations

In this chapter the Freidlin-Wentzell large deviation principle is established for the
distributions of the solutions to general stochastic evolution equations with small noise.
In the first section we give a short introduction to the weak convergence approach, which
has been used in the proof of the LDP for general SEE. Then we formulate the main
results on the LDP and the proof is divided into several steps in section 2. In the last
section the main results are applied to derive the LDP for stochastic reaction-diffusion
equations, stochastic porous media equations, stochastic fast diffusion equations and the
stochastic p-Laplace equation in Hilbert space. The main results of this chapter have

already been submitted for publication, see [Liu08c].

2.1 Introduction to weak convergence approach

Large deviations was used for the asymptotic computation of small probability events
on an exponential scale. A precise calculation of the probabilities of such events turns
out to be crucial in the study of many problems. For instance, it plays a key role in the
study of integrals of exponential functionals of sums of random variables, which come
up in probability theory, statistics, information theory, statistical mechanics and finan-

cial mathematics etc. Now let us first recall some standard definitions and results from
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the large deviation theory. Suppose {X¢} is a family of random variables defined on a

probability space (€2, F,P) and taking values in some Polish space F.

Definition 2.1.1 (Rate function) A function I : E — [0, +0o0] is called a rate function if
I 1s lower semicontinuous. A rate function I is called a good rate function if the level set
{z € E:I(z) < K} is compact for each K < 0.

Definition 2.1.2 (Large deviation principle) The sequence {X¢} is said to satisfy the
large deviation principle with rate function I if for each Borel subset A of E

- inj I(z) < limiglfes2 log P(X°® € A) < limsupe’logP(X® € A) < — inf I(x),
rcA° £— e—0 z€A

where A° and A are respectively the interior and the closure of A in E.

The starting point of the weak convergence approach is the equivalence between the
large deviation principle and the Laplace principle (LP) if E is a Polish space and the

rate function is good.

Definition 2.1.3 (Laplace principle) The sequence {X¢} is said to satisfy the Laplace
principle with rate function I if for each real-valued bounded continuous function h defined
on FE,

lim < log B {exp {—éh(X‘f)} } =~ inf {h(a) + I(2)}

This equivalence was first formulated in [Puk93] and it is essentially a consequence of
Varadhan’s lemma [Var66] and Bryc’s converse theorem [Bry90]. We refer to [DE97, DZ00)]

for an elementary proof of it.

Let {W;}:>0 be a cylindrical Wiener process on a separable Hilbert space U w.r.t
a complete filtered probability space (Q, F,F;,P) (i.e. the path of W take values in
C([0,T);Uy), where Uy is another Hilbert space such that the embedding U C U is
Hilbert-Schmidt). Suppose ¢° : C([0,7];U;) — FE is a measurable map and X¢ = ¢g°(W.).
Let

T
A= {v : v is U-valued Fi-predictable process s.t. / lvs(w)||7ds < oo a.s.} :
0
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T
sv={oe 0.110): [ lodpas< v}
0
The set Sy endowed with the weak topology is a Polish space (we will always refer to the
weak topology on Sy if we do not state it explicitly). Define
Av={veA:v(w) € Sy,P —a.s.}.

Then the crucial step in the proof of the Laplace principle is based on the following

variational representation formula obtained in [BDO0O]:

T :
—logEexp{—f(W)} = EelftE (%/0 |vs |7, ds + f (W +/0 vsds)) ) (2.1.1)

where f is any bounded Borel measurable function from C([0,7];U;) to R. The con-
nection between exponential functionals and variational representations appeared to be
first exploited by Fleming in [Fle78|. The formula (2.1.1) for finite dimensional Brownian
motion case was obtained in [BD98]. Now we formulate the following sufficient condition
established in [BDO0O] for the Laplace principle (equivalently, large deviation principle) of
{X¢} ase — 0.

(A) There exists a measurable map ¢° : C'([0,T];U;) — FE such that the following two

conditions hold:

(i) Let {v° : e > 0} C Ay for some N < oo. If v° converges to v in distribution as

Sn-valued random elements, then
1 :
g (W + —/ vzds) — g (/ vsds)
€Jo 0
in distribution as ¢ — 0.

(i) For each N < oo, the set
Ky = {go (/ ¢Sds) ol SN}
0

is a compact subset of F.
Lemma 2.1.1 ([BD00] Theorem 4.4) If {¢°} satisfies (A), then the family {X°} satis-
fies the Laplace principle (hence large deviation principle) on E with the good rate function

I given by

I(f) = inf {%/OT ||qb(s)\|%]ds}, fek. (2.1.2)

a {#eL2([0,T);U): f=g°(f; ¢sds)}
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Therefore, in order to establish the LDP one only needs to verify the (weak conver-
gence) assumption (A). The main advantage of the weak convergence approach is that
one can avoid some exponential probability estimates, which may be very difficult to de-
rive for infinite dimensional models. In recent years, this approach has been used to study
the large deviations for homeomorphism flows of non-Lipschitz SDE by Ren and Zhang in
[RZ05a], for two-dimensional stochastic Navier-Stokes equations by Sritharan and Sundar
in [SS06] and reaction-diffusion type SPDE by Budhiraja et al in [BDMO08]. For more
references on this approach we may refer to [DE97, RZ05b, DM].

2.2 Freidlin-Wentzell large deviation principle: the main results

Let
VcCH=H"CV*

be a Gelfand triple, i.e. (H,(-,-)g) is a separable Hilbert space and V is a reflexive
separable Banach space such that V' C H is continuous and dense. The dualization
between V* and V' is denoted by v+ (-, -)y. Let {W;}i>0 be a cylindrical Wiener process
on a separable Hilbert space U w.r.t a complete filtered probability space (2, F, F;, P)
and (L(U; H), || - ||2) denotes the space of all Hilbert-Schmidt operators from U to H.
We use L(X,Y) to denote the space of all bounded linear operators from space X to Y.

Consider the following stochastic evolution equation

where A: [0,7] xV — V*and B :[0,7] x V — Lo(U; H) are measurable. For the large

deviation principle we need to assume the following conditions on A and B.

For a fixed o > 1, there exist constants § > 0 and K such that the following conditions
hold for all v, vy,v9 € V and t € [0, T.

(A1) (Hemicontinuity) The map s +— y«(A(t, v1 + svg),v)y is continuous on R.
(A2) (Strong monotonicity)

2y« (A(t, v1)— A(t, v2), v —va) v+ || B(t, v1) — B(t, v2)[|5 < —6]jv1 —va |5+ K||v1 —va|7.
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(A3) (Boundedness)

sup || B(t,0)[]2 < oo; [[A(t,v)]
te[0,7

v+ |1 B(t,0) | nwey < K1+ |lv][g).

(A4) Suppose there exists a sequence of subspaces { H,} of H such that

H,CH,,, H,— V is compact and U H, C H is dense,

n=1

and for any M > 0,

sup |P.,B(t,v) — B(t,v)]]2 — 0 (n — o0), (2.2.2)
(t,0)€[0,T]x S

where P, : H — H, is the projection operator and Sy; = {v € V : ||v||g < M}.

Remark 2.2.1 (1) By (A2) and (A3) we can obtain the coercivity and boundedness of A
and B:

5 (03
2v-(A(t,v), v)v + Btz + ol < CO+ [lollz),
1Bt v)ll2 < CO+vllE + [loll).

Hence the boundedness of B in (A3) automatically holds in the case a > 2. If 1 < a < 2,
the additional assumption on B in (A3) is assumed for the well-posedness of the skeleton
equation (2.2.5). It is easy to see from the proof that we can also replace the assumption

on B in the case 1 < a < 2 by the following one
1B, 0)l|Lwve) < K1+ ||v]la).

(2) Since for any (t,v) € [0,T] x V we have
|1P.B(t,v) = B(t,v)[l2 = 0 (n — o0),

(2.2.2) obviously holds if {B(t,v): (t,v) € [0,T] x Sp} is a relatively compact set in
Ly(U; H). One simple example is



where b;(-) : V — R are Lipschitz functions and B;(-) : [0,T] — Lo(U; H) are continuous.

Another simple example for (2.2.2) holds is B(t,v) = QBy(t,v) where QQ € Lo(H; H)
and
By : [0, T)xV — L(U; H) and sup | Bo(t,v)||Lw.my < o0, YM > 0.
(t,’U)E[O,T]XSA/[
(3) Suppose there exists a Hilbert space Hy such that the embedding Hy C H is compact,
and there also exists {e;} C HyoNV is an ONB in Hy and orthogonal in H. If for all
M >0

sup || B(t,0)l| Lysm) < 00,
(t,’U)E[O,T]XSIM
then (2.2.2) holds. In fact B(t,v) = Y275, bij(t,v)u; ® e;, then by the assumption we

know ||e;||3; — 0 and
o0

sup Z b7 ;(t,v) < oo.
(t,U)E[O,T]XS]\4 ij=1
Hence

1PB(t,0) = Bt,o)ls =Y > 0t )l

i=1 j=n+1

Then (2.2.2) follows from the dominated convergence theorem.

If (A1) — (A3) hold, according to Theorem 1.2.1, for any X, € L*(Q — H;Fy; P)
(2.2.1) has a unique solution {X;};co7] which is an adapted continuous process on H
such that EfOT (12X + || Xe|I%) dt < oo and

¢ t
(Xi,v)g = (Xo,v)g —l—/ v+ (A(s, Xs),v)yds —|—/ (B(s, Xs)dWs,v) g, P —a.s.
0 0

holds for all v € V and t € [0,T]. Moreover, we have E sup || X;||% < oo and the crucial
t€[0,T]
Ito formula

t t
Il = ol + [ (2 (A, X0, Xy + B, X)) ds+ 2 [ (Xa, Bs, X)W
0 0
Now we consider the stochastic evolution equation with small noise:
dX; = A(t, X7)dt + eB(t, X{)dW,:, X5 =z € H, ¢ > 0. (2.2.3)
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Hence the unique strong solution { X¢} to (2.2.3) takes values in C([0, T']; H)NL*([0,T]; V).
It is well-known that (C([0,T]; H) N L*([0,T]; V), p) is a Polish space with the metric

T >
o(f.9) = sup Hft—gtuﬁ( / uft—gtuadt) . (2.2.0)

te[0,7)

It follows (from the infinite dimensional Yamada-Watanabe theorem in [RSZ08]) that

there exists a Borel-measurable function
g°: C([0,T);Uy) — C([0,T); H) " L*([0, T]; V)
such that X© = ¢°(W) a.s.. To state our main result, we introduce the following skeleton

equation associated to (2.2.3):

dzf
dt
An element z¢ € C([0,T); H)N L*([0,T]; V) is called a solution to (2.2.5) if for any v € V

= A(t, sz) + B(t, zf)(bt, zg) =z, ¢ € L*([0,T); U). (2.2.5)

(20, 0)g = (z,0) g + /0 ve(A(s, 22) + B(s, 22)¢s,v)yds, t € [0,T]. (2.2.6)

We will prove (see Lemma 2.3.1) that (A1) —(A3) also imply the existence and uniqueness
of the solution to (2.2.5) for any ¢ € L*([0,T); U).

Define ¢° : C([0,T];Uy) — C([0,T); H) N L*([0,T); V) by

OB — [ 2 . .
Lh) 2%, if h= [ ¢.ds for some ¢ € L*([0,T];U);

0, otherwise.

Then it is obvious that the rate function in (2.1.2) can be written as

1

I(z) = inf{§/0 |psllZds : 2 =2%, ¢ € L2([O,T],U)}, (2.2.7)

where z € C([0,T]; H) N L*([0,T]; V).

Now we formulate the main result which is the well-known Freidlin-Wentzell type

estimate.

Theorem 2.2.1 Assume (Al) — (A4) hold. For each ¢ > 0, let X* = {X] }ico1) be the
solution to (2.2.3). Then as e — 0, {X¢} satisfies the LDP on C([0,T]; H)NL*([0,T]; V)
with the good rate function I which is given by (2.2.7).
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Remark 2.2.2 (1) Note that (A4) is assumed for establishing the convergence of h® (as
elements in C([0,T);V')) in the proof. Hence we can replace (A4) by the following simple

assumption:

(A4')
B:[0,T] x U — Ly(U,V); [|1B(t, ) Lywy) < KA+ 0ll5 + [Jvllz)-

By using (A4’) one can easily conclude h® converge to 0 in C([0,T); V). Then the proof of
Theorem 2.2.1 will be significantly simplified because we can drop section 2.3.2 completely

and need not to use the finite dimensional approximation and truncation techniques.

(2) According to [BDMOS, Theorem 5], we can also prove the uniform Laplace principle

by using the same arguments but with more involved notations.

(8) This theorem can not be applied to stochastic fast diffusion equations in [LWO0S,
RRWO7] since (A2) fails to hold. However, if we replace (A2) by the following monotone

and coercive conditions

(A2") (Monotonicity and coercivity)

2ve (A(t,v1) — A(t, v2),01 — va)v + || B(t,01) — B(t, v2) |5 < Klvr — valli;
2v-(A(t,v),v)v + | B(t,v)|l5 + 6[[vll5 < K(1+ ||lv]l%)-

Then the LDP can be established on C([0,T]; H) by a similar argument.

Theorem 2.2.2 Assume (Al), (A2'),(A3) and (A4) hold. Then as € — 0, the solution
{X¢} to (2.2.3) satisfies the LDP on C([0,T]; H) with the good rate function I which is
given by (2.2.7).

Remark 2.2.3 (1) Note that (A2) is mainly used to prove the additional convergence in
L*([0,T); V). Hence, if we only concern the LDP on C([0,T]; H), we can prove Theorem
2.2.2 under the weaker assumption (A2'). Since the proof is only a small modification of

the argument for Theorem 2.2.1, we will omit the details here.

(2) Recently, I was informed that there are some independent work done by Ren and
Zhang [RZ08] where they used some different techniques to establish the LDP for stochastic
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evolution equations. Comparing with our result, they assume that B satisfies a Lipschitz
condition and V' is compactly embedded into H in [RZ08] instead of (A4) in our assump-
tion. Another difference is the results in [RZ08] only work for the case o > 2, while
our result can also be applied to some examples with o < 2, e.g. stochastic fast-diffusion

equations and the singular p-Laplace equation (see Example 2.4.4 and Remark 2.4.4).

The proof of the main theorem is divided into several steps. In the next section,
we first prove Theorem 2.2.1 by using the weak convergence approach under additional
assumption (A5) on B. Afterwards, the assumption (A5) can be relaxed to (A4) by using

some standard approximation techniques.

2.3 Proof of the large deviation principle

2.3.1 Proof of the main theorem under (A5)

In order to verify the sufficient conditions (A), we need to first consider the equation
(2.2.3) with finite dimensional noise, i.e. we approximate the diffusion coefficient B by
P,B. But for the simplicity of notations, we assume the following additional condition
on B:

(A5) B:[0,T] x V — L(U;V,) satisfies
1Bt Ly < COA+ 0I5+ lloll),

where Vy C V' is a compact embedding and C' is a constant.

For the reader’s convenience, we recall two well-known inequalities which are used
quite often in the proof. Throughout the paper, generic constants may change from line
to line. If it is essential, we will write the dependence of the constant on parameters

explicitly.

Young’s inequality: If p,q > 1 satisfy 119 + é = 1, then for any positive number o, a and

b we have
aP _gbq
ab<o— +o0 p—.
p q
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Gronwall’s lemma: Let F,®, ¥ : [0,7] — R" be Lebesgue measurable and ¥ be locally
integrable such that fOT U(s)F(s)ds < oco. If

F(t) < ®(t) +/0 U(s)F(s)ds, t €[0,T] or (23.1)
F'(t) <®'(t) + U (t)F(t), t € [0,T), F(0) < ®(0),

then we have

F(t) < (1) + /Ot exp Ut \If(u)du} U (5)B(s)ds

< exp [ /0 t\I/(u)du} (@(0)+ /O "9/(s) exp {— /0 S\I/(u)du] ds), te[0,7].

Lemma 2.3.1 Assume (Al) — (A3) hold and

(2.3.2)

T
2l = sup |zl +6 / Izl dt
te€[0,7 0

for 2 € C([0,T); HYNL*([0,T); V). Then for any x € H and ¢ € L*([0,T];U) there erists
a unique solution z® to (2.2.5) and for any ¢,v € L*([0,T];U)

T T
I =l e { [ (5410 + 180 B) @t} [ o wlpan @33

where K is a constant.

Proof. For the existence of the solution to (2.2.5), we only need to verify the assumptions
in Theorem 1.2.1. First we assume ¢ € L*([0,7]; U) and

A(s,v) :== A(s,v) + B(s,v)ps.

Then, due to (A1) — (A3), it is easy to verify that (H1) — (H4) in Theorem 1.2.1 hold.
(i) Hemicontinuity of A follow from (A1) and (A2).
(ii) Monotonicity and coercivity of A follow from (A2) and (A3).
(iii) Boundedness of A follows from (A3).

Therefore, we know (2.2.5) has a unique solution.
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For general ¢ € L*([0,T];U), we can find a sequence of ¢" € L>([0,T]; U) such that
¢n — ¢ strongly in  L*([0, T]; U).

Let 2™ be the unique solution to (2.2.5) corresponding to ¢". We will show {z"} is a
Cauchy sequence in C([0,T]; H) N L*([0,T]; V). By using (A2) we have

e = 2 =2v- (At ) — Al 27), 2 — ")y
+2(B(t, )¢ — B(t, )0/, 2 — 2" )
<2v-(A(t,27) — A(t,2"), 27 — 2" )v + |1 B(t,27) — B(t, 273
Pl — 25 + 20 — 27, B, 27)6) — B(t, 2") " )u (
< = dllar = A% + (K + 1071012 — 2715
+2[B*(t, ") (2" = 2") lullof = oi"llu
< =dllar — "% + llor — oIl

+ (B + 107115 + 1B 2M)I2) 12 — 2" 1%,

2.3.4)

where B* denotes the adjoint operator of B and we also use the fact

1B* ey = 1 Bllway < [IBlf2-
Then by Gronwall’s lemma we have
T T
o == < e { [+ 16l + 1B ar) [l — ol 239)
0 0
By a similar argument we arrive that
d n n n n n n
a“zt 17 =2v-(A(t, 27'), 2" )v + 2(B(t, 20) 07 2 )
5 (2.3.6)
< =5l ME + OO+ 12217) + et o= -
Then by Gronwall’s lemma and boundedness of ¢" in L*([0,T]; U) we have

T
|2"|| < C'exp {/ (C+ oM7) dt} (|lz]|3 +T) < Constant < cc. (2.3.7)
0

Therefore,
T T
/ IB(t, )12t < c/ (14 =715 + 1= ¢) dt < Constant < co.  (2.3.8)
0 0
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Combining (2.3.5),(2.3.8) and ¢" — ¢ we can conclude that {z"} is a Cauchy sequence
in C([0,T]; H) N L*([0,T]; V), and we denote the limit by 2¢.

Then by repeating the standard monotonicity argument (e.g.[Zei90, Theorem 30.A])
one can show that z? is the solution to (2.2.5) corresponding to ¢. And (2.3.3) can be
derived from (2.3.5).

Now the proof is complete. (]

The following result shows that I defined by (2.2.7) is a good rate function.
Lemma 2.3.2 Assume (Al) — (A3) hold. For every N < oo, the set

- {7 ([ o) 05

is a compact subset in C([0,T]; H) N L*([0, T]; V).
Proof. Step 1: we first assume B also satisfies (A5). By definition we know

T
Ky={=oe 010 [ lolias< v},
0
For any sequence ¢" C Sy, we may assume ¢" — ¢ weakly in L*([0,T]; U) since Sy is
weakly compact. Denote z" and z are the solutions to (2.2.5) corresponding to ¢" and ¢
respectively. Now it is sufficient to show 2" — z strongly in C([0,T]; H) N L*([0, T]; V).
From (2.3.4) we have

t
lo — %+ 6 / 27— zflgds
0 (2.3.9)

t

< / (K 4+ 0712120 — 2lfds + 2 / (27— 20, B(s, 22) (87 — ) s,
0

0
Define

= [ Bz - o.ds
By (A5) and (2.3.8) we know h™ € C([0,T1]; Vp) and

T
sup W7l < / 1B(s, 2) (6" — 6,)lvods

te[0,T]
T e 12 (2.3.10)
g(/ ||B<s,zs>|r%w,v0>ds) (/ wf;—@uéds)

< Constant < oo.
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Since the embedding Vy C V is compact and ¢™ — ¢ weakly in L*([0,T];U), it is easy
to show that A" — 0 in C([0,T]; V') by using the Arzela-Ascoli theorem (see e.g. [BDOO,
Lemma 3.2]) (more precisely, this convergence may only hold for a subsequence, but it is
enough for our purpose since we may denote the convergent subsequence still by A™). In

particular, A" — 0 in C([0,T]; H) N L*([0, T]; V).

Moreover the derivative (w.r.t. time variable) is given by
(he)" = B(s, 2:)(d¢ — ).
As in Lemma 2.3.1, we may assume ¢", ¢ € L>°([0,T];U) first. Then by (A3)

[y

_a
a—1
v ds

N T
CTds < [ B(s,2) (6" — o
: s_/ou (5, 2)(67 — &)

T
<c / (1+ 2 ]8) ds (23.11)
0

< Constant < oo.

Hence (h")' is an element in La-1([0,T]; V*).

By [Zei90, Proposition 23.23] we have the following integration by parts formula

t t
(6 = ahthn = [ vl = ) s + [ ()22 = s
0 0
Hence one has

/0 (27 = 20, B(5,2) (6" — 2))adls

t
(e = s = [ ) s
0

t
=(2f — 2z, hi')m — / ve(A(s, 2) — A(s, z,), K™ vds (2.3.12)
0

t
- / (B(s, 27)6" — B(s, )0, 1) s
0
:Ifl + [2 -+ 13.
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By using the Hélder inequality, (A3) and (2.3.7) we have
I < n e < 1 n 2 h 2
v = =zl AR < M2 = 2ol + 1R 1

t
B< [ 1AG ) = Al 2l

< / 1A(s, ) — A(s, )| ;:ds) ( / ||h”||vds)
< ([ e+l + 121 ) ( A ||h"||vds)
SC(/OtHh:H%ds)i,

t
< [ 1B, 206 = Bls, 2ol s
0

h? Hvds

< sup [|A7lx / 1B, Bls, )1 s

s€[0,t]

1/2 ‘ 1/2
< SL[1p]||hZ||H {Nw (/ I1B(s, ||2ds) LN (/ ||B(s,zs)||gd8) }
s€(0,t 0

< C sup ||h{||u,
s€[0,¢]

(2.3.13)

where C'is a constant (changing from line to line) and we use the following estimate
t
/ | B(s, 21 |l3ds < C/ (1+ (|22 + Iz27]l5) ds < Constant < cc.
Combining (2.3.9) and (2.3.12)-(2.3.13) we have

t
Iaf = alfy +8 [ a2 = zlpds
0

t
<cf <1+Hqszuéwzs—zsuzdsw<s1[1p it + sup zt+ ([ tsas)” )
(2.3.14)

Then by Gronwall’s lemma and L?-boundedness of ¢", there exists a constant C' such that

T :
uz”—zusc<s;1p N ( / th:uads) )
sel0
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Since h" — 0 in C([0,T); H) N L*([0,T]; V'), we know 2" — z strongly in C([0,7]; H) N
L*([0,T]; V) as n — 0.
Since Lemma 2.3.1 shows that the convergence of the corresponding solution z? is uni-

form on Sy w.r.t. the approximation on ¢, the conclusion in the case ¢", ¢ € L*([0,T];U)

can de derived by the proof above and a standard 3e-argument.

Step 2: Now we prove the conclusion for general B without assuming (A5). Denote

zf ., the solution to the following equation

dzlf? n
dt

= A(t, zfn) + P, B(t, zfjn)gbt, zg’

?n_x7

where P, is the standard finite dimensional projection (see (A4) and section 4 for details).

By using the same argument in Lemma 2.3.1 we can prove

T
sup 122 — 2°|1% + 8 / 122, — 20l|2ds
te[0,T 0

. . (2.3.15)
<o { [ (& 2lodiiasy [0 - PIBG DR

Since B(+,-) are Hilbert-Schmidt (hence compact) operators, then by the dominated con-

vergence theorem we know
T
/ (I — P,)B(s,2?)||3ds — 0 as n — oo.
0

Hence 22 — 2% in C([0,T); H) N LY([0,T];V) as n — oo. Moreover, this convergence is
uniform (w.r.t ¢) on bounded set of L?*([0,T]; U), which follows from (2.3.15) and (2.3.8).

Note that P, B satisfies (A5), by combining Step 1 with a standard 3e-argument we
can conclude that z" — z strongly in C([0,T]; H) N L*([0,T]; V') for general B.

Now the proof is complete. (]

Lemma 2.3.3 Assume (Al) — (A3) and (A5) hold. Let {v°}.~o C Ay for some N < cc.

Assume v¢ converges to v in distribution as Sy-valued random elements, then

1 .
g° (W + —/ vgds) — g’ (/ ’USdS)
€Jo 0

in distribution as € — 0.
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Proof. By the Girsanov theorem and uniqueness of solution to (2.2.3), it is easy to see
that X :=g¢° (W. 4 % [, vSds) (the abuse of notation here is for simplicity) is the unique

solution to the following equation
dX; = (A(t, X5) + B(t, X )v;) dt + e B(t, X{)dW,, X = x. (2.3.16)

Now we only need to show X¢ — 2" in distribution as ¢ — 0. We may assume ¢ < %, by

using Itd’s formula, Young’s inequality and (A2) we have
dIXT = 217 =2 (A, XT) = At /), X7 = 2])vdt

+2(X] — 2, (B(t, X;) — B(t, z)))v; + B(t, z))(v; — vy))gdt
+ 2| B(t, X;)|13dt + 2e(X; — 2, B(t, X;)dWy) i

< (20 (At XF) — At 2), X7 — 2))v + || B(8, X5) — B(t, 2)3) dt
+ 205 I1XF — 25 dt + 2(XF — 2, B(t, ) (vf — vi))mdt
+26%|| B(t, 2})||3dt + 2e(X; — 2, B(t, X;)dWy)

<[0T = 2209 + CO A+ Il IXT — 217 + 21 B(t, 27) 3] dt
+ 2(X7 — 2, B(t, 2))(v; — vy))gdt + 2e(X] — 27, B(t, X;)dW,) 5.

(2.3.17)

Similarly we define
t
= [ Bls. e - v
0

then we know that h° — 0 in distribution as C'([0, T; V')-valued random elements, conse-
quently also in C([0,7T]; H) N L*([0,T]; V). Note that

2X7 — = by = |1X7 — 2+ hilly — I1XT — 22l — gl
By using 1t0’s formula for corresponding square norm we can derive that
t
[ = 2 B 0 - s
0
t
=(X; — 2, hi)m — / v (A(s, X3) — A(s, 27), h)yds (2.3.18)
0
t t
_ / (B(s, X)0f — B(s, 2" )vs, he) s — g/ (B(s, X)W, b,
0 0
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By using a same argument as in (2.3.13) we obtain
t
X = 2 B 05— s
0

1 t
<qIXE = =0+ s A1 =< [ (Bs, X)W )

s€0,t]

+0(/0t<+uz I+ 1XE))d ) (/ anvds)
+C s HhEHH{(/Otums,xsm%ds)lm (/ 15,2 s /2}.

Hence from (2.3.17)-(2.3.19) we have

(2.3.19)

t
12— 2% 46 / 1XE — 2 s
0

t
Scl/ (L + [l X5 = 2217 ds + ca(e” + sup [RS]E)
0

56[ )t

t
+c3 (1+/ HXjH?‘/ds) (/ HhEHVds> (2.3.20)
0
1/2
Feasip thuﬂ{w( [ i) }
s€[0,t]
t

+%/¢ﬁ—4—@3@&mmm,

0

where we used the estimate (see (2.3.6)-(2.3.8)) that there exists a constant C' such that

T T
/|B@£W®+/|%W%§C,w”
0 0

By applying Gronwall’s lemma we have

t
sup [IX2 — 22|13 +6 / 12— 22 lads
0

s€0,t]

a—1 1
¢ a2 ¢ =
< c[eu sup [|AE]% + (1+ / ||X§||%ds) ( / IIhillo‘vds)
s€[0,t] 0 0
t 1/2
T sup ||hz||H{1+ ( / ||X§||%Ids) }+ sup
s€[0,t] 0 u€l0,]

41

5/ (X:— 20— hS, B(s, X5)dW) i
0

|

(2.3.21)



Define the stopping time

t
Me _ing {t <T: sup HXSEH%I —|—/ | XE||ods > M} ,
0

s€[0,t]

then by the Burkhoélder-Davis-Gundy inequality one has

eE  sup

te[0,7Me]

gggE{ /

T]\/I,s
SB&E{ sup 12— 21~ kil + C (1+1\X§\|z+|rxsr\%)ds}
0

s€l0,7M:e]

t
/ (XE — 2* — he, B(s, X)dW.) s
0

TM,E

1/2
15 — 2 = hEll711B(s, X7)l2ds
(2.3.22)

<Ce —0 (¢ —0).
By using a similar argument with (2.3.17) we have
3 5 gl € € € € 3
AlIXF N5 < = IXEITE+ OO+ X7 + o7 151X 17 de + 26X, B(t, X7)AWa)a,

where C'is a constant. Repeat the same argument in [KR79, Theorem 3.10] we can prove

€€[0,1) te[0,T

T

sup E{ SUP] ||Xf||§1+/ ||Xf||‘$dt} < 0.
0

Hence there exists a suitable constant C' such that

C
liminf P{r"* =T} > 1 - 7 (2.3.23)

e—0

Recall that h* — 0 in distribution in C([0, T]; H)NL*(]0,T]; V'), combining with (2.3.21)-

(2.3.23) one can conclude

T
sup X = 371+ [ I = 315t — 0 (¢ - 0)
t€[0,7] 0

in distribution. Hence the proof is complete. ]

Remark 2.3.1 According to Lemma 2.1.1, Lemma 2.5.2 and Lemma 2.3.3, we know that
{X¢} satisfies the LDP provided (A1) —(A3) and (Ab5) hold. By using some approximation

arguments in next section, we can replace (A5) by the weaker assumption (A4).
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2.3.2 Replace (A5) by the weaker assumption (A4)

Suppose for any fixed n > 1, H,, C V is compact and P, : H — H,, is the orthogonal

projection. Let X, be the solution to
AXE" = A(t, XM At + Py B(t, XE™)dW,,  XE™ = x. (2.3.24)

Since P, B satisfies (A5), according to Remark 2.3.1 we know {X*"} satisfies LDP pro-
vided (A1)—(A3) hold. Now we prove that { X"} are the exponential good approximation
to {X¢} if the following additional assumption holds.

(A4)

a,:= sup ||P.B(t,v) = B(t,v)||3 = 0 (n — o).
(t,0)€[0,T]xV

Lemma 2.3.4 If (Al) — (A3) and (A4’) hold, then for any o > 0

lim sup limsup e? log P (p(X¢, X*") > o) = —o0, (2.3.25)

n—oo e—0

where p is the metric on C([0,T]; H) N L*([0,T]; V) defined in (2.2.4).

Proof. For ¢ < , by using the It6 formula and (A2) we have

dXE = X7 % = 20- (At X7) — A(h X", X7 — X"yt
(Bt X7) — PuB( X3+ 22(X7 — X7, (B(t, X7) — PoB(t, X{™) AW

Define
t
1XE = X5 = |1XG — XE"|% + 6 / 1XE — X5 ¢ ds.

Note that
t
Mt(") = / (X5 — X" (B(s, X)) — P,B(s, X;™)dWi) g
0

is a local martingale and its quadratic variation process satisfies
t
(M), < 2/ 1X5 = XS5 (1B (s, X3) — B(s, X2l + an)ds.
0

43



Let ©p(y) = (a, +y)? for some § < %5, then by (A2)

42>
dee (| X5 — X7"1) < 0an + X7 = X7 D7 (Al X7 — X" 1% + 01 X7 — X7"(|5dt)
+4£20(0 — 1) (an + || X7 = X7"ID2IXF = X" (1B X5F) — Bt X7l + an) dt
<Clpy (| X7 — X7"[]) dt + dB,
(2.3.26)

where C' is a constant and f3; is a local martingale. By a standard localization argument

we may assume [; is a martingale for simplicity. Let 6 = 45% we know

C € e,n
Vo= exp |~ ot o (1XF = X271

is a supermartingale. Hence we have

P (p(X°, X5") > 20)

T
<P ( sup [|X7 — Xy ||l > a) +P (/ X5 = X7 ([vde > a“)
te[0,7T 0

1

C 1 C
<P ( sup N; > exp [—4—T1 (0 + an)452> +P < sup N; > exp [—4—82T} (00 + ay,)2?

2
t€[0,7] € t€[0,7]

C 1 C 1
S exp |:4—€2T‘| (0'2 + an)igENO + exXp |:4—€2T:| ((50-04 + an)meNo

C T anp 4%2 A, 4%2
R o2+ a, * 0c® + a, ’

This implies that

CcT a a
1i 210e P (p(XE, X)) > 20) < — 1 "] n .
imsup e log (p(X*, X*") > 20) < — +maX{0g02+an, 0g50a+an}

Since (A4') says a, — 0 as n — o0, (2.3.25) holds and the proof is complete. l

Corollary 2.3.5 If(Al)—(A3) and (A4') hold, then { X¢} satisfies the LDP in C([0,T); H)
L*([0,T; V') with the rate function (2.2.7).

Proof. According to [Wu04, Theorem 2.1] and section 3 one can conclude { X<} satisfies
the LDP with the following rate function

I(f) :=supliminf inf I™(g) =suplimsup inf I"(g),
(f) r>13 n—oo  geSr(f) (g) T‘>:E) n—»oopgesr(f) (g>
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where S,.(f) is the closed ball in C([0,T; H) N L*([0,T]; V') centered at f with radius r
and I™ is given by

1 T
I"(2) = mf{i/ |psl|Fds = 2z =2™%, ¢ € LQ([O,T],U)}, (2.3.27)
0
where 2™ is the unique solution to following equation
Fr A(t, z') + P B(t, 20" )¢y, 2 = .

Now we only need to prove I = I, i.e.

I(f) =supliminf inf I"(g).

r>0 M=o geSy(f)

We will first show that for any r > 0

I(f) > liminf inf I"(g).

n—00 gesSr(f)

We assume [(f) < co. By Lemma 2.3.2 there exists ¢ such that

1 T
F=stand 1) =5 [ lolas

Since z™? — 2%, for n large enough we have

fn = 2"% € S,(f).
Noting that I"(f,) < %fOT |#s]17,ds, hence we have

liminf inf I"(g) <liminf I"(f,) < I(f).

n—oo geS,(f) R0

Since r is arbitrary, we have proved the lower bound

I(f) > supliminf inf I"(g).

r>0 n—=00 geSy(f)

For the upper bound we can proceed as in finite dimensional case in [Str84, Lemma 4.6]
to show

limsup inf I" > inf [
nﬂoopgesr(f) (g)_gesr(f) (g)
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Hence we have

suplimsup inf I"(g) >sup inf I(g) > I(f).
7'>Ig nﬂoopgesr(f) (g) 7«>"E))gesr(f) <g)— (f)

Now the proof is complete. l
In order to replace assumption (A4’) by (A4), we need to use some truncation tech-

niques.

Lemma 2.3.6 Assume (Al) — (A4) hold, then

) T
lim limsupe®log P( sup || X7/ + 2/ | X7 |5 dt > R) = —o0. (2.3.28)

R—oo <0 t€(0,7)

Proof. By using the It6 formula we have
AIXFN7 = (2v- (A, X7), XP)v + (| B(t, X7)|3) dt + 2e (X7, (B(t, X7)dWe)

Note that M™ := J3(XE, B(s, X2)dW,) yr is a local martingale and
¢
n €12 €\||2
1 < [ IXEBIBGs, XD .
0

Define
& € 5 ! Ella
IXE = X + 5 [ 1El5ds, ealo) = (10", 0>,

then for 6 < by (A2) and (A3) we have

227

3 13 — 13 5 |l
ApalIIXED <601+ 1710 (@l + 51515t

e\ 0— e e 2.3.29
+ 222000 — 1)(1+ | X2 )21 X231 B¢, X7)| 2t (2:3.29)

<Chpy(|| X7 [)dt + d,

where (; is a local martingale. We also omit the standard localization procedure here.

Let 0 = ﬁ we know

C
Noi= exp | 505t s, (1E1)

;
2
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is a supermartingale. Hence we have

€ 5 g el
P ( sup 71+ 5 [ 1> R)
0

telo, T

C
<P ( sup N; > exp {—Q—EZT} (1+ R)2el2>

t€[0,T

C
<exp [2—€2T] (1+ R) #2EN,

C 1\
=oxp [Q—T] (—1+R) :

This implies that

1 1 cT
limsupe?logP | sup || X5 >R)| < =1lo + —.
nsupe-log (te[o}?ﬂl\ ll > 508 TR T

Therefore, by letting R — oo we have (2.3.28). "
After all these preparations, now we can finish the proof of Theorem 2.2.1.

Proof of Theorem 2.2.1: Define £ : V — [0, 1] be a C§°-function such that

0, if ||v||g > 2,

L, if [jvl|lg < 1.
Let {nv(v) = £(5) and
By(t,v) = En(v)B(t,v) + (1 — En(v))B(t,0).
Consider the mollified problem for equation (2.2.3):
dX:y = A(t, X7 y)dt + By (t, Xy )dW,, Xo = 2. (2.3.30)

It is easy to see that A, By satisfy (A1) — (A3) and (A4’), since in this case (A4) implies
that for By

a, = max{ sup  [|(I = Po)B(t,v)ll3, sup |[(I - Pn)B(tao)Hi} — 0(n — o0).
(tv)

G[O,T}XSQN tG[O,T]
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Hence by Corollary 2.3.5 we know { X§ }.>¢ satisfies the LDP on C'([0, T|; H)NL*([0, T}; V)

with the following mollified rate function

1

T
In(2) = mf{—/ los|/Zds: z2=2%, o€ LQ([O,T],U)}, (2.3.31)
2 Jo

where zf\’, is the unique solution to the following equation

dZt,N
dt

= A(t, ze.n) + By(t, zeN) b1, 2on = .

Let N — oo, then the LDP for {X¢} can be derived as follows, which is similar to the
finite dimensional case (cf.[Str84, Theorem 4.13]).

According to Lemma 2.3.2, I defined in (2.2.7) is a good rate function. Note Iy(z) =
I(2) for any z € C([0,T]; H) N L*([0,T]; V) satisfying

[2]l7 := sup [|z]lm < N.
te[o,T

We first show that for any open set G C C([0,T]; H) N L*([0,T]; V)

. 2 c > ‘
lllslllglfg logP (X° € G) > erelgf(z)

Obviously, we only need to prove that for all Z € G with Zg = =
lim inf e?logP (X° € G) > —I(%).
Choose R > 0 such that ||Z||z < R and set
Nr={z € C([0,T]; H) N L*([0, T[; V) : [|z[lr < R},

then we have
limiéqfe2 logP (X° € G) > limiglf52 logP (X° € GN Ng)
= 1imig1f52 logP (X5 € GN Ng)
S _
2 ey, V)

> —I(%).
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Finally, for any given closed set F' and constant L < oo, by Lemma 2.3.6 there exists R
such that

limsupe®log P (X® € F) < limsupe®log (P(X® € F N Ng) + P(X° € Nj,))

e—0 e—0

< (= inf In(2))V(-L)

2€FNNg

<~ mtre)aL].

zeF
Taking L. — oo we obtain
limsupe®logP (X € F) < — ingl(z).
e—0 ze

Now the proof of Theorem 2.2.1 is complete.

2.4 Applications to different types of SPDE

Now we can apply the main results to different types of stochastic evolution equations
as examples. In order to verify the strong monotonicity assumption (A2) we need the

following lemma.
Lemma 2.4.1 Let (E,(-,-),| - ||) be a Hilbert space, then for any r > 0 we have

(lall"a = |[bl|"b,a — b) > 27" |la — b|"*2, a,b € E. (2.4.1)

Proof. By the symmetry of (2.4.1) we may assume ||a|| > ||b||. Then

(lall"a = [|0[]"b, a — b)
= [Ibl"lla = I1* + (llal” = [1b]")(a, @ — b)
T T T 1
= (bl lla =8I + Clall” = 1817 - 5 (llall® + fla = BI* — [1b1*)

1
> [l lla = bl + 5 (llall” = 1617 la — bl*

1 T T
= S(llall” + 1) lla — bl
> 277 |la = bl"?,

since ||a — b||" < 2" *(||al|” + [|b]]"). )
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The first example is to obtain the LDP for a class of reaction-diffusion type SPDE

within the variational framework, which improves the main result in [Cho92].

Example 2.4.2 (Stochastic reaction-diffusion equations)
Let A be an open bounded domain in R? with smooth boundary and L be a negative definite

self-adjoint operator on H := L?(A). Suppose
Vi=D(V-L), |vlv:=Ilv-Lv|u

1s a Banach space such that V. C H 1is dense and compact, and L can be extended to
a continuous operator from V' to its dual space V*. Consider the following semilinear

stochastic equation
dX; = (LX; + F(t, X;))dt + eB(t, X;)dW;, X; =2 € H, (2.4.2)
where Wy 1s a cylindrical Wiener process on another separable Hilbert space U and
F:0,T|xV —=V* B:[0,T]| xV — Ly(U; V).
If F' and B satisfy the following conditions:

2V* <F(t>u) - F(t,U),’U, - U>V + HB(t,U) - B(t,'l])”g < CHU - UH%{?
sup |B(t,0)l2 < oo, [[F(t,v)]

telo,T

where C'is a constant, then {X¢} satisfies the LDP on C([0,T); H) N L*([0,T]; V).

(2.4.3)

ve <O A llv), wv eV,

Proof. From assumption (2.4.3) we can obtain that
1B, v)ll2 < CQ+[Joll +vlv), veV,

i.e. (A4’) holds. And it is also easy to show (Al) — (A3) hold for & = 2. Hence the

conclusion follows from Theorem 2.2.1 and Remark 2.2.2. n

Remark 2.4.1 (1) We can simply take L as the Laplace operator with Dirichlet boundary
condition and F(t, X;) = —| X|P2 X (1 < p < 2) as a concrete example.

(2) Comparing with the result in [Cho92, Theorem 4.2] (only time homogeneous case
was studied), the author in [Cho92] needs to assume F' is local Lipschitz and have more
restricted range conditions:

F:[0,T] xV — H.

20



In our example we can allow F to be monotone and take values in V*. Another difference

is we also drop the non-degenerate condition (A.4) on B in [Cho92].

(8) Note here one can also take B : V. — Lo(U; H) with locally compact range (see
Remark 2.2.1), which seems not allowed in [Cho92, Theorem 4.2]. In particular, B(-,u)
may depend on the gradient of .

The second example is stochastic porous media equations, which have been studied
intensively in recent years (see e.g.[DPRRW06, RRW07, RWWO06, Wan07]). The porous
media equation can be used to describe the flow of an isentropic gas through a porous
medium [Mus37] or to model the heat radiation in plasmas [ZR66]. Other applications
have been proposed in mathematical biology, water infiltration, lubrication, boundary
layer theory and other fields (cf.[Vaz07, Vaz06]). In the following example we use the
same framework as in [RWWO06, Wan07] for simplicity.

Example 2.4.3 (Stochastic porous media equations)

Let (E, M,m) be a separable probability space and (L, D(L)) be a negative definite self-
adjoint operator on (L*(m), (-, -)) with spectrum contained in (—oo, —X\o] for some \g > 0.
Then the embedding

H':=D(V-L) C L*(m)

is dense and continuous, and H is defined as the dual Hilbert space of H' realized through

this embedding.

For fized r > 1, we assume L™ is continuous on L' (m). Now we consider the
following Gelfand triple
Vi=L"(m)CHCV*

and the stochastic porous media equation
dX; = (LY(t, X7) + (¢, X;))dt + eB(t, X;)dW,, X5 =2 € H, (2.4.4)

where Wy is a cylindrical Wiener process on L*(m), U, ® : [0,T] x R — R are measurable

and continuous in the second variable.

Suppose L*(m) C H is compact and B : [0,T] x V' — Lo(L*(m)). If there exist two
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constants 6 > 0 and K such that

|U(t, )| + |P(t,z)| + | B(t,0)|l. < K(1+|z|"), te|0,T],z€R;
— (U (t,u) — U(t,v),u —v) — (®(t,u) — ®(t,v), L (u —v))
< =dflu —olli + Kllu — vl;

||B<t7u) - B(tvv)H% < KHU - UH%{, te [O,TLU,U eV.

(2.4.5)

Then {X¢} satisfy the LDP on C([0,T]; H) N L™([0,T]; V).
Proof. From the assumptions and the relation
ve(LO(t,u) + ®(t,u), u)y = —(D(t,u),u) — (D(t,u), L™ u),

it’s easy to show that (A1) — (A4) hold for @ = r+1 from (2.4.5). We refer to [PR07, Ex-
ample 4.1.11] for the details, see also [DPRRW06, RWW06, Wan07]. Hence the conclusion

follows from Theorem 2.2.1. n

Remark 2.4.2 (1) If we take L as the Laplace operator on a smooth bounded domain
i a complete Riemannian manifold with Dirichlet boundary condition, then one simple

example for U and ® satisfying (2.4.5) is given by
U(t,x) = f()|=[ a(r > 1), O(t,2) = g(t)z

for some strictly positive continuous function f and bounded function g on [0,T].

(2) This example generalized the main result in [RWWO06, Theorem 1.1] where the
LDP was obtained for stochastic porous media equations with additive noise. For the
proof in [RWW06] the authors mainly used the piecewise linear approximation to the path
of Wiener process and generalized contraction principle, which would be very difficult to

be extended to the present multiplicative noise case.

If we assume 0 < r < 1 in the above example (cf.[LW08, RRWO07]), then the corre-
sponding equation turns into the stochastic version of classical fast diffusion equations.
The behavior of the solutions to these two types of PDE have many essentially different
aspects, see e.g. [Aro86].
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Example 2.4.4 (Stochastic fast diffusion equations)
Consider the same framework as Example 2.4.3 for 0 < r < 1 and assume the embedding

V := L™ (m) C H is continuous and dense. We consider the following equation
AX7 = {LU(t, XE) + 0 XE Yt + eB(t, X2)dW,, X5 =z € H, (2.4.6)

where n : [0,T] — R is locally bounded and measurable, ¥ : [0,T] x R — R is measurable
and continuous in the second variable, Wy is a cylindrical Wiener process on L*(m) and
B :[0,T] x V. — Ly(L*(m)) are measurable.

Suppose there exist constants § > 0 and K such that for all z,y € Rt € [0,T] and
u,v €V
(W ()| + 1 B(0)]l2 < K(1+ |2[");
(T(t,2) = U(t,y)) (@ —y) = oo —y* |z v y))
1B(t,u) = B(t,v)]z < Kllu— vl
1Bt Wl L2m)vey < K1+ [|ully).

8

(2.4.7)

Then {X¢} satisfy the LDP on C’([O,T]; H).
Proof. Note that

V= <L\Ij(t7 ’LL) + 77tU>U>V = _<‘Ij(t7 U),U>L2 + <77tu7 U>H7

then it is easy to show (A1), (42'), (A3) and (A4) hold for a = r+1 under the assumptions
(2.4.7). Then the conclusion follows from Theorem 2.2.2. "

Remark 2.4.3 (1) In particular, ifn = 0, B =0 and ¥(t,s) = |s|""'s for somer € (0,1),
then (2.4.6) reduces back to the classical fast diffusion equations (cf.[Aro86]).

(2) In the example we assume the embedding L™ (m) C H is continuous and dense
only for simplicity, we refer to [LWO08] and [PRO7, Remark 4.1.15] for some sufficient
conditions of this assumption. But in general L' (m) and H are incomparable, then one

need to use the more general framework as in [RRWO07] involving with Orlicz space.

Example 2.4.5 (Stochastic p-Laplace equation)

Let A be an open bounded domain in RY with smooth boundary. We consider the triple
V= HY?(A) C H := L(A) C (HJ?(A))"
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and the stochastic p-Laplace equation
dX; = [div([VX; PV X]) — ne| X[ P2 X[ dt + eB(t, X;)dW,, X5 =2 € H, (2.4.8)

where 2 < p < 00,1 < p < p, nisa positive continuous function and Wy is a cylindrical

Wiener process on H. If
N

B(t,v) = bi(v)Bi(t), (2.4.9)

i=1
where b;(+) : V. — R are Lipschitz functions and B;(-) : [0,T] — Lo(H) are continuous,
then {X¢} satisfy the LDP on C([0,T]; H) N LP([0,T]; V).

Proof. The assumptions for existence and uniqueness of the solution was verified in
[PRO7, Example 4.1.9] for & = p. Hence we only need to prove (A2) here. By using
(2.4.1) in Lemma 2.4.1 we have

v (div(|VulP"2Vu) — div(|Vo|P2Vo), u — v)y
= — //\(\Vu(xﬂszu(x) — |Vo(z) P *Vo(x), Vu(r) — Vo(z))geda

IN

—2P /A|Vu(x) — Vou(z)[Pdz

< —cllu—vlfy,

where ¢ is a positive constant and we use the Poincaré inequality in last step.

By the monotonicity of function |z|P~2z we also have
ve (JulP"2u — [v|P 20, u — v)y > 0.
Hence (A2) holds and the conclusion follows from Theorem 2.2.1. "

Remark 2.4.4 (1) For deriving the LDP the main assumption on B is (A4), hence one

can also use other types of conditions as in Remark 2.2.1 for B instead of (2.4.9).

(2) If we take 1 < p < 2 in (2.4.8), then the assumption (A2) does not hold in this
case. Hence like the case of stochastic fast diffusion equations, we should apply Theorem
2.2.2 to derive the LDP on C([0,T]; H) for (2.4.8). We omit the details here.
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The following SPDE has been studied in [KR79, Liu08al, in which the main part of

drift in the equation is a high order generalization of the Laplace operator.

Example 2.4.6 Let A be an open bounded domain in R and m € N,. We consider the
triple
V= HJ'(A) C H = L2(A) C (HJ(A))"

and the stochastic evolution equation

(-1 S (

p—2 8m

"\ —Xf(x)) +F(t,Xf(x))] dt

dX7(z) = Hpm (z)

ox™ ox™

(2.4.10)
+eB(t, X[ (z))dW,, Xi==z¢€ H,

where 2 < p < oo, Wy is a cylindrical Wiener process on H and
F:0,T)xV —=V* B:[0,T]xV — Ly(H)
are measurable. Suppose B(t,v) = QBy(t,v),Q € La(H) and

v (F(t,u) — F(t,v),u — o)y < Cllu— v,
[1Bo(t,u) = Bo(t, )l Limy < Cllu = vl
1E (¢, w) v + 1| Bo(t, )|y < C(L+ [ullf), wv €V, ¢ €[0,T],

where C' is a constant. Then {X¢} satisfy the LDP on C([0,T]; H) N LP([0,T]; V).
Proof. By Lemma 2.4.1 (A2) can be verified by a similar argument as in Example 2.4.5.

Note that (A1), (A3) and (A4) can be proved easily by using the assumptions above, hence

the conclusion follows from Theorem 2.2.1.

25



26



Chapter 3

Harnack Inequality and lts Applications to SEE

In this chapter we establish the dimension-free Harnack inequality and strong Feller
property for the transition semigroups associated with a large class of SPDE. Then the
ergodicity, contractivity (e.g. hyperboundedness and ultraboundedness) and compactness
property are derived for the corresponding Markov semigroups. In particular, exponential
convergence to the equilibrium (invariant measure) and the existence of a spectral gap are
also investigated. The main results are applied to stochastic reaction-diffusion equations,

stochastic porous media equations and the stochastic p-Laplace equation in Hilbert space.

In the first section, we give a brief introduction to the classical Harnack inequality and
the dimension-free Harnack inequality. Since the strong Feller property is proved here by
using a new coupling argument, we also give a short review in section 2 on different
methods of deriving the strong Feller property in the literature. In the third section, the
main results on the Harnack inequality and many resulting properties for the transition
semigroups and invariant measures are established. In the last section we apply these
results to study many concrete SPDEs in Hilbert space as examples. Part of the results

in this chapter have already been submitted for publication, see [Liu08a, Liu08b].

3.1 Introduction to Harnack inequality

These types of inequalities are named after Carl Gustav Axel von Harnack. The

classical Harnack inequality was originally derived for harmonic functions in the plane
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and much later became a very important tool in the general theory of harmonic functions
and partial differential equations, and it also plays an important role in the geometric
analysis and probability theory. We refer to two survey articles [Wan06, Kas07] for more

detailed exposition and references.
In [Har87] Harnack proved the following result in the case d = 2.
Theorem 3.1.1 [Har87] Let u : Br(zo) C R — R be a harmonic function which is

either non-negative or non-positive. Then the value of u at any point in B,.(x¢)(r < R)

15 bounded from above and below by the quantities

()R—r R \%? ; ()R+r R %7
“io R+r \R+r e e T\ R =, '

This assertion holds for any harmonic function and any ball Bgr(zg). Another popular

presentation in textbooks is as follows.

Corollary 3.1.2 For any given domain A C R? and proper subdomain A’ C A there exists

a constant C' = C(d, A, ") such that for any non-negative harmonic function u: A — R

sup u(x) < C inf u(x).
zEN zeA

But it is very difficult to establish a analog estimate for non-negative solutions to the
heat equation. Until 1954, this problem was solved independently by Pini [Pin54] and
Hadamard [Had54]. The following sharp version of the result was obtained by Moser.

Theorem 3.1.3 [Mos64] Let u € C*((0,00) x RY) be a non-negative solution of the

heat equation, then

d/2 2
t _
u(t,x)ﬁu(t%—s,y)( —ZS> exp(u), z,y e RY s> 0.
s

Note that one has to use time-shift in the comparison estimate. As in the elliptic case, a
very important consequence of the Harnack inequality is that bounded weak solutions to
parabolic equation are locally Holder continuous. Another major breakthrough in Harnack
inequality was obtained by Krylov and Safonov, where they established the parabolic and

elliptic Harnack inequalities for partial differential operators in non-divergence form.

o8



Now we turn to Harnack inequality in the non-Euclidean case. Bombieri and Giusti
proved the Harnack inequality for elliptic differential equations on minimal surfaces us-
ing a geometric analysis technique and Yau proved the elliptic Harnack inequality for
Riemannian manifolds. Here we only present the well-known Li-Yau’s parabolic Harnack
inequality, which was established in [LY86] for the Riemannian manifolds with Ricci cur-
vature bounded from below. Then we will explain the reason why a new type of Harnack

inequality is needed in applications, especially for infinite dimensional models.

Let M be a d-dimensional compact connected Riemannian manifold such that for some
constant K >0
Ric(X,X) > —K|X|*, X eTM,

where Ric is the Ricci curvature. Let P, := e'®(t > 0) be the heat semigroup.

Theorem 3.1.4 [LY86] For any s,t >0, p > 1 and nonnegative f € Cy(M) we have

pp(x,y)? N pdKs
4s 4(p—1)]°

x,y € M,

s pd/2
Pi) < (Pt ) (S50) e

where p(x,y) is the Riemannian distance between x and y.

This inequality has been widely used in the geometric analysis, for instance, to esti-
mate heat kernel, first eigenvalue and log-Sobolev constant etc. Moreover, this parabolic
Harnack inequality also reflects some properties on the structure of the underlying man-
ifold. For instance, Grigor’yan and Saloff-Coste proved in [Gri91, SC92| that Harnack
inequality is equivalent to a volume doubling condition and a weak version of Poincaré’s

inequality.

However, Li-Yau’s Harnack inequality involves the dimension of the underlying mani-
fold explicitly in the estimate, hence it is difficult to be extended to infinite dimensional
models. Moreover, the Ricci curvature condition above also excludes many important
models like the Ornstein-Uhlenbeck operator A — x - V on the Euclidean space. Since the
Ornstein-Uhlenbeck process plays a fundamental role in the stochastic analysis, it would
be very useful to establish a new type of Harnack inequality which also works for the oper-
ators without the dimension-curvature condition (cf.[BQ99]) and for infinite dimensional
models. This is the main motivation for the following dimension-free Harnack inequality,

which was first introduced by Wang in [Wan97] for diffusions on Riemannian manifolds.
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Consider L := A + Z for some C'-vector field Z such that
Ric(X,X) — (VxZ,X) > —-K|X|?, X € TM (3.1.1)

holds for some K € R, then the corresponding semigroup P, := e*” satisfies the well-known
gradient estimate
IVP,f| < eX'PIVf], t >0, feCyM).

Theorem 3.1.5 [Wan97] The curvature condition (3.1.1) holds if and only if for any
p > 1 and nonnegative f € Cy(M)

pKp(z,y)?
2(p —1)(1 —e72Kt) |7

(Pif(z))” < (PifP(y)) exp r,y € M,

where p(x,y) is the Riemannian distance between x and y.

Remark 3.1.1 As we explained before, the Ornstein-Uhlenbeck semigroup does not satisfy
Li-Yau’s Harnack inequality (cf.[LW03]) but satisfies the present inequality for K = —1.

This dimension-free Harnack inequality turned out to be a very efficient tool for the
study of finite and infinite dimensional diffusion semigroups in recent years. For example,
it has been applied to study functional inequalities in [Wan99, Wan01, RW03b, RW03a];
the short time behavior of infinite-dimensional diffusions in [AKO01, AZ02, Kaw05]; the
estimation of high order eigenvalues in [GW04, Wan00]; the transportation-cost inequality
in [BGLO1] and heat kernel estimates in [GWO1].

Recently, the dimension-free Harnack inequality was established in [Wan07] for a class
of stochastic porous media equations and in [LWO08] for stochastic fast-diffusion equa-
tions. As applications, an estimate of transition density, ergodicity and some contractiv-
ity properties were obtained for the associated transition semigroups. The approach used
in [Wan07, LWO08] is mainly based on a new coupling argument developed in [ATWO06],
where Harnack inequality was derived for the diffusion semigroups on Riemannian mani-
folds with curvatures unbounded below. The advantage of this approach is that one can
avoid the assumption that the curvature is lower bounded, which was required in many
articles (cf. [AKO1, AZ02, BGLO1, RW03a, RWO03b]) in an essential way and would be
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very hard to verify in the framework of nonlinear SPDE. In this chapter we will estab-
lish the Harnack inequality and many resulting properties for the transition semigroups
associated with a large class of SPDE, which include stochastic reaction-diffusion equa-
tions, stochastic porous media equations and the stochastic p-Laplace equation etc. In
particular, it generalizes the main results obtained in [Wan07] for stochastic porous media

equations.

3.2 Review on the strong Feller property and uniqueness of invariant measures

The strong Feller property (SFP) of Markov semigroup was introduced by Girsanov
[Gir60] in 1960 for the connection with probabilistic potential theory. It’s a very useful
tool in the ergodic theory of Markov process. For example, the strong Feller property
together with (topological) irreducibility imply the uniqueness of invariant measures and
strong asymptotic stability, i.e. the probability law of the process converges to invariant
measure under the total variation norm. Moreover, the strong Feller property may give a
quite complete description of the long time behavior of a Markov process and can be used
to establish a recurrence-transience dichotomy (cf.[MS02]). For more detailed review
on the SFP and the uniqueness of invariant measures we refer to the survey articles
[MS99, MS02, Hai03].

Strong Feller property The strong Feller property may hold for deterministic systems
only in some very special cases, therefore this property indicates that a stochastic system
is sufficiently non-degenerate. For finite dimensional non-degenerate SDE, a standard
way to show the uniqueness of invariant measures is to use the correspondence between
transition densities and the fundamental solution to corresponding Kolmogorov equation.
The smoothing properties of Kolmogorov equation can yield the strong Feller property and
the irreducibility of associated Markov process. Then the classical results in the ergodic
theory of Markov processes, as developed by Doob, Maruyama, Tanaka, Khas'minskii and
others, can be applied to obtain the uniqueness of invariant measures as well as the strong

asymptotic stability.

For infinite dimensional state spaces, there exist also several methods to establish the
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similar results for nonlinear stochastic systems. The SFP had been proved for semilinear
systems by finite dimensional approximations in the early paper of Maslowski [Mas89].
And a controllability method to prove the irreducibility was also developed there. Later
the SFP for reaction-diffusion equations with additive noise was obtained by using the
smoothing properties of mild solutions to the associated backward Kolmogorov equation,
which was established by Da Prato and Zabczyk (cf.[DPZ92c]). For further results we refer
to the works of Goldys et al [GG97, CMG95], where the infinite-dimensional Kolmogorov
equations and their links with invariant measure were deeply studied also. But these

methods mainly works for stochastic equations with additive noise.

Another way of proving the SFP is the Bismut-Elworthy formula, which first appeared
in the paper [DPEZ95] by Da Prato et al. They derived a formula for the directional
derivatives of Markov transition semigroup involving the L?-derivative of the solution
w.r.t. initial condition. Later this approach was extended by Peszat and Zabczyk [PZ95]
to stochastic parabolic equations with multiplicative noise. We refer to [MS99, MS02]
for more references, where this method has been applied to investigate various important
systems such as stochastic Burgers equations, stochastic Cahn-Hilliard equations, two-
dimensional stochastic Navier-Stokes equations and rather general stochastic reaction-

diffusion equations.

By using the Malliavin calculus and Girsanov transformation Fuhrman [Fuh96] proved
the smoothing properties (in particular, SFP and irreducibility) of transition semigroup
associated to stochastic equations. A probabilistic approach for SFP was developed by
Maslowski and Seidler in [MS00], and the main idea is to show the SFP may be preserved

under Girsanov transformations.

The strong Feller property is very efficient for studying the long time behavior of
Markov processes, it usually can give a quite complete description of the qualitative
behavior of the solution to the considered SPDE. But the SFP usually requires that
the stochastic equations are driven by sufficiently non-degenerate noise. However, such
non-degeneracy assumption is not necessary for the uniqueness and stability of invariant
measures. So it is reasonable to find some other methods for studying the long time

behavior of SPDE with degenerate noise.
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Uniqueness of invariant measures Like the finite dimensional case, the uniqueness of in-
variant measures may be obtained from some pathwise stability of the process, which is
often investigated by using the Lyapunov (function) techniques. This method was used by
Ichikawa [Ich84] to establish the uniqueness of invariant measures for stochastic evolution

equations. Later it was further developed by Maslowski, Leha and Ritter etc (cf.[MS99)]).

The dissipativity method (remote start method) was first developed by Da Prato and
Zabczyk in [DPZ92a, DPZ92b] for stochastic equations with additive noise, later it was
extended to multiplicative noise case in [DPGZ92]. We refer to the monograph [DPZ96]

for more systematic description.

Some analytic approaches were also used to study invariant measures for infinite di-
mensional stochastic systems. We refer to [Str93, Zeg95] for the log-Sobolev inequality
method and [BR95, BKR96, BRZ00] for the Dirichlet form techniques.

The coupling method is also a very efficient tool for establishing the uniqueness of
invariant measures for SPDE. This method can be traced back to the Doeblin’s work
[Doe38] on Markov chains and it is one of the main tools in particle systems (cf.[Che04]).
The first use of coupling for SPDE up to our knowledge was due to Mueller [Mue93],
who used this technique to prove the uniqueness of invariant measures for the stochastic
heat equation. Recently, the coupling method has been used to prove the ergodicity and
exponential convergence to invariant measure for the Navier-Stokes equations driven by
degenerate noises [KS01, KS02, Mat99, Mat02]. This method has also been applied in
[Hai02] for the stochastic reaction-diffusion equations, in [DPDTO05] for the stochastic
Burgers equations and in [Oda06] for the stochastic Ginzburg-Landau equations. For
highly degenerate noise, by using the concept of asymptotic strong Feller property, the
uniqueness of invariant measures has been established by Hairer and Mattingly [HMO04,
HMO6] for the 2D stochastic Navier-Stokes equations. We refer to the review papers

[Mat03, Hai03] on this subject for more references.

In this chapter we employ a coupling method to establish the Harnack inequality and
strong Feller property for the transition semigroups of SPDE. The coupling we constructed
here shows some different features with those works mentioned above. For example, the

coupling time usually require to be finite almost surely in the classical coupling approach,
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but in our case the coupling time needs to be less than some fixed time almost surely due

to the special construction.

3.3 Harnack inequality and its applications: the main results

Consider the Gelfand triple
VCH=H"CV*
and the stochastic evolution equation with additive noise
dX;, = A(t, X;)dt + B, dW,, Xo=x € H, (3.3.1)
where W, is a cylindrical Wiener process on U and
A:]0,00) xV xQ—=V*" B:[0,00) x Q— Ly(U, H)

are progressively measurable. We intend to establish the Harnack inequality for the

associated transition “semigroup”
PF(z) = BF(X,(x)), t > 0, @ € H,

where F' is a bounded measurable function on H and X,(x) is the solution to (3.3.1) with
starting point . We need to assume Bi(w) is non-degenerate for ¢ > 0 and w € Q; that

is, Bi(w)y = 0 implies y = 0. Then for any u € V

lyllo, ify €U, By =
JullB, := .
o0, otherwise.

Theorem 3.3.1 Suppose A is hemicontinuous and for a fized exponent o > 1 we have
A, V)| < KA+ |v||&7), veV, (3.3.2)

where K is a constant. If there exist constant o > 2,0 > a — 2 and continuous functions

3,7,€ € C[0,00) such that for anyt > 0,w € Q and u,v € V we have
v (A(t,u) — A(t,v),u —v)y < —6lu—v||$ + ylju — vl|3, (3.3.3)
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[ully = &llull, llullz, (3.3.4)
where &, 0 are strictly positive on [0,00), then P, is a strong Feller operator for any t > 0.

And for any p > 1 and positive bounded measurable function F' on H we have

22-0)
(P,F(y))? < P,F?(z)exp [p—cu oz =yl ] v,y € H, (3.3.5)
where
2+2422
Cit o) = 2(0+2)*"5t
(0 +2—a) [foégsoexpo‘2"f0’yududs]

Let us first explain the main idea of the proof. To prove the Harnack inequality (3.3.5),
for any fixed time T it is sufficient to construct a coupling (X, Y;), which is a continuous
adapted process on H x H such that
(i) X; solves (3.3.1) with Xy = z;

(ii) Y; solves the following equation
dY; = A(t,Y;)dt + B,dW,, Yo =y € H,

for another cylindrical Wiener process W, on U under a weighted probability measure
RP, where W, and the density R will be constructed later by a Girsanov transformation;
(111) XT = YT, a.s..

As soon as (i)-(iii) are satisfied, then we have
PrF(y) = E(RF(Yr)) = E(RF(X7))
< (ERp/(pfl))(pfl)/p(EFp(XT))l/p (3.3.6)
— (ERP/®0= =D/ ppFP ()P,
which implies the desired Harnack inequality (3.3.5) provided ERY®~1) < oo.

Now we construct the coupling process Y;. We take € € (0,1), 5 € C(]0,00); R, ) and

consider the equation

Gi(X: — YY)
1Xe = Yl

where X; := Xy(x) and 7 :=inf{t > 0: X; = Y;} is the coupling time.

v = (A + Lo ) di-+ B Yo =y € (3.7

First we prove that (3.3.7) also has a unique strong solution Y;(y) by using a similar

argument as in [Wan07, Theorem A.2].
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Lemma 3.3.2 [f ¢ € (0,1), then there exists a unique strong solution Y; to (3.3.7).

Moreover, we have Xy =Y, for allt > 7.

Proof. According to Theorem 1.2.1, we only have to verify (H1)—(H4) for the coefficients
of (3.3.7). Let

Xt—u
Altu) = —=t =% 4,
)= i, =l e

Since E sup || X¢||%} < oo, A(t,u) € H and
t€[0,T]

IAGE wllr = X — ully *Lgery,  weV.

Then it is easy to see that (H1),(H3) and (H4) hold.

To verify (H2), it is enough to prove the following monotonicity
(At,z) = Alt,y),z—y)u <0onQ, z,yeV. (3.3.8)
By the symmetry, for a fixed w € it is sufficient to verify (3.3.8) for z,y € V with

1Xe = 2llg < 1Xe = ylla- (3.3.9)

(i) If || X; — z||g > ||z — y||, then by (3.3.9) and the mean-valued theorem we have

e =ylE | IX =yl = 11X = 2l

A R A T o e
eyl Xyl — ol
< TI% el 1% — ]l
el 21X — 2l =yl — wl
< TI% el 1%, — 2l
-2y
A

where in the third step we use the following inequality

(a+0b)" <2 a" +b"), a,b>0, r>0.

(i) If || Xt — z|lg < ||z — y||lm, (3.3.8) can be proved by a similar argument.

66



Therefore, (3.3.7) also has a unique strong solution Y;. Moreover, by (3.3.3) we have
t
HXt - Yi”?{ § HXS - YSH%{ + / (_5u“Xu - YUH% + quHXu - YUH?'{) d’LL

for all 0 < s <t. Hence we have X; =Y, for t > 7 by using Gronwall’s lemma. ]
Now we will prove the coupling time 7 < T a.s. by choosing 3, appropriately in (3.3.7).

Lemma 3.3.3 If 3 satisfies fOT Bye=5 Jordsqy > 2\lx —yl|5, then Xp =Yr, a.s..

Proof. It is easy to show that

¢
el X, — V|| < ||x—y||%1—/ e B (S X = Yall§ + Bull X = Yallfy L puery ) du
0
(3.3.10)
By (3.3.10) and the chain rule we have

€/2 t e rs
{e—fg'ysds”Xt . Yt”?{} S Hx _ yH% _ %/ 686—§fo %duds7 ¢ S AT,
0
If T'< 7(wp) for some wy € 2, then by taking ¢ = T" and using the assumption we have
e T d e T e [t d
e H X (o) — Yalwn) [y < llo = ully = 5 [ Are e <o
0

This implies Xr(wo) = Yr(wp), which contradicts with the assumption T < 7(wp).
Hence 7 < T, 1.e. X7 =Yp,a.s.. (]

Proof of Theorem 3.3.1: Let ¢ = 1— %5 € (0, 1), then by (3.3.10) and (3.3.4) we have

A {113 = Yillje e} < e X = VX~ Vil

< —eb,&e ¢ o vads 1, — Vil
— ||Xt _}/l;Hi;‘O'—Oé—QE (33 11)
ca X =Yg "
= —e0y&e S lords LB gy
& 1%~ Vil
_ mI% vl
|| Xy — Vil
where we take
ﬁg _ Cag(stéftefz-:fg'ysds7 c = 2”1‘ - y”%

e JT(e0,8) e Gl edsqy
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Let

DA AT

By using Holder’s inequality and (3.3.11) we obtain

T e [TBX =Y,
|Gellzrdt = 5 dt
0 o 1Xe =Yilly

oy (TBTIX ViGN 2
§T02</ Bt H t t(UEBtdt>
o X —Yilly

2

=2 [ 2Xd
<177 (Nl —ylF) "
Hence we have
|
Eexp [5 ||Ct||Udt] < 00.
0
Therefore, we can rewrite (3.3.7) as
dY; = A(t,Y;)dt + B,dW,, Yy =y,

where

t
W, = Wt+/ C.ds.
0

(3.3.12)

(3.3.13)

By (3.3.13) and the Girsanov theorem (cf.[DPZ92¢, Theorem 10.14, Proposition 10.17])

we know that {Wt} is a cylindrical Brownian motion on U under the weighted probability

measure RP, where

r=ox | [ tam) - [ il
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Therefore, the distribution of {Y;(y)}icjo,r) under RP is same with the distribution of
{X:(y) }teo,r) under P. Let p" = £, then for any ¢ > 1

, ! vt
B = e[ [ (Gaawy -2 [l
0 0

< [pevte /OT“t’th) g / Il do)]”

8 [EGXP(%/O HCtH?fdt)]T (3.3.14)

< [Ben( B [Migizan]

/ /_ 1 o Z
< exp [P ZDpe2 (e — g 7)),

Letting q | 1 we get

(PrF(y))? < PpFP(z)(ERP)P !

2(2—a) (3315)
< PrF*(a)esp | Cl o)l —ylly” 7 |,

where
2 o—2

200 +2)* 5t o

(0 42— )22 [ [1(6.60% exp(*22 [ du)ds]

C(t,o) =

From (3.3.14) we know that R is uniformly integrable, then by the dominated conver-

gence theorem we have

ImE|R—-1|=Elim|R—-1|=0.
Yy—x

Yy—x

Hence for any bounded measurable function F on H
|PrF(y) — PrF(z)| = [ERF(Xr) — EF(X7)| < |[F|<E[R - 1] = 0 (y — ).
This implies PrF € Cy(H). Therefore, Pr is a strong Feller operator.
Now the proof of Theorem 3.3.1 is complete.

Remark 3.3.1 (1) Note that here we use the framework in [KR79]. One can easily

formulate the similar results under more general framework in [RRWO07, Zha08].
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(2) This theorem covers the main result in [Wan07] for stochastic porous media equa-
tions. Moreover, if we replace || - || in (3.3.3) and (3.3.4) by m(g(-)) for some Young
function g, then this theorem can also be applied to stochastic generalized porous media

equations in [RRW07] involving Orlicz spaces.

(8) The coupling we used here only depends on the natural distance between two
marginal processes. Such a stronger Harnack inequality (the estimate only depends on
the usual norm) provides more information such as the hyperbounded or ultrabounded

property of the associated transition semigroups (see Theorem 3.3.5).

(4) (3.3.4) implies that V' is contained in the range of By (as a operator from U to
H) for fixed t and w. If we assume V = H, then we know By is a bijection map and its
inverse operator is also continuous from H to U. Since By is a Hilbert-Schmidt operator,
then H and U have to be finite-dimensional space. In this case (3.3.4) holds provided By

are invertible.

(5) Stochastic fast diffusion equations in [RRWO07] and the singular stochastic p-
Laplace equation (1 < p < 2) does not satisfy the assumption (3.3.3), but we will establish
the Harnack inequality, strong Feller property and heat kernel estimates in the subsequent

chapters by using more delicate estimates.

Theorem 3.3.4 Suppose the coefficients A, B in (3.3.1) are deterministic and time-
independent. The embedding V- C H is compact and A is hemicontinuous such that

(3.3.2) and (3.3.3) hold.

(i) If v < 0 also holds in the case a < 2, then the Markov semigroup {P;} has an

invariant probability measure p satisfying p (|| - ||$ + el i) < oo for some g4 > 0.

(ii) If a« = 2, then for any x,y € H we have
1X:(2) = Xe(w)|[ 7 < 7|z =yl ¢ >0,

where ¢ is the constant such that || - |3 > col| - ||% holds.

Moreover, if v < cy0, then there ezists a unique invariant measure p of {P,} and for

any Lipschitz continuous function F' on H we have
|P,F(x) — u(F)| < Lip(F)e” @ D2(||z)| g + C), = € H, (3.3.16)
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where C > 0 is a constant and Lip(F') is the Lipschitz constant of F.

(#ii) If « > 2 and v < 0, then there exists a constant C such that
I1X,(a) ~ Xy < lle vl n {Or a2} 150, wyen,

where X(y) is the solution to (3.3.1) with starting point y.

Therefore, {P;} has a unique invariant measure p and for any Lipschitz continuous

function F' on H we have

sup | P F(x) — p(F)| < CLip(F)t =2, t > 0. (3.3.17)

zeH

In particular, if B =0 and Dirac measure at 0 is the unique invariant measure of { P},
then we can take F(x) = ||z||g in (3.3.17) and have

sup || X (2)||zr < Ct a2, ¢ > 0.
zeH

Proof. (i) In the present case, { P;} is a Markov semigroup (cf.[KR79, PRO7]). The exis-
tence of an invariant measure can be proved by the standard Krylov-Bogoliubov procedure

(cf. [PRO7, Wan07]). Let
1 n
[y = —/ oo P dt, n > 1,
n Jo

where d is the Dirac measure at 0. Recall X;(y) is the solution to (3.3.1) with starting
point y, then by (3.3.3) and Gronwall’s lemma we have

1Xe(2) = Xl < €'le —ylly, Yoy € H.

This implies that P, is a Feller semigroup.

Hence for the existence of an invariant measure, it is well-known that one only needs

to verify the tightness of {y, : n > 1}.

Since 7 < 0 in the case o < 2, then by (3.3.3) and (3.3.2) we have

2v-(A(z), z)v < =dllz]|% + |zl +2 v+ (A(0), z)v

(3.3.18)
<0y — O1||||y;
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for some constants 6,6, > 0. By using the It6 formula we have

t

t
X7 < Il )% +/ (= 011 X[I7)ds + 2/ (X, BAW ) m, (3.3.19)
0 0
where ¢ > 0 is some constant which may change from line to line.

Note that M; := f(f(Xs, BdW;) g is a martingale, then (3.3.19) implies that

« 1 " o &
pa(ll - 115) = —/ E[X,(0)[pdt < 7= n > 1. (3.3.20)
nJo 1

Since the embedding V' C H is compact, (3.3.20) implies that {u,} is tight. Hence the

limit of a convergent subsequence provides an invariant measure p of {P,}.

Now we need to prove the concentration property of u. If ¢y is small enough, then by
(3.3.19) and It6’s formula

Qg

t
grollXilly < geollel +/ (e = 01X 5 + acol BIBIX[15) 21Xl 21 s
0

t
+ agg / 1[5 2e0 1Kol (X, BAW,) 4
0

(6731

t
SeﬁoHiBH% +/ (C - CIHXSH?J) T”Xs||?{_2€€0”XSH%dS
0

t
+a50/ 12X, ||52eo el (X, BAW,) g
0

t t
<ecollel +/ (2 — ezl Xalir) ds + OzEO/ X152 el XlE (X, BAW, ) g
0 0
(3.3.21)

holds for some positive constants ¢, c1, ca and c3. Therefore

(oM = l/ Bl X0l qs « 1 12 s
n Jo ~esn ey
Hence we have p(e®l'l7) < oo for some gy > 0. In particular, this implies u(|| - [|%) < oo.

By (3.3.19) there also exists a constant C' such that

1
E / 1X,(2)l3dt < O+ [l2]1%), Vo € H.
0

Therefore
1
u(l - 18) = /H u(de) / E(|X,(2)[¢)dt < C + C /H lelZ(dz) < oo.
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(17) If o = 2, then for any z,y € H

1Xe(2) = Xl < llz —wlli + /0 (—0lIXs(2) = Xl + 71 Xs(2) — Xo(»)]17) ds.

By the Gronwall lemma we have
1X:(2) = Xe(w)IF < 0|z —y||F, Yo,y € H.

If v < ¢od, it is easy to show (3.3.18) still holds. Hence we can show that {P;} has an

invariant measure by repeating the argument in (7). And we also have
tllglo HXt(x) - Xt(y)HH = 07 V;E,y € H.

By the dominated convergence theorem we know for any invariant measure p and any

bounded continuous function F

[P (z) — u(F)| < / E|F(X(z)) = F(Xi(y)|n(dy) — 0 (£ — o0).

H

This implies the uniqueness of invariant measures.

We denote the invariant measure by pu. By (i) we know wu(]| - ||%) < oo, hence for any

bounded Lipschitz function F' on H we have

|PE () = p(F)] < / E|F(Xy()) = F(Xi(y))|n(dy)

H
< Lip(F)e0—e09)? / Iz — yllp(dy)
H
< Lip(F)e(W_CO‘S)t/2 (|z]lg +C), x € H,

where C' > 0 is a constant.

(73i) If & > 2 and v < 0, then there exists a constant ¢ > 0 such that

t
1Xe(2) = Xz < llw = yllz - C/O 1 Xs(2) — Xs(y) || 5ds, ¢ = 0.
Suppose h; solves the equation
h, = —ch?, ho = (||x —yllu +¢)°, (3.3.22)
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where ¢ is a positive constant. Then by a standard comparison argument we have
1Xe(x) = Xe ()} < he < Ct 752, (3.3.23)
where C' > 0 is a constant. In fact, we can define
o1 = hy — | X () — X, (p) |3, T:=inf{t>0: ¢, <0}
If 7 < oo, then we know ¢, < 0 by the continuity.

By the mean-value theorem we have
oz —c [ (W =100 - X)) ds
252—K/tgpsds, 0<t<m,
0
where K > 0 is some constant. Then by the Gronwall lemma we have
pr > e T >0,

which is contradict to ¢, < 0. Hence (3.3.23) holds.

Therefore, for any x € H and bounded Lipschitz function F on H we have

RF@) =PI < [ BIF(X() = FG) () < CLip(F) =

Hence (3.3.17) holds and the uniqueness of invariant measures also follows.
[ |

We recall that {P,} is called (topologically) irreducible if P,1y,(-) > 0 on H for any
t > 0 and nonempty open set M. Let {P;} be a semigroup defined on L?(u), then {P;}
is called hyperbounded semigroup if || Py z2(u)—ri¢n) < 0o for some ¢t > 0; {F;} is called

ultrabounded semigroup if || || z2(u)—ro0(u) < 00 for any ¢ > 0.

Theorem 3.3.5 Suppose the coefficients A, B in (3.3.1) are deterministic and time-
independent such that all assumptions in Theorem 3.3.1 hold.

(i) {P;} is irreducible and has a unique invariant measure p with full support on H.

Moreover, v is strong mizing and for any probability measure v on H we have
lim || P'v — g [Joar= 0,
t—o0
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where || - ||var s the total variation norm and P} is the adjoint operator of P;.
(ii) For any x € H, t > 0 and p > 1, the transition density py(x,y) of P, w.r.t u
satisfies

p—1

2(2—a) “p
Hpt(w,-)!lm(mﬁ{ [ e {—pcu,aww—yuiﬁ ; Wdy)} .
H

(iii) If « = 2 and v < 0, then Py is hyperbounded and compact on L*(u) for some
t>0.

() If a > 2 and v < 0, then P, is ultrabounded and compact on L*(p) for any t > 0.

Moreover, there exists a constant C' > 0 such that

| Pl 2 () Loo (u) < €xp [0(1 +t7a2)|, t>0.

Proof. (i) By the definition of || - |5 and (3.3.4), for any constant K there exists K > 0

such that
{reH: ||z|p <K} C{Bu: uelU; |ullp < F};

{zeH: oy <K}C{zeH: || <K}

Since B is a Hilbert-Schmidt (hence compact) operator, then the following set
{re H: ||z|y < K}

is relatively compact in H, i.e. the embedding V' C H is compact. Hence {P,} has an

invariant measure according to Theorem 3.3.4.

Suppose p is an invariant measure of P;, then by taking p = 2 in (3.3.5) we have

2(2—a)

24
(Pl (2))? / 20t |l

H

u(dy) < /H PAn(y)u(dy) = p(M),  (3.3.24)

where M is a Borel set in H. Hence the transition kernel P;(x, dy) is absolutely continuous

w.r.t. p, and we denote the density by p;(z,y).

If 1 does not have full support on H, then there exists zog € H and r > 0 such that
B(xo;r) :=={y € H : [ly — xollm <7}
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is a null set of p. Then (3.3.24) implies that P;(xzq, B(xo;7)) = 0, i.e.

P (Xi(z9) € B(wg;7)) =0, t>0,
Since X;(zp) is a continuous process on H, we have P (X, € B(zo;7r)) = 0, which is
contradict with Xy = xy. Therefore, u has full support on H.

According to the Harnack inequality (3.3.5) we have

2(2—a)

(P1y)P(20) < Pilas(z) exp |—L—C(t,0) |z — zold = |, @20 € H.
p—1

Therefore, to prove the irreducibility, one only has to show for any given nonempty open
set M and t > 0 there exists g € H such that P;1(x¢) > 0.

Note that the full support property of p implies
[ Ptaon(d) = [ La@n(da) = n() > 0
H H
so P;1p(+) cannot be the zero function. Therefore { P} is irreducible.

Since { P} also have the strong Feller property, then the uniqueness of invariant mea-

sure follows from the classical Doob theorem [Doo48] (or see [Hai03, Theorem 2.1]).

Note that the solution has continuous paths on H, then the other assertions follow
from the general result in the ergodic theory (cf.[Sei97, Theorem 2.2 and Proposition 2.5]
or [MS02]).

(i1) For any p > 1 and nonnegative measurable function f with p(f?/®=D) < 1, by
replacing p with p/(p — 1) in (3.3.5) we have

2(2—a)

(Pof ()" < P2/ () exp [pcu,a)nx—yni* - ] v,y € H.

Taking integration w.r.t. pu(dy) on both sides we have

(Ptf(x))p/(pn/

H

2(2—a)

exp [—pc<t,a>||x g ] u(dy) < u(f1D) < 1.

This implies

22—a —(p—1)/p
Pf() < ( [ e [—pc@,awx e } u(dy)> |
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Note that
Pf(x) = /H F(9) P, dy) = /H F@)prla y)uldy),

hence for ¢ = p/(p — 1) we have

1pe (2, )| o) =

o | f<y>pt<x,y>u<dy>\
Iflleagy<1IJH
2(2—a) —(p—l)/p
2+
< ([ ew |-t —oliy T wan) T
H

(73i) If v <0, then by (3.3.5) there exists a constant ¢ > 0 such that

2+2(27a)
cllz -yl

(P.f)*(x) exp [— 2 . } < Pf*y), xycH t>0. (3.3.25)

o

By integrating on both sides w.r.t. u(dy) we have for f € L*(u) with u(f?) =1

22-a)
(Pf)* () < u(B(l() ) exp [C(||xHH;+12)2+ ’ ], r e Ht>0, (3.3.26)

o

where B(0;1) ={y € H : ||y||g <1} and p(B(0;1)) > 0.

If @ = 2 then there exists C' > 0 such that

[ waeman < L | e [Cli]an) < o

holds for sufficiently large ¢ > 0, since p(e!'l#) is finite according to Theorem 3.3.4(i).

Hence P, is hyperbounded for sufficient large ¢ > 0. Since P, has a density w.r.t. pu,
then P is also compact in L?(p) for large ¢ > 0 by [Wu00, Theorem 2.3].

(iv) If @ > 2, then by (3.3.21) we have for small enough ¢y > 0
dexlXelli < (¢ — )| X |50 220X li)dt 4 aeo || X, || % 20 Xe i (X, BAW,) y,  (3.3.27)
where ¢, 0 > 0 are some constants. By Jensen’s inequality we have

2—2

t
EecollXells < ecollzllE 4 op — 355(20‘_2)/“/ EecollXullg (10g EeeollXuH?I) o du.
0
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Let h(t) solves the equation

W(t) = ¢ — 025 2 h(t) { log h(t)} **72*, h(0) = expeo (||ll5; + )]

Then by a standard comparison argument we know
EelXe@llE < p(t) < exp [co(l + t_a/(a_Q))}, t>0,re H
hold for some constant ¢y > 0. By using (3.3.26) we have

1Piflloo = 1Py2Brp2f oo

2(2—a)

c 2+
<eswpBesp | oo (11X @la) - 7 | 1>0

zeH

(3.3.28)

(3.3.29)

(3.3.30)

where c; > 0 is a constant. By the Young inequality there exists co > 0 such that

(&1

o

Therefore, there exists a constant C' > 0 such that

1P| L2 (uy—noo () < exp[C(1+t52)], ¢ > 0.

Similarly, the compactness of P; also follows from [Wu00].

—(1+ u)2+2(2;a> < eo(1 4 u®) + et @2yt > 0.

Remark 3.3.2 (1) Based on the Harnack inequality, the irreducibility can be obtained

very easily for the associated transition semigroups. Then one can conclude the unique-

ness of invariant measures and some ergodic properties for the transition semigroups.

Comparing with the uniqueness result for invariant measure in Theorem 3.3.4, we do not

need to assume v < 0 or v < cod in this case.

(2) In the literature, there are different outlook for the definition of total variation

norm. We recall a few equivalent representation formulas here for the reader’s convenience
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(cf.[CL89, Hai03, Mao06]). For any two probability measures . and v on (E,B) we have

It = Vlfuar = sup [u(A) — v(A)]
AeB

1
—5 5w | [ plautda) - [ plapida)
[ello<1 1/ E E
= g%f )7T(E x E\ {(z,z) : x € E})(mazimal coupling)
weC(u,V
= inf / p(z,y)m(dz, dy)‘ (1-Wasserstein distance)
7eC(p,v) ExE
= swp | [ pau(da) - [ elaids)].
Lip(p)=1|JE E

where C(u,v) is the set of all couplings between p and v, p(-,-) is the discrete metric on

E and Lip(p) is the Lipschitz constant of function ¢ (w.r.t. p-metric).

Let £, be the generator of the semigroup {P;} in LP(;). We say that £, has a spectral
gap in LP(u) if there exists ¢ > 0 such that

a(L,) N{X: ReX > —c} = {0},

where o(L,) denotes the spectrum of £,. The largest constant ¢ with this property is
denoted by gap(L,).

Theorem 3.3.6 Suppose all assumptions in Theorem 3.3.5 hold and p denotes the unique

invariant measure of {P;}.
(i) If « = 2 and v < cod, then the Markov semigroup {P,} is V -uniformly ergodic, i.e.
there exist C,n > 0 such that for allt >0 and v € H

sup |PF(x) — p(F)| < CV(x)e™™,

1 Fllv<1

where we can take V(z) = 1+ ||z||3 and V(x) = elI& for some small constant o > 0,

|£(2)]
V(z)

|F'[lv = sup
T€H

Moreover, if Py is symmetric on L*(u) for all t > 0, then we have
|PE = n(F)l g2y < e ™| F |20, F € L?(n), t>0.
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(i) If o > 2, then the Markov semigroup {P;} is uniformly exponential ergodic, i.e.
there exist C,n > 0 such that for allt >0 and v € H

sup |PF(z) — p(F)| < Ce ™.

[[Flloo<1

Moreover, for each p € (1,00] we have
IBE = (Bl oy < Coe™ D10 Fll 1y, F € L), 20,

and

(p=1)n
gap(Ly,) > P

where Cy, is a constant and we set 1%1 =1 if p = o0 by convention.

Proof. The proof is based on [GM04, Theorem 2.5; 2.6; 2.7]. According to Theorem
3.3.5, we know {P,} is strong Feller and irreducible. Now we only need to verify the

following properties:

(1) For each r > 0 there exist typ > 0 and a compact set M C H such that
xiélgr P, 1y (z) >0,

where B, ={y € H: |ly|lu <r}.

(2) If a > 2, then there exist constants K < oo and ¢; > 0 such that
E|X:(z)|; <K, z € H, t > t,.
(3) If a« = 2, then there exist constants K < oo and (§ > 0 such that
EV (X,(z)) < Ke?'V(2)+ K, x € H, t >0,

where V(z) = 1 + ||z||% and V() = e®l*l% for some small constant o > 0.

By using the Ito formula we have

t (5 N t
10 < el o+ [ (= Gl 4200 ) ds [ 0x,, By
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If a > 2, then there exists a constant ¢; > 0

I < el + [ (0= St ) as+ [ By,
This implies that there exists C' > 0 such that
E/Ot 1X,[[eds < C(t + ||2]|%), ¢ > 0. (3.3.31)
And by using Jensen’s inequality
B < ol + [ [0 - G (BIXIE) ] s
Then by a standard comparison argument we get
E|lX,(2)|5 < C(1+t572), € H, t>0.

Hence property (2) holds.

According to (3.3.5), for the property (1) it is enough to show that there exist ¢, and
a compact set M in H such that P, 1,,(z) > 0 for some = € B,.

By (3.3.31) and a simple contradiction argument, one can show that there exists to > 0
such that P, 1,/(z) > 0 for the compact set M := {y €H:|yllv <[CO+ TQ)]l/a} and
x € B,.. So property (1) also holds.

Then the assertions in (i7) hold according to [GMO04, Theorem 2.5; 2.7]. The modified
constant in the estimates of spectral gap and exponential convergence comes from the
arguments in [GMO06, Theorem 7.2](in fact, (7.10) implies that (7.4) holds with a modified
constant in [GMO06]).

Similarly, if & = 2 and v < ¢yd, then we can prove
E|Xy(2)|f < e ™|alf +C, t> 0,0 € H

holds for some constants 3 > 0 and C. Moreover, by (3.3.21) there also exists a small

constant €5 > 0 such that
E exp [eo]| Xi(2)[|4] < e Pleleli ¢t > 0,2 € H.
Then the conclusions in (i) follow from [GMO04, Theorem 2.5; 2.6]. "
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Remark 3.3.3 The V-uniformly ergodicity implies that for any probability measure v on

H we have

125 — il < /H 1P(t, 2, -) — o (d)

< /H sup [Pip(a) — ()| v(da)

llollv <1

< / CV(x)e "v(dz) = Cv(V)e ™, t > 0.
H
And it is easy to show that the uniformly exponential ergodicity is equivalent to

| Py — ptllpar < Ce™™ ¢ > 0.

3.4 Applications to SPDE with strongly dissipative drifts

To apply our main results, one has to verify condition (3.3.3) and (3.3.4). To this
end, we present some simple sufficient conditions for (3.3.3) and (3.3.4). In the following
examples L(Y,Z) denotes the space of all bounded linear operators from Y to Z and

Ran(B) denotes the range of operator B.

Example 3.4.1 (Stochastic reaction-diffusion equation)
Let A be an open bounded domain in R® with smooth boundary and A be the Laplace
operator on L*(A) with Dirichlet boundary condition. Consider the following triple

Wy (A) € LA(A) C (W *(A))
and the stochastic reaction-diffusion equation
dXt = (AXt — C|Xt|p72Xt)dt + Bth, X(] =T c L2(A) (341)

where 1 < p < 2 and ¢ > 0, B is a Hilbert-Schmidt operator and Wy is a cylindrical
Wiener process on L*(A), then the assertions in Theorem 3.3.4 hold for (3.4.1).

Moreover, if B is a one-to-one operator such that
Wy*(A) C Ran(B), B~ e L(Wy™(A); L*(A)),
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then (3.3.4) also holds. In particular, if d =1 and B := (=A)~% with § € (%, 1], then B is

12
a Hilbert-Schmidt operator and (3.3.4) holds. Hence the assertions in Theorem 3.3.1,3.3.5

and 3.3.6 also hold for (3.4.1). Particularly, the associated transition semigroup of (3.4.1)
18 hyperbounded.

Remark 3.4.1 Suppose that
D<A <A< SN <

are the eigenvalues of —A and the corresponding eigenvectors {e;}i>1 form an orthonormal

basis on L*(N). If Be; := be; and there exists a positive constant C such that
> b < foo; b > L, i>1, (3.4.2)
— VAT

then B is a Hilbert-Schmidt operator on L*(A) and (3.3.4) holds.

On the other hand, by the Sobolev inequality (see [Wan00, Corollary 1.1 and 3.1]) we
know that
N > i >,

hold for some constant ¢ > 0. Then (3.4.2) implies that the space dimension d is less
than 2. However, if we consider a general negative definite self-adjoint operator L instead
of Ain (3.4.1), e.g. L := —(=A)%,q > 0, then, by the spectral representation theorem,
our results can apply to examples on R? with d > 2. For more details we refer to [LW0S,
Wan07].

Example 3.4.2 (Stochastic p-Laplace equation)

Let A be an open bounded domain in R? with smooth boundary. Consider the triple
WeP(A) € L2(A) € (WiP(A))"
and the stochastic p-Laplace equation
dX, = [div(|VX, P ?VX,) — o] X[ X, ] dt + BdW,, X, = =, (3.4.3)

where ¢ > 0, 2 < p < 00,1 < p, B s a Hilbert-Schmidt operator and W, is a

<P
cylindrical Wiener process on L*(A), then the assertions in Theorem 3.3.4 hold for
(3.4.3).
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Moreover, ifd =1 and B := (—A)~% with 6 € (%, 1], then (3.3.4) also holds. Therefore

102
the assertions in Theorem 3.3.1,3.3.5 and 3.3.6 also hold for (3.4.3). In particular, if

p > 2, then the associated transition semigroup of (3.4.3) is ultrabounded and compact,

and its generator has a spectral gap.

Proof. According to [PR07, Example 4.1.9], the hemicontinuity and (3.3.2) hold for the
coefficient of (3.4.3). Hence we only need to verify (3.3.3) under our assumptions. By

using Lemma 2.4.1 and the Poincaré inequality we have
v (div(|VulP~2Vu) — div(|Vo|P2Vo), u — v)y
= — /A< |Vu(2)|P2Vu(x) — |Vo(2)|P2Vu(z), Vu(z) — Vo(z))geds
< —2p2/A\Vu(x) — Vou(z)[Pde
< —Cllu =i, uv e WyP(A),
where C' > 0 is a constant. And it’s also easy to show that

ulP"2u — vl v, u — )y > 0.

v
Hence (3.3.3) holds and the assertions in Theorem 3.3.4 follow.

If d=1and B := (—A)™ with § € (4, 3], then there exists a constant ¢ > 0 such
that (see Remark 3.4.1)
lulliz > cllullp, ue We™(A).
This implies (3.3.4) holds. "
Remark 3.4.2 (1) The Harnack inequality and some consequent properties still hold if
one also adds some locally bounded linear (or order less than p) perturbation in the drift.

Only for certain properties (e.g. hyperboundedness or ultraboundedness) we need to require
the drift is dissipative (i.e.y <0).

(2) If we take B = 0 in (3.4.3), then by Theorem 3.3.4(iii) we can get the following

decay estimate for the solution to the classical p-Laplace equation

sup || X(2)||2 < Ct72, ¢ >0,
x€L2(A)

where C' s a positive constant.
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Example 3.4.3 Let A be an open bounded domain in R' and m € N,. Consider the
following triple

WP (A) € L*(A) € (W™ (M)

and the following stochastic evolution equation

40X, (z) = [(—1>m+la—m (

ox™

p—2 m
a—Xt($)> — C|Xt(l')’ﬁ72Xt($) dt + Bth,

ox™

6171

dam

Xi(x)

(3.4.4)
where ¢ > 0, 2 < p < 00,1 < p < p, B € Ly(L*(N)) and Wy is a cylindrical Wiener
process on L*(A), then the assertions in Theorem 3.3.4 hold for (3.4.4).

Moreover, if B is also a one-to-one operator such that B~* € L(Wy"P(A); L*(A)), then
(3.3.4) is also satisfied. Hence the assertions in Theorem 3.3.1,3.3.5 and 3.3.6 hold for

(3.4.4). In particular, the associated transition semigroup is ultrabounded if p > 2 and

hyperbounded if p = 2.

Remark 3.4.3 (i) If we assume p > 2 and B = 0 in (3.4.4), then by Theorem 3.3.4 we

obtain the decay of the solution to the corresponding deterministic equation, i.e.

sup || X/ |2 < CE72, £ >0,
FEL2(A)

where th denotes the solution to the following equation
dXt(x) _ (_1)m+1 am (

p—2 am

dam

o
oxm

Xy(z)

a oz Xt(f)) —o| Xi(2) P2 X (x), Xo = f € L*(M).

(ii) Assume that
D<A <A< <A <o

are the eigenvalues of a positive definite self-adjoint operator L where D(v/L) = Wi*(A),
and the corresponding eigenvectors {e;}i>1 form an ONB of L*(A). Suppose Be; := bje;
and there exists a constant C' > 0 such that

C
S < door bz O i
i 7 ) _\/A_i7 —_

then B is a Hilbert-Schmidt operator on L*(A) and (3.3.4) is satisfied.
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Chapter 4

Harnack Inequality for Stochastic Fast Diffusion Equa-

tions

In chapter 3 the Harnack inequality has been established for a large class of stochastic
evolution equations with additive noise. However, the strong monotonicity assumption
(3.3.3) excludes some important types of SPDE within the variational framework such
as stochastic fast diffusion equations and the singular stochastic p-Laplace equation (1 <
p < 2). Hence we study these two types of SPDE seperately in this and the next chapter.
Due to the weak dissipativity of the drift, we need to make more delicate estimates in
order to establish the Harnack inequality. The strong Feller property and heat kernel
estimates are also obtained for the corresponding transition semigroups. Moreover, we
also derive the ultraboundedness and compactness property for the transition semigroups
if there is a nonlinear perturbation in the drift. Exponential ergodicity and the existence
of a spectral gap are also investigated. As applications, the main results are used to study
some explicit examples in the last section. Part of the results in this chapter have already
been published in [LWO08].

4.1 The main results on Harnack inequality

In the field of nonlinear PDE, fast diffusion equations have been studied intensively

and we may refer to the monographs [DK07, V4z06] (see also the references therein). The
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fast diffusion equation can be formulated as follows

= A(Jul ),
where r € (0,1) is a constant. This equation has some different features comparing
with porous media equations (r > 1). For example, the solution of porous media equation
decays to 0 with some polynomial rate but the solution of fast diffusion equation converges

to 0 in finite time at each point (cf.[Aro86]).

In this chapter we mainly study the long time behavior of the fast diffusion equations
under some random perturbations. The framework can be formulated as follows. Let
(E, M, m) be a separable probability space and (L, D(L)) a negative definite self-adjoint

linear operator on L?*(m) having discrete spectrum. Let
(0 <)A1 < /\2 <

be all eigenvalues of —L with the unit eigenfunctions {e;};>;.

Next, let H be the completion of (L?(m), || - ||2) under the inner product

i)\l (x,e)(y,e),

=1

<.

where (-,-) is the inner product in L?(m). Let W; be a cylindrical Wiener process on

L*(m) w.r.t. a complete filtered probability space (2, 7, P).
Suppose that ¥ : R — R is continuous and B is a Hilbert-Schmidt operator from
L?*(m) to H. We consider the following stochastic fast diffusion equation
dX, = {LV(X,) — || X% 2 X, }dt + BAW;, Xo = € H, (4.1.1)
where ¢ > 2 and v > 0 are some constants. In particular, if ¥ = 0, B = 0 and ¥(s) =
|s|""!s for some r € (0, 1), then (4.1.1) reduces back to the classical fast diffusion equation.

Now for a fixed number r € (0,1) we assume that there exist positive constants ¢, 7
such that

W(0) =0, [W(s)| <n(1+[s]"), seR,

(4.1.2)
(\I/(sl) — \11(52))(31 — 59) > 8|51 — sof*(|s1] V [sa]) Y, s1,80 €R,E > 0.
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Due to the mean-valued theorem and the fact that » < 1, one has
(51— 52)(s7 — 85) > ]s1 — saf*(|s1] V [s2]) 7.
Hence a simple example where (4.1.2) holds is U(s) = s" withn =1, =r.

Consider the following Gelfand triple
L' m)NHCHC (L' (m)nH)",

it is easy to show that the coefficients of (4.1.1) satisfy the well-known monotone and
coercive conditions (see Theorem 1.2.1). Hence according to [Zha08, Theorem 3.6], for
any € H the equation (4.1.1) has a unique solution X;(z) with Xy(z) = x, which is a
continuous adapted process on H and satisfies
E sup || X,(z)||} <oo, T >0. (4.1.3)
te[0,T

Consider the corresponding transition semigroup
PtF(QJ) =EF (Xt<x>> s t > 0,

where F'is a bounded measurable functions on H. In fact, one can show that {P,} is a
Markov semigroup (cf.[KR79, RRWO07]). We first investigate the existence and uniqueness
of invariant measures and the convergence rate of the transition semigroup to invariant

measure.
Theorem 4.1.1 Suppose (4.1.2) holds and the embedding L™ (m) C H is compact.

(i) The transition semigroup {P;} has an invariant probability measure. If v > 0, then
the invariant measure is unique and denoted by ju. Moreover, we have pu(|-||711+e=li) <

oo for some gy > 0.

(i) If ¢ > 2 and v > 0, then for any Lipschitz continuous function F on H we have
sup | P,F(z) — p(F)| < CLip(F)t 77, t > 0, (4.1.4)
xeH

where Lip(F) is the Lipschitz constant of F' and C' is a constant. In particular, if B =0
and Dirac measure at 0 is the unique invariant measure, then we can take F(x) = ||z|| g
in (4.1.4) and have

sup || X¢(z)||g < Ct v, t> 0.

reH
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(#ii) If ¢ = 2 and ~y > 0, then for any x,y € H
1X:(2) = Xe(W)lu < el —yllu, t>0.
And for any Lipschitz continuous function F' on H we have
|PF(x) — u(F)| < Lip(F)e™ (|2l + C), = € H, (4.1.5)

where C' > 0 is a constant.

Proof. (i) If the embedding L™ (m) C H is compact, then the existence of an invariant
measure follows from the standard Krylov-Bogoliubov argument. One just needs to repeat
the proof of Theorem 3.3.4(3).

If v > 0, then the uniqueness of invariant measures follows from (4.1.4) and (4.1.5).

Now we prove the concentration property (eIl < oo for some gy > 0.
By (4.1.2) and Itd’s formula we have

t t
IXE < el + / (b— 281X, ! — 29[ X% )ds + 2 / (X,, BAW, )i
0 0 (4.1.6)

t
< ey + / (b— 2| X.%)ds + M,
0

where b = || B} and M, = 2 [(X,, BAW,)y is a martingale. If v > 0 and & is small

enough, then the It6 formula implies

5Oq‘

t
el et g (e 2y + gt Xall) LK e s
0

5OQ/ HX Hq 2 EO“XSHHdM
<esolell + / (e = Yl Iy e s (4.1.7)
0
50(]/ HX Hq 2 EOHXSHHdM

t
§€€0||x§{_|_/ (Cl _Czeaomu?{)d +_/ 1, |4 20l Xl d p,
0

holds for some positive constants ¢, ¢; and cy. Therefore
A l/ EesolXiOlhgr < L &
0

n con co
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where p1, = 1 [*(60P,)dt.

Since y is the weak limit of a subsequence of i,,, we have p(elll) < oo. In particular,

this implies p(] - [|3) < oo.

By (4.1.6) there also exists a constant C' such that
1
B [ IX(e)l;Hde < OO+ olfy). Vo € .
0
Therefore

15D = [ o) [ B @)D < €+ C [ Yalfun(de) < .

(77) Recall the following inequality for ¢ > 2 (see Lemma 2.4.1)
(lull% 2w — ||v)|% 20, u — v) g > 2279w — v||%, Yu,v € H. (4.1.8)

Hence combining with (4.1.2) and the It6 formula we have

t
1Xe(2) = Xe)ll7r < llw =yl - 60/0 [ Xs(2) — Xa(y)l|5ds,

where ¢y = 2379 is a constant and X;(y) denotes the solution starting from y € H.

Now by the standard comparison argument (see Theorem 3.3.4(7ii)) one can prove

1
—2)cy,| 2
I,G0) = Xl < o=yl 1 { 9522 T (4.19)
Therefore, for any Lipschitz function F' on H there exists C' > 0 such that

IPF() = p(F) < [ EIF(G()) = FOG()ln(dy) < CLip(F)e 7

H

holds for all € H. Hence invariant measure of { P} is unique.
(73i) If ¢ =2 and v > 0, we have
t
1Xe(2) = Xl < 1Xs(2) = Xo()ll — 27/ IXu(@) = Xu(y)lliydu, t =5 >0.

Hence
1 Xe(z) = Xe )17 < Nz — yllFe "
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Then all assertions hold. ]

In order to establish Harnack inequality for P;, we need to assume that B is non-

degenerate ; that is, Bx = 0 implies x = 0. Then we define

Ilyll2. if y € L*(m), By =z,
z]|p = .
00, otherwise.

The proof following theorem is given in the next section.
Theorem 4.1.2 Assume (4.1.2) holds. If there ewists a constant o > =5 such that
2l - 2177 > EllwllE, @ € L7 (m) (4.1.10)

holds with some constant € > 0, then for anyt > 0, P, is strong Feller and for any positive
bounded measurable function F', p > 1 and x,y € H,

-1 o+2)?
(PP < Py exp [2 (it 1+ ol + ol + 52 o= )
. )\277[’ o+2 o+1 [2p(p_'_ 1)]0/2 ||x B ||U] (4111)
! 8o€(p — Lye1g YN

holds for \; = 20e~ TVt and b = || B||%¢ (Hilbert-Schmidt norm of B).

Remark 4.1.1 (1) In [LW0S], the Harnack inequality (4.1.11) has been established for
stochastic fast diffusion equations with linear perturbation in the drift. One should note
that Harnack inequality and strong Feller property of the transition semigroup still hold
if we take v =0 (i.e. without high order perturbation in the drift). But we can not prove
contractivity property for the transition semigroup in [LW0S]. However, we can establish
the ultraboundedness and compactness for the associated transition semigroup here under
the influence of the strong absorption term in the drift (see Theorem 4.1.3). We should
also mention the role of this absorption term in the convergence of the transition semigroup

to its equilibrium (see Theorem 4.1.1).

(3) For simplicity, we only prove the Harnack inequality for (4.1.1) with deterministic
and time-independent coefficients in this chapter. But one can easily extend these results
to more general case as in [LW0S, Wan07].
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Now we can study the ergodicity and ultrabounded property for the associated tran-

sition semigroup. We recall that the process X is called Harris recurrent if

P, {/OOO 1ly(Xs)ds = +oo} =1

holds for any starting point # € H and any Borel sets U with u(U) > 0, here 1 denotes
the indicator function of U.
Theorem 4.1.3 Assume (4.1.2) holds and the embedding L' (m) C H is compact.

(i) If (4.1.10) holds, then any invariant measure of { P;} has full support on H and {P;}

is irreducible. Hence {P,} has a unique invariant measure p and all transition probabilities
P(z,:), t>0, v € H

are equivalent to u. Moreover, the process X is Harris recurrent and for any probability

measure v on H we have
lim || 7 = o= 0,
where || - ||var s the total variation norm and P} is the adjoint operator of P;.

(1) If ¢ > o, v > 0 and (4.1.10) holds, then P, is ultrabounded (i.e.||P||12(u)— oo () <
oo) and compact on L*(u) for any t > 0.

(iii) If ¢ > 2, v > 0 and (4.1.10) holds, then {P,} is uniformly exponential ergodic,

i.e. there exist C,n > 0 such that for any probability measure v on H
| Prv = i [loar< Ce™™, £ > 0.
Moreover, for each p € (1, 00] we have
1P — p(F)[1oy < Coe™ P2 F || oy, F € LP(u), ¢ 20,

and

= 1n
gap(‘cp) 2 p 9

where C, is a constant and L, is the generator of the semigroup {P;} on LP(u).
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Proof. (i) The full support of  and the irreducibility follow from the Harnack inequality
(4.1.11) by repeating the proof of Theorem 3.3.5(3).

Since { P} is also strong Feller, the uniqueness of invariant measures follows from the
classical theorem by Doob [Doo48] (see [Hai03, Theorem 2.1]).

Note that the solution has continuous paths on H, then the other assertions follow
from the general result in ergodic theory, we refer to [Sei97, Theorem 2.2 and Proposition
2.5].

(i7) If ¢ > o(> 2), then by It6’s formula and (4.1.7) we have for small enough £y > 0
t

el < gl [* (o, — X200 ) ds 5 0 (4.1.12)
0

where ¢1, ¢y > 0 are constants and M’ is a local martingale. By Jensen’s inequality

2q—2

t 29—2
Eeeo“XtH?i < eeo”:ﬁ”% + cot — 0166(2!1—2)/‘1/ EGEOHXSHLIH (10g EesoHXsH?i) T ds.
0
Then by a comparison argument we can get the following estimate
B0l X@lY < exp [c0(1 n t—q/<q—2>)], t>01xcH, (4.1.13)

where ¢g > 0 is a constant.

Let f € L*(u) with u(f?) = 1. By (4.1.11) with p = 2, there exists a constant ¢; > 0

depending on ¢ (which may change from line to line) such that

(Pf)* () exp [—ct (L+ |=ll7 + lullE + llz =yl + =z = yll%)] < Pf2(y), @,ye Ht>0.
(4.1.14)
By integrating on both sides w.r.t. u(dy) we obtain

1
Pf)P(a) < ——5— 1 : 7 Hit>0 4.1.15
(P < pisen | (U el + elly) |, o€ =00 (a11s)
where B(0,1) :={y € H : |y||z < 1} has positive mass with respect to u. Hence we have

1Pif lloo = [1Pt/2Pey2f oo

< esupBexp e (14 |1Xy@)F + 1X,@)7) | >0
TE

(4.1.16)
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for some ¢, ¢; > 0. Since g > o, by the Young inequality there exists C; > 0 such that
o (14+u*+u”) <C+eou?, u>0.
Therefore, we have
Pl 22y Lo (uy < et expleo(1 + )] < 00, t > 0.

Moreover, since P; is uniformly integrable in L?(p) and has a density w.r.t. g, the com-

pactness of P; follows from [GWO01, Lemma 3.1].

(737) If ¢ > 2 and v > 0, by (4.1.6) and a standard comparison argument we have
E|X,(z)|]5 <C(1+ta72), x € H, t>0.
Then the conclusion can be obtained by repeating the argument in Theorem 3.3.6(ii). u

Remark 4.1.2 Note that the transition semigroup { P} is non-symmetric and defined on
the infinite dimensional space. But the compactness of { P} in the above theorem implies
the generator, i.e. the corresponding Kolmogorov operator of the stochastic fast diffusion

equation has only discrete spectrum.

4.2 Proof of the Harnack inequality

As explained in chapter 3, to prove the Harnack inequality for P, it suffices to construct

a coupling processes (X;,Y;) which is a continuous adapted process on H x H such that

(i) X; solves (4.1.1) with Xy = z;

(ii) Y; solves the equation
AV = {LU(Y) =Y} Y} dt + BAW,, Yo =y

for another cylindrical Wiener process W, on L?(m) under a weighted probability measure
RP, where W, and R will be constructed later by a Girsanov transformation;

(iii) X7 = Yr, a.s. for a given time 7.
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In order to implement the above steps, for e € (0,1) and g € C([0,00); R"), let Y,
solves the coupling equation

Bi(X: = V)

dY, = { LU(Y,) — ~||V; 1% %Y, 1ier
t { ( t) 7” tHH t T ”Xt_Y;‘/Hi{ {t<r}

}dt +BAW,, Yo=y € H, (4.2.1)

where X; := X;(x) is the solution to (4.1.1) and 7 :=inf{t > 0: X; = Y;}.

According to [Zha08, Theorem 3.6], we can prove that (4.2.1) also has a unique strong

solution Y;(y) by using the same argument in Lemma 3.3.2.

Let .
_ BB~ (X: —Y3)

= 1(iery.
RAR P A

(4.2.2)

then we have
dY; = (LU (Y;) = y[|Yill} *Ye)dt + B(AW; + Gdt), Yo = y.

According to the Girsanov theorem, W, := W, + fot (sds is a cylindrical Wiener process
under RP where

T 1 [T
Rimexp[ = [ a3 [ alia) (423)
0 0
Therefore, to verify (ii) and (iii), we need to choose ¢ and g such that
(a) Xr =Yr a.s,;
(b) Eexp [A I ||gt||gdt} <o, A>0.

By (4.1.2) we have

T
1Xr = Yr |l < lle =yl - / [20m (|X; = Yi[*(1X] v [ve]))
0 (4.2.4)

+ 26,1 X: = Yl Lgeany] dt.
This implies

TAT
[ Xr = Yol < llz—ylly —¢ Bedt. (4.2.5)
0

Hence we have the following result.
Lemma 4.2.1 If § satisfies fOT Bidt > Yz —y||5, then Xp = Yr a.s.
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We also need to have the following a priori estimates.

Lemma 4.2.2 We have

T T
Eexp [ Ar / 1Xelae] < exp | / be~ 2t + |l | (4.2.6)
0 0

T
Bep [\ [ il ha]
0

T T
< exp [/0 be*(2b+1)tdt+ HIUH% + Hi’f . y”%ls)/o @ e*(2b+1)tdt]’

where A\p = 25e~ VT gnd b = ”BH%{S

(4.2.7)

Proof. Since assumption (4.1.2) implies

20 (LU(X,), X))y = —2(T(X,), X,)
= —2(¥(X;) — U(0), X; — 0) < =26 X, 715,

then by the Ito formula we have
t t
Il < Nolfy + [ (b= 200X - 20X ds 2 [ (X B (428)
0 0
This implies
T T
Xl < Dl [ e (b= 200X - 2 e 2 [ e, Baw).
0 0
Hence

T T T
256—2”/ ||Xt||:j}dt§/ be‘thdt+||a:||§{+MT—/ 2be | X[ dt,
0 0 0

where Mr = 2 fOT e (X, BAW,).

It is easy to check that M; is a martingale from (4.2.8) and (4.1.3). By taking Ay =

20e= 2T we obtain
T
Bewp [\r [ [1Xi[7 11t
0
T T
< exp [/ b0 + a3 B exp [MT—/ o2 X, 12, dlt].
0 0
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Since

T
1
(M), < / Abe™ M| X |7 dt, Bexp[M, — S (M))] =1,
0

we have T
E exp [MT - / 2be*2bt|\xty\§{dt] <1
0

Hence (4.2.6) holds.

Similarly, since (4.2.4) implies
1Xe = Yl < llw — il t >0,
then by (4.2.1) and the It6 formula we have

e_(2b+1)T||YT||%{

IA

T
ol + [ e o= 283072 = 2+ DIV, + 20l = Vil Jat + 04

IN

T
ol + [0 o — 28Vl - 26l + B2l — e + M,
where M| := fg 2e~(2+1s(y, BAW,) is a martingale. This implies
T X T » T
26¢ 20T / V2l adt < / be~ @Dt + |ly|13; + |z — yll7 / Bre= @Dty
0 0 0
T
+ M}, — / 2be~ 20TV Y} || %, dt.
0
Therefore, by taking Ay = 26e~ DT and noting that
T
Oy < [ e Y
0

we obtain (4.2.7). "
Now we can give the complete proof of the main theorem.

Proof of Theorem 4.1.2 From now on, for any given time 7" we take ¢ = %5 and

1 2 =yl
= c(265¢)%, o= A _YliL,
B = cl2e00)7, £(2e0€)=T

Then it is easy to show X = Yr a.s. by Lemma 4.2.1.
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Let f; := (m [(|X,] V |Y;|)T+1D1;+:, by the Hélder inequality we have
1Xe = il < m (1Xe = YiP(X] v Y)Y - (m [(1X] v vel)™ )
Then by (4.2.4), (4.1.10) and It6’s formula

T
X = Yall < lle =gl =265 [ X = Vi m (1 - YiP(X v ¥ e
0

X Vil
(m (1] v )]

T
< o=yl — 205 / 1X, — V2D
0

I - Vil
< o -yl —26&/ - e
t— 4t

CW& EH

= oz —yllF -

Combining with (4.2.2) we arrive at

r X, Y,
/ falzar = [ X =Yl
0 0

H& KH
X .
/ fta zdt ﬂ;{” tY ||Bdt>
» o XVl 20
([ 57a)™ (e - oli)”
0
T 5
S R L AP
0
where the last inequality follows from Young’s inequality.
. 4 a2 14r
Since ¢ > 17 implies ~%5 < =, we have
2 2(1—r)
Jo7 <14 X7V Y 0 <m (14 [ XMV Y.
Thus,
T 5
E exp [)\ / f;—th}
0 (4.2.10)

T
<Eewp [ [ (L+ X0+ VD], Ao
0
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From (3.3.6) we have

(PrF(y))” < PrF?(x) (153]%19/(10—1)>p1

T » T p—1
= porr(a) {mesp [ 2 [ o) - 52 [ o]
0
T q2p2 T %
< PrFP(x {Ee <Ct,th>—m/0 HQH%dt” (4.2.11)
(g—1)(p—1)
q

{EeXp [zé(qp o 1§ / T ”Q”f“]}
(g=1)(p—1)

T q
= PrF?(z) {Eexp [ ap(ap —p+1) / HCtHgdt}} , ¢>1.
0

2(¢-1)(p—-1)

Ar(g—1)(p—1)*
pq(pg— p+1)

aplap—p+1) [T 5
Bexp [ / I 3a]

A T
<Bewp [ [ (0 IX0 -+ Ve

Moreover, letting A = , by (4.2.9), (4.2.10) and Lemma 4.2.2 we obtain that

2

qp(gp—p+1) (Ar(g—1)(p—1)*\%5" , 9
2(q—1>(p—1)2< pa(pg —p +1) ) Hx—yHH]

1 T T
<exp[5(2 [ be™at e a4 Ll + iy + o~y [ g @ ar)
0 0

ol

qplqp —p+1) (AT(q —D(p— 1)2>22 e — yHQE]

_|_

+

20 —=1(p =1\ palpg —p+1)
(4.2.12)
Combining this with (4.2.11) and simply letting ¢ = 2 we have
p—1¢ ("
(PrF(y))? < PrFP(x)exp [T (2/ be At + AT + ||2||% + |13+
0 (4.2.13)

T 2 2=¢
2(1—¢) —(2b+1)t plp+1) <)\T(p -1 > 7 o 25]
T — Bie dt) + < |lx — )
|z =yl /0 t 20— 1)\ 2(p+1) |z —yllg

Then the desired result (4.1.11) follows from the definition of ; and c.

Finally, since (4.2.11) implies that R is uniformly integrable for fixed x and {y :

ly — z||g < 1}, then by the dominated convergence theorem we have for any bounded
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measurable function F' on H

lim | PrF(y) — PrF(2)] < || Flle im E|R — 1| = ||F||E lim |R — 1] = 0,
y—z y—

Yy—x

where the last equality follows from

lim R = 1 due to (4.2.9). Hence Py is strong Feller. Now the proof is complete.

Yy—x

4.3 Applications to explicit examples

To provide explicit sufficient conditions for (4.1.10), we need the Nash inequality:

IFI57" < C(f.~Lf), feDL), m(f])=1. (4.3.1)

This inequality is equivalent to the classical Sobolev inequality with dimension d if d > 2.
Hence we can also include examples with dimension d < 2 here. For example, (4.3.1) holds
for the Dirichlet Laplace operator on bounded domains in a Riemannian manifold and on

a whole Riemannian manifold provided the injectivity radius is infinite (cf.[Cro80]).

Lemma 4.3.1 Let r € (0,1). Assume that —(—L)/"™ is a Dirichlet operator for some

n > 1 and (4.3.1) holds for some d € (0, 2(17:“1))' Then the embedding L™ (m) C H is

compact. In particular,
HZ'HH = <:U, (—L)*1$>1/2 < CH:CHT+17 I e Lr+1<m)

holds for some ¢ > 0.

Proof. We take ¢ € (0,1) such that d. := d/e € (df%“:)) and let L. := —(—L)%. By
[BMO7, Theorem 1.3] and (4.3.1) there exists a constant C’ > 0 such that

LA < C'(f, —Lef), f€D(Le), m(f])=1.
Then by [BM07, Theorem 1.3] we have

IF1E75 < ol f (=LY f), f € D((~L)Y™), m(|f]) = 1 (4.3.2)
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for some ¢y > 0. Let T} be the semigroup generated by —(—Lg)l/ " which is sub-Markovian
since —(—L.)"/" = —(—L)¥/™ is a Dirichlet operator. Then it follows from (4.3.2) that
(see [Dav89)])

1Tl oo < it ™2 £ >0

holds for some constant ¢; > 0. Since A\; > 0, there exists ¢o > 0 such that
||E||1—>oo S ||77t/4||1—>2||7}/2||2—>2||71t/4||2—>oo S C2t_d5n/26_)\1nt/27 t>0.
By this and the Riesz-Thorin interpolation theorem we conclude that for any 1 < p < ¢,

1T p—q < IT2 < gyt T2 M) >0

||1—>oo

holds for some constant ¢35 > 0. Therefore,

Cpa = / I Tullgdt < 00

provided ©2 < -2 Thus,
Pq den

_ q—7p 2
—L) V|, < Chy < 00, —F < :
[(—Le) lp—q < Cpq < 00 oq don
o 1T)—é_r1+1)/d€n (1 <i<mn+1) one has
Pi+1 — Di 2 , r+1 r+1
= 1, —/——— = 1<i:<n) and p,41 = > .
P Di+1Pi dsn( si<n) D1 1—-2(r+1)/d. r
+
So, there exist r 4+ 1 =: p| < ph < --- < pl . = ﬂ such that p”l ppl < ﬁ, 1<i<n.
7,+17, €

Therefore,

n n
= ||(_Ls)_1||r+1—>(r+1)/r < H (= i1 S Hcpévpéﬂ < 0.
i=1 i=1

This implies

(@, (=Le)"'2) < [|2llrall(=Le) "l iy
< elFall(=L)  lriimanyr = Ellalfy, @€ L7 (m).

Then the proof is completed since {x € L*(m) : (x,(—L.)"'z) < N} is relatively compact
in H for any N > 0. (]
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Corollary 4.3.2 Let Be; = bie;, i > 1 with > -, A L < 0o, hence B is a Hilbert-Schmidt
operator from L*(m) to H. Ife € (0,1) and L satisfies (4.3.1) for some d € (0, 26(1?")),

—(—=L)Y™ is a Dirichlet operator for some n > 1 and there exist ¢ >0, o > F such that

o+2e—2

Y

then the embedding L™ (m) C H is compact and (4.1.10) holds for the same o.

Proof. By Lemma 4.3.1 it suffices to verify (4.1.10). By the Hélder inequality we have

[e.e]

- > _ 0'/2 x’ei>2 o—2 _ 0'/2
el = (e ?)” = (30 a5 2)

o
=1 1 )\z

< (i(x,e»ﬁf‘fb;a) (f: <ﬂf>;i>2>"22
=1 i=1 g
el (3P0
=1
< ol ().

i=1

(4.3.3)

By (4.3.1) and [BMO07, Theorem 1.3] there exists a constant C. > 0 such that

IFI57 < C(f. (L) f), feD(~L)), m(f]) =

Applying Lemma 4.3.1 to —(—L)® in place of L, there exists a constant ¢; > 0 such that

l2lPy = el (D)2l = e > (el A~

Combining this with (4.3.3) we obtain that (4.1.10) holds for some constant £ > 0. "

Now we can give the first simple example such that all assumptions in Theorem 4.1.2
and 4.1.3 are satisfied.

Example 4.3.3 Let U(t,x) := |z|" 'z and L := A be the Laplace operator on a bounded
domain in R with the Dirichlet boundary condition. Suppose Be; = b;e; such that

1 3237 4 e
— .\ 8
C (3

—E&

S|

<b;<C-ATTix1 (4.3.4)
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hold for some positive constants C' and €, then the embedding L™ (m) C H is compact

and (4.1.10) holds for o = 7,%1.

In particular, if r € (%,1) and B = (=A)? with § € (3’;’7", %), then the transition
semigroup associated with (4.1.1) is ultrabounded and compact provided v > 0 and q > %.

Moreover, the generator of the transition semigroup has a spectral gap in this case.

Proof. It is well-known that \; > ci? for some constant ¢ > 0 in this case, then (4.3.4)
implies (4.1.10) with ¢ = 7«-%1 by Corollary 4.3.2. And the other assertions follow from
Theorem 4.1.3. L]

Note that the underlying space for L is 1-dimensional in the above example. However,
by using the spectral representation theorem, we can have much more choices for L such
as high order differential operators on a domain or on R?. We only present one explicit
example here, where L is a fractional power of the Laplace operator. For more general

self-adjoint operators as the choices for L we refer to [LW08, Wan07].

Example 4.3.4 Let L := —(—A)%, where a is a constant and A is the Dirichlet Laplace
operator on a bounded domain A C R? , and m be the normalized volume measure on A.
If Be; = be;, 1 > 1 and

1 (2a+d)(1—r) +e Mf&

— A <b <C-\N*™ ,i>1

C
hold for some ¢ € (0,1), then the embedding L' (m) C H is compact and (4.1.10) holds.
Therefore, all assertions in Theorem 4.1.1-4.1.3 hold for (4.1.1).

In particular, if o > gg;:; and we take B := (—A)? with w <0< 2224 fhen

the transition semigroup associated with (4.1.1) is wultrabounded and compact provided

v >0 and q > T%.
Proof. By the Sobolev inequality we have (cf. [Wan00, Corollary 1.1 and 3.1])
N >cid, i>1

for some ¢ > 0. It is well-known that A satisfies the Nash inequality (4.3.1). Then by
[BMO07, Theorem 1.3] we know L satisfies the following Nash inequality

£ < Culf, —Lf), feD(L), m(|f]) =1,
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1477

4.3.2. ]

where C, > 0 is a constant. If we take 0 = then all assertions follow from Corollary
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Chapter 5

Ergodicity for Stochastic p-Laplace Equation

In this chapter we study the singular stochastic p-Laplace equation (1 < p < 2) with
some nonlinear perturbations in the drift. We first investigate the existence and unique-
ness of invariant measures and the convergence of the transition semigroups to the invari-
ant measure. Then we establish the strong Feller property and the Harnack inequality for
the transition semigroups associated to the p-Laplace equation with non-degenerate noise.
As consequences, the ultraboundedness, compactness and the existence of a spectral gap
are also derived. In particular, the main results are also applied to stochastic reaction-
diffusion equations and the ultraboundedness and compactness property are established
for the associated transition semigroups, which improve the corresponding results obtained

in chapter 3.

5.1 Introduction and the main results

The following p-Laplace equation
Ou = div(|Vul[P?Vu), 1 < p < oo (5.1.1)

has been studied intensively in the PDE theory. (5.1.1) describes the type of diffusion with
diffusivity depending on the gradient of the main unknown, which also has a strong connec-
tion with porous media equations and fast diffusion equations (cf.[Vaz07, DiB93, V4z06]).

This type of equation arises from geometry, quasiregular mappings and fluid dynam-
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ics etc (cf.[DiB93]). In particular, Ladyzenskaja suggests (5.1.1) as a model of mo-
tion of non-newtonian fluids in [Lad67]. In stochastic case, the existence and unique-
ness of solution to the stochastic p-Laplace equation follows from the general results in
[KR79, RRW07, Zha08]. The large deviation principle has been established in chapter 2
for (5.1.1) with small multiplicative noise. For the degenerate case (i.e. p > 2), the Markov
property of the solution and some properties of invariant measures have been studied in
[PRO7], the Harnack inequality and many consequent results have been established in

chapter 3.
Let A be an open bounded domain in R? with a C!' boundary. We consider the
following Gelfand triple
Wy (A) N LA(A) € LP(A) © (Wy(A) N LA(A))*
and the stochastic p-Laplace equation

dX; = [div(|[VX, P2V X,) — 7| X972 X, dt + BdAW,, Xo =z € L*(A), (5.1.2)

where 1 < p < 2 < g and v > 0, B is a Hilbert-Schmidt operator on L?(A) and
W; is a cylindrical Wiener process on L?(A) w.r.t a complete filtered probability space
(Q, F, F;, P). One should note that we would remove L9(A) in the Gelfand triple if vy = 0
in (5.1.2).

Since A is a bounded domain, then by the Poincaré inequality the following norm

1/p
lullp o= ( / \Vu<s>|pd§) Cue W)

is equivalent to the classical Sobolev norm in W, ?(A). For simplicity, we will always use
this equivalent norm in this chapter. We denote the norm in L"(A) by || - and the inner
product in L?(A) by (-, ).

According to [Zha(O8, Theorem 3.6], for any x € L?*(A) the equation (5.1.2) has a

unique solution X;(x), which is a continuous adapted process on L?*(A) and satisfies

T
E ( sup th<x>ug+/ ]|Xt(x)H1f7pdt> <00, T>0. (5.1.3)
0

t€[0,T]
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Moreover, we have the following It6 formula

t

t
108 = 11+ [ (b= 20X.01, — 221X,lg) ds +2 [ (X BaWL), t20, (.1.4)
0 0

where b = || B||%¢ (Hilbert-Schmidt norm).

Now we consider the associated transition semigroups
PtF(fE) =EF (Xt(x)) y t> O,
where F' is a bounded measurable function on L?(A).

Theorem 5.1.1 Suppose the embedding W, " (A) C L*(A) is compact.
(i) The transition semigroup {P;} has an invariant probability measure.

(i) If v > 0, then {P;} has a unique invariant measure p. Moreover, we have

u (|| . Hzip + 6‘50”'”3) < o0 for some gq > 0.

(iii) If v > 0 and q = 2, then for any Lipschitz continuous function F on L*(A) we
have
PF@) — p(F)| < Lip(F)e ™ (Jala + C), £2 0, z € LX), (5.15)

where C'is a constant and Lip(F) is the Lipschitz constant of F.

() If v > 0 and q > 2, then for any Lipschitz continuous function F on L?(A) we
have

sup |PF(x) — u(F)| < CLip(F)t a2, t > 0, (5.1.6)
z€L?(A)

where C' is a constant.

Proof. (i) The existence of invariant measure can be proved by the standard Krylov-

Bogoliubov argument (see Theorem 3.3.4(3)).

(1) If v > 0, then there exist positive constants ¢ and C' such that

t t
IXe(2) =X (w)ll2 < IIx—yHg—Cv/O [ Xs(2) = Xs(y)ll7ds < II%‘—yII%—C/0 1 Xs(2) = Xa(y)l2ds.

Hence we have

Jim [[X,(x) = Xi(w)ll2 = 0, oy € L2(A),
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This implies the uniqueness of invariant measures.

Now we need to prove the concentration property of the invariant measure. (5.1.4)
implies that there exists a constant C' such that

1 n
il 1) = [ BIXO)Fa <€ n 1,

where f1, = + [* 0o Pdt. Hence pu(|| - [|3) < oo, since p is the weak limit of a subsequence
of 1y,.

By (5.1.4) there also exists a constant C' such that
1
E [ IXila)Ifdt < O+ ), Vo € LX)
0

Therefore,
1
u-18) = [ i) [ BOX @I < 0+ [ flffulan) < o

If v > 0 and ¢( is small enough, then by [to’s formula

t
NI okt [ o 21+ gl Kolg) SO e
0
t
+ e / 1,14 2l X2 (X, B,
0
t
<eoollel3 +/ A %||XS||‘§_2650”X5”3ds (5.1.7)
0

t
+ geo / | X |4 eI 2 (X, BAW,)
0

t t
gﬂwg+/'Grﬂm@x%>%+ﬂ%/wuﬂg%mnggBﬂm>
0 0

hold for some positive constants ¢, ¢c; and c¢o. Therefore

M@W%ZE/E@MWQM@L+Q
n Jo T ocan Co

Hence we have p(e®l3) < oo for some gy > 0.

The proof of (zii) and (iv) are very similar to the arguments in Theorem 4.1.1, hence

we omit the details here.
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Remark 5.1.1 (1) If2 > p > max{l,%}, then the embedding Hy"(A) C L*(A) is

compact according to the Rellich-Kondrachov theorem.
(2) If B =0 and Dirac measure at 0 is the unique invariant measure of {P,}, then by
taking F(z) = ||z||2 in (5.1.6) we get the following algebraically decay estimate
1
sup Jug(x)|ls < Ct a2, t >0,
z€L2(A)
where u,(x) is the solution to the following deterministic equation

0
an div(|VulP2Vu) — y|u|!%u, up = z.

ot

Now we assume ker(B) = 0 and define the following intrinsic metric for z € Wy (A):

lyll2, if y € L*(A), By =,
2] =
00, otherwise.

Theorem 5.1.2 If there exist constants o > % and & > 0 such that
212, - lzll5~2 > €llzllz, Vo e WP (M), (5.1.8)

then for any t > 0, P, is a strong Feller operator and for any positive bounded measurable
function F on L*(A), « > 1 and z,y € L*(\) we have

o o a—1 _ o+ 2)?
(RF)" < AF @) esp S (14 200 g ol o gl + 52 e )

o+2 o+1 [a<a+1)]a/26(2b+l)(a—2)t
+ o = ylg]
1p—Dgla— 17
(5.1.9)

g

Proof. For € € (0,1) and 5 € C([0,00); RT) we consider the following equation of ¥;

Gi(Xi — Y3

dY:{d' YiP2VY,) — Y| %Y,
¢ iv(|[VY[PEVYy) =YY+ 1 — Vil

Ljsery bt + BAW,, Yo =y, (5.1.10)

where X; := Xy(x) and 7 :=inf{t > 0: X; = Y;} is the coupling time.

According to [Zha08, Theorem 3.6], (5.1.10) has a unique strong solution Y; (see

Lemma 3.3.2). Moreover, we have
[ Xe = Yillo < | Xs = Yill2, t =5 = 0.
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By the definition of 7, we have X; =Y, for t > 7.

By taking
G = BB~ (X, —Y)) 1
t - HXt—Y%HS {t<T}7

we can rewrite the equation (5.1.10) as

dY; = (div(|VY,[P°VY,) — y|Y|[*72Y,)dt + B(AW; + Gdt), Yo =v.

Now we need to choose € € [2 — p, 1) and [ such that
(a) 7 < T a.s,;

(b) Eexp |1 ) IGl13] < oc.

For (a), it is easy to prove the following result (see Lemma 4.2.1).

Lemma 5.1.3 If § satisfies fOT Budt > Lz —ylls, then 7 < T, a.s.

In order to verify (b), first we need to have the following a priori estimates.

Lemma 5.1.4 We have

T T
E exp [AT/ thugpdt] < exp [qug+/ be*%tdt}, (5.1.11)
0 0

T
Boxp [vr [ Vil
0

T T
< exp [yl + / be PVt — gl / Bre~ @ ita),
0 0

where Ap = 2~V and b = || B|f3;s.

(5.1.12)

Proof. The proof is similar to Lemma 4.2.2. By the It6 formula (5.1.4) we have

T T
Nl < ol + [ e (b= 21Xl - BIKIR) de 42 [ X, Ba,
0 0

This implies

T T T
2627 / 1X12, dt < [lo2 + / be 2 dt + My — / e~ X, | 2dt,
0 0 0

where My = 2 [} e~ ?(X,, BAW,).
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It is easy to check from (5.1.4) and (5.1.3) that {M;} is a martingale. By taking

Ap = 2e=@HDT e obtain
T
Mmhjummﬂ
0
T T
< exp | / be2dt + [l | Eexp [ My - / e~ ;3]
0 0
Since (M), < [ 4be™ | X,||3dt and Eexp [M; — L(M),] = 1, then
T
E exp {MT —/ 2b6_2bt||Xt||§dt} <1
0

Hence (5.1.11) holds.

Note that
1X: = Y3 < [lz —yl3, t >0,

then by Ito’s formula we have

e @ ETYz||3

IN

T
Iyl + [ e @0 o= 2I%IE, - b+ DIVIE + 2¥il G — Yl ]t + 01
0

IN

T
Iyl [ e b - 20¥ile, - 201 + Gl — ol + My,
0
where M/ := fot 2e~(2+Ds(y, BAW,) is a martingale. This implies
T T T
S R R e el A T
0 0 0
T
+ M) — / 2be~ 20TV Y} || 2dt.
0

Therefore, by a similar argument one can obtain (5.1.12). "

Proof of the Theorem 5.1.2: Taking ¢ = _%; and

=yl
e(2(p—1e§)° T

then, according to Lemma 5.1.3, there exists a unique solution Y; to (5.1.10) such that

By =c(2(p — 1)),

the coupling time 7 < T, a.s..
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We can show that for any u, v in Wy”(A) (see Lemma 5.2.1),

(div(|Vu|P~2Vu) — div(|Vu[P2Vo),u —v)y < —(p— 1)\ (]Vu — Vol? (|Vu| v |VU|)p_2) ,

where ) is the Lebesgue measure on A and (-, -)o denotes the dualization between W, (A)

and its dual space.

By the It6 formula there exists a constant ¢ > 0 such that

t
H&—n%ﬂwfdwﬁﬂw—w/AUV&—VnmeuvwnW”Mu

t t
9 / Bl X — Yol puerydu — ¢ / 1X, — i edu.
(5.1.13)

By the Holder inequality we have

2—-p

1X: = Yill}, < A (VX = VY (VX V VYD) - (A (VX] VI VY7

2—p

Let f; := (AN [(|VXy| V [VY))!]) 7 , then by Itd’s formula, (5.1.13) and (5.1.8)
(1% = YilE)" < =200 el X = Y5 PA (VX = VP (VX V[V )de
IX: = Vil17,
2—p
A VXV IVY)?) @

< —2(p—1e|| X, — Vi3 dt

X, -V~

< —o(p—ecIXe = Yills
X — Vi35,

1X: — V3|
= (p—1)ec 2t B gy
=D =T,

Y
|| Xy = Y5 f

Combining this with the Young inequality we have
2

g 2d _ TﬂtQHXt_KHBd

IGellodt = [ ==t
0 o [IXe = Yil;

o—2

2
- </Tff_2dt) 7 ( TﬂfllXt—nll‘;dt)“
o 0 ! 0 ”Xt—y;f”gaft (5114)

o—2

T 2 o 9 2
< ( / ft”dt) (Il = ylZ)?
0

T 5
gA/ fo2dt + N2 — )2 X > 0.
0
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Since o > % implies ﬁ < ﬁ, we have
% 2(2—p)
7 <m([VXPVIVYP) @2 <1+ | X5, + (Y7,

Let A = Ay in (5.1.14), then by Lemma 5.1.4 it is easy to show (b) holds, i.e.

1 T
Eexp {5 / uctnzdt} < .
0

Now combining (3.3.6), (4.2.3) and Hoélder’s inequality we have

(PrF(y)" < PrF=(o) (ER&/W-”)‘H

T o T a—1
0 <<t,th>——2<a_1) /0 Hctuédt}}

= PrF%(

T 2 2 T 2
< PrF(s {Eexp — <<t,dwt>—ﬁ [rae]} s

a—1

.{Eex ﬁ‘é“*l))/ HQ|\§dt]}2

gPTF%x){Eex et [agar]}

(@ —1)?
Taking A = 552 +11)) n (5.1.14), by Lemma 5.1.4 we obtain that
ala+1)
Eexp [W/ ||Ct||2dt]

o

A7 ala+1) Ar(a—1)2\ %% .
<mo [ [+l + i OO (e F oy ]

1 g - —& T —
< exp [§<>\TT+H3:H§+HyH§+2/ be~2dt + ||z — y5¢ >/ Bre~@rtita)
0 0

olat 1) (Anle — U= sy,

(o —1)2\ 2a(a+1)

(5.1.16)
Then by (5.1.15) we have

a—1 Y
(PrF(y))* < PrF*(z) exp[ . (1 + 27T + |23 + lyll3 + +ll= — 3" >/ e <2b+1>tdt)
0
ala+1) (e — 1)2>25" > 25}
") ( 2@ty ) el

(5.1.17)
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Then the desired result (5.1.9) follows.

Moreover, one can also show that Pr is a strong Feller operator (see Theorem 3.3.1).

Now the proof is complete. (]

Remark 5.1.2 (1) Note that if v = 0 in (5.1.2), the Harnack inequality (5.1.9) still holds
i the theorem above. However, we can establish the ultraboundedness and compactness

of the transition semigroup here if we have this high order absorption term (v > 0) in the
drift (see Theorem 5.1.5).

(2) The estimate in right hand side of (5.1.9) comes from our coupling argument,
which looks different with the known Gaussian type estimate in finite-dimensional case
(cf. [Wan97]). However, we know that the Gaussian type estimate in Harnack inequality
is equivalent to some underlying curvature lower bound condition (cf.[Wan06]). Hence
it seems also reasonable to have this type of estimate (5.1.9) in the present case, which
describes some worse long time behavior of the semigroup. We also refer to the estimate of
a similar form obtained in [ATWO06] for diffusion semigroup on manifolds with curvature

unbounded below.
Theorem 5.1.5 Assume all assumptions in Theorem 5.1.2 hold.
(i) { P} is (topologically) irreducible and has a unique invariant measure p with full
support on L*(A). Moreover, for any probability measure v on L*(A) we have
tim || P o o=

where || - ||var s the total variation norm and P} is the adjoint operator of P;.

(i) If p = 2, then we have p(el3) < oo for some ey > 0. Moreover, P, is hyper-

bounded (i.e. ||P||r2(m—ri(n) < 00) and compact for some t > 0.

(iii) If v > 0 and q > o, then P, is ultrabounded (i.e. ||P||r2(u)—r=() < 00) and
compact on L*(u) for any t > 0.

(i) If v > 0 and q > 2, then the Markov semigroup { P} is uniformly exponential
ergodic, i.e. there exist C,n > 0 such that for allt > 0 and x € H

sup |PF(x) — p(F)| < Ce ™.

[Flloo<1
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And for each p € (1, 00] we have
IPF = u(F)lioguy < Coe= D2 Pl F e L), £ 0,

and

(p—1)n
gap(£p> Z p 1)

where C,, is a constant and L, is the generator of the semigroup {P;} on LP(u).

Proof. (i) The proof is standard and one just need to repeat the arguments in Theorem
3.3.5.

(17) If p = 2 and g¢ is small enough, then by It6’s formula and the Poincaré inequality
t
el Xl < geolleld 4 / (c = 20X, + 2beol| X, 2) oI ds
0
t
+ 260/ eI IB (X BAW,) (5.1.18)
0

t t
< eollel3 +/ (Cl _ 02660\\Xs||§> ds + 250/ IXIE (X BAW),
0 0

where ¢, ¢; and ¢, are positive constants.
Hence by the same argument in Theorem 5.1.1(i7) we can show u(eaOH'”%) < 00.

If p = 2, one can just repeat the proof of (5.1.9) (Lemma 5.1.4 can be omitted) and
thus (5.1.14) turns to be

2
o

T T 12 2
ﬁ X - Y o—2 o e
(/|m@&: OilXe = Yils gy < 2 (o0 — y22)
0 o I X = Y3

Hence we can get the following Harnack inequality

Ca(a+1) 5
(a _ 1)t(‘7+2)/” H:L‘ - y”Z )

<Rm%wsawwmm[

where C' is a constant depending on ¢ and &.

Since p(el3) < oo, by the same argument in Theorem 3.3.5 one can obtain the

hyperboundedness and compactness property of P, for some large ¢ > 0.
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(73i) If v > 0 and ¢ > o, then by It6’s formula and (5.1.7) we have for small €y > 0
t
eollXelld < geolll +/ (Cz — cluxsyygﬂefo\\xsl@) ds + M], (5.1.19)
0
where ¢, ¢ > 0 and M’ is a local martingale. Then by Jensen’s inequality
t 2q—2
EeollXellz < eeollzlly 4 op 0160(2q2)/q/ EecollXsl3 (log EesoIIXsllg) s,
0
By a standard comparison argument we have
Eeso I @IE < oxp [co(l + t’q/(q*m)}, t>0, v € L*A), (5.1.20)

where ¢y > 0 is a constant.

Then the ultraboundedness and compactness property can be derived for { P,} by using

the same argument in Theorem 4.1.3.

(iv) By Theorem 5.1.2 we know { P} is strong Feller and irreducible. Then, according
to [GMO04, Theorem 2.5; 2.7], we only need to verify the following properties:

(1) For each r > 0 there exists ¢ty > 0 and compact set M C H such that

inf P, 1y (z)> 0.

llzll2<r
(2) There exist constants K < oo and t; > 0 such that
E|X:(z)|5 < K, x € L*(A), t > t1.
By using 1t0’s formula we have
12 < llllz + /Ot (b= 21X}, — 21 X]15) ds + /;(Xsa BdW;).
This implies that there exists C' > 0 such that
E/t [ X1} ds < C(t + [|z]3), t > 0. (5.1.21)
0
And by using Jensen’s inequality
B < fiel3+ [ b 0 (8117 as
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Then by a standard comparison estimate we get
E|X,(2)|} < C(1+t772), z € LA(A), t>0.

Hence the property (2) holds.

Since the embedding Wy”(A) € L?(A) is compact, (5.1.21) implies that the property
(1) also holds. Therefore, the conclusions follow from [GMO04, Theorem 2.5; 2.7] (or
[GMO06, Theorem 7.2]). "

Remark 5.1.3 (1) Comparing with (ii) in Theorem 5.1.1, v = 0 is allowed in (i) here.

The uniqueness of invariant measures follows from the classical Doob theorem in this case.

(2) If p = 2, then (5.1.2) is stochastic reaction-diffusion equations and the hyper-
bounded property of the corresponding transition semigroups has been established in Theo-
rem 3.3.5 (see Example 3.4.1). However, ify > 0 and ¢ > 2 in (5.1.2), Theorem 5.1.5 (ii7)
implies that the associated transition semigroups are ultrabounded and compact, which are

much stronger than the hyperbounded property.

5.2 Applications to stochastic p-Laplace equation and reaction-diffusion equa-

tions

As a preparation we first prove a general inequality in Hilbert space, which implies

the dissipativity of the p-Laplace operator.

Lemma 5.2.1 Suppose (E,(-,")g, || - ||) is a Hilbert space, then for any 0 < r < 1 we

have

(lal" a = BlI"~*b,a = b)g = rlla = bl (flaf v [BI)"", a.b € E. (5.2.1)

Proof. Without loss any generality we may assume ||a|| > ||b]|. Then (5.2.1) is equivalent

to

(ol = llall™=")(b,a = b)p < (1 =r)[lall"*fla — b]I*.
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By the Cauchy-Schwarz inequality and the Young inequality we have
6]t = flall"=") (b, a — b)

(
(ol = flal™=) 1Bl la — o]
(ol llall™=" = fieihllall" " la — o]
(

(

< (rfloll + @ =)lall = [I6]) flall"*{la — bl
< (1=n)llall""Ha - o[
Hence the proof is complete. (]

For the application of the main results, one mainly needs to verify the assumption
(5.1.8). So we first give a sufficient condition such that (5.1.8) holds.

Proposition 5.2.2 Suppose Be; = bie; for i > 1, where {e;} is an orthonormal basis on
L3(A). If there exists a constant ¢ > 2 such that

[N

B2 : WyP(A) — L*(A)

is a bounded operator, then (5.1.8) holds for the same o.

Proof. By the assumption there exists a constant C' > 0 such that

1B=32l3 =) (r,e:)’;7 < Clizlli,, Yo € Wy (A).
i=1
Then by Holder’s inequality we have

[ee]

el = (D tened??)™

i=1 i=1

/N
—
&
Q)
N
S~
[ ™)
i
I
—
&
W
N
~——
SEI'S
S
=7
N}
N——
Q
~
N

[e's) o—2 00

< (Z(x, ei)2> - ( Z(x, ei>2b[">

=1 %

(5.2.2)

[e.o]

= Jlallg ™2 (D" (w77
=1
< Cllelg 2l

Hence (5.1.8) holds for the same exponent o. "
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Corollary 5.2.3 If A is a bounded C*-domain in R® and B = (—A)~% with 0 € (%, (Gtdp=2d

8
then B is a Hilbert-Schmidt operator and (5.1.8) holds for o = %.

Proof. It is well-known that there exists an ONB {e;} on L?(A) such that
Ae; = —\je;, 1> 1,

where the corresponding eigenvalues satisfy
N> >

for some constant ¢ > 0. Hence for 6 > f—f we have

o0

IBIE, = Y IBeld = Y0¥ < 03 i <o
=1

i=1 i=1
i.e. B is a Hilbert-Schmidt operator on L*(A).

By Proposition 5.2.2 it is enough to show ( —A)%e is a bounded operator from I/VO1 P(A)
to L2(A).

Note that (—A)% is a bounded operator from H%2(A) to L2(A), where H7%2(A) is a
fractional Sobolev space (cf.[RS96]).

By the general embedding theorem [RS96, Theorem 1,page 82] we have for § <

(2+d)p—2d
2po

the following embedding
Wi (A) € H(A)

is continuous, hence (—A)% is a bounded operator from WyP(A) to L2(A). "

Remark 5.2.1 For d = 1 we can take B = (—A)™ with 0 € (1, %], where A is the
Dirichlet Laplace operator on a bounded interval in R. In this case, the main results can

~ 4
only be applied to the case p > 3.

Example 5.2.4 (Stochastic reaction-diffusion equation)
Let A be an open bounded domain in R? with smooth boundary and A be the Laplace
operator on L*(A) with the Dirichlet boundary condition. Consider the following triple

Wa(A) N LA(A) € L2(A) € (Wi(A) n L9(A))°
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and the stochastic reaction-diffusion equation
dX, = (AX, — | X,|72X,)dt + BAW,, X, =z € L*(A), (5.2.3)

where ¢ > 2, B and Wy are Hilbert-Schmidt operator and cylindrical Wiener process on

L2(A) respectively, then all assertions in Theorem 5.1.1 hold.

Moreover, if B is a one-to-one operator such that B=* : Wi (A) — L*(A) is a bounded
operator, then (5.1.8) holds. Therefore, all assertions in Theorem 5.1.2 and 5.1.5 also
hold for (5.2.3).

In particular, if d = 1 and B := (—=A)™ with 0 € (3, 3], then the associated tran-
sition semigroup of (5.2.3) is hyperbounded. If q > 2, then the corresponding transition

semigroup of (5.2.3) is ultrabounded and compact.

Remark 5.2.2 [f we replace A in (5.2.3) by a general self-adjoint operator L and assume
that
O< A< A <A <

are the eigenvalues of —L and the corresponding eigenvectors {e;};>1 form an ONB of

LQ(A). Suppose Be; := b;e; and there exists a positive constant C' such that

> b < 4oo and b; > i>1, (5.2.4)

C
\/_A—ia
then B is a Hilbert-Schmidt operator on L*(A) and (5.1.8) holds. Similar to [LW0S,
Wan07] we may also discuss stochastic reaction-diffusion equations in higher dimensional
case (i.e. d > 1). Moreover, Theorem 5.1.5 implies that the transition semigroup is
ultrabounded and compact if we have a nonlinear perturbations in the drift, and we have

also derived the exponential ergodicity and the existence of a spectral gap in the example.
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Chapter 6

Invariance of Subspaces under The Solution Flow of SPDE

In this chapter we investigate some regularity property for solutions to SPDE. More
precisely, under some additional assumptions, we prove that the solution of an SPDE
takes values in some subspace of the original state space if the initial condition does. This
property is useful for further study of the corresponding random dynamical systems, e.g.
for studying the existence of a random attractor (cf.[BLRO0S8]). This type of regularity has
been required in [GMO7] for establishing the convergence rate of implicit approximations
for SEE and in [Cho92] for deriving the LDP for semilinear SPDE. As examples, the
main results are applied to different types of SPDE such as stochastic reaction-diffusion
equations, the stochastic p-Laplace equation, stochastic porous media and fast diffusion

equations in Hilbert space.

6.1 The main results

Let V. C H = H* C V* be a Gelfand triple, (-,-)y and y«(-, )y denote the inner
product in H and the dualization between V* and V respectively. {W;} is a cylindrical
Wiener process on a separable Hilbert space U w.r.t a complete filtered probability space
(Q, F,F,,P) and Ly(U; H) denotes the space of all Hilbert-Schmidt operators from U to

H. Consider the following stochastic evolution equation
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where A : [0,T] x V xQ — V*and B : [0,T] x V x Q — Ly(U, H) are progressively
measurable. By assuming the coefficients A, B satisfy the standard monotone and coercive
conditions (see Theorem 1.2.1) we know (6.1.1) has a unique strong solution X;(z), which

is a H-valued continuous process and satisfies

T
E ( sup 1%l + / ||Xt||%dt> <o
te[0,T 0

If (S,] - |ls) is a subspace of H and T,, are positive definite self-adjoint operators on H
such that

<x7y>n = <$7Tny>H7 r,y € H
are a sequence of new inner products on H. Suppose the induced norms || - ||,, are all

equivalent to || - ||z and

Ve e S, [zl T llzlls (n — o0).
Let H, := (H, (-,)n), then we get a sequence of new Gelfand triples
VCH,=H CV*
where we use different Riesz maps i,, to identify H,, = H, and ¢ is the Riesz map for
identifying H = H*.

Lemma 6.1.1 IfT, : V — V is continuous, then i, oi '

that

: H* — H 1s continuous w.r.t.

Lon V* such

v+. Therefore, there exists a unique continuous extension I,, of i, o1~

v Lo fo o)y = v (f, Thv)y, fEV*, veV. (6.1.2)

Proof. For any f € H* C V*, we know i, oi~'f € H} and

|linoi™ fllyx = sup v (in 0 i, v)y| = sup ](z”lf, V)
veV,||v|lv=1 veV,|jv|ly=1
= s | Tedul= s o (f Tl (6.13)
vev,flolly=1 veVillolly =1
S sup V* <f7 U)V

UGWHUHVSCn

where ¢, is the operator norm of T}, from V to V. Obviously we also have
velino it f )y = v (f, Tov)y, fEH" veEV.
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Then it is well-known that 4, 0 i~! can be uniquely extended to a continuous operator on
V* such that (6.1.2) holds. "

Since we want to apply the It6 formula to the solution of (6.1.1) in different Gelfand
triples, we need to write down the Ito formula for the square norm of the solution in a

more precise way by involving the corresponding Riesz map explicitly.
Lemma 6.1.2 [RRWO07, Theorem A.2] Let K := L*([0,T] x Q — V;dt x P)(a > 1)
and Xo € L*(2 — H; Fo; P). Suppose we have a H-valued process X; which satisfies

t t
iXt = ZXO +/ stS +'L (/ stWS) ) le [07 T]’
0 0

where Y € K* = L©@=D([0, T|xQ — V*;dtxP) and Z € L*([0,T]xQ — Ly(U; H); dt X
P) are two adapted processes. If there exists an element X in K such that X = X

dt x P,a.s., then X; is a continuous adapted process on H such that E sup || X[} < oo
te[0,7
and

t t
1XE = Xl + / 0 (Ve Kby + [ Zul s + 2 / (X0 ZAW) g (6.1.4)
0 0

holds P-a.s. for allt € [0, T]. We can replace X, by X, in (6.1.4) if we set y-(Ys, Xs)y =0
for Xs ¢ V.

Now we formulate the main result of this chapter.

Theorem 6.1.3 Suppose the assumptions (H1) — (H4) in Theorem 1.2.1 hold, T,, : V —
V' is continuous and there exist a constant C' and an adapted process f € L'([0,T] x
Q;dt x P) such that for n > 1

2v-(A(t,v), o)y + | B, )10 m,y) < Cllvllz+fi, veV, 0<t<T, P—as. (6.1.5)
(i) If E|| Xo||% < oo, then for any p € [1,2) we have

E sup || X% < cc.
te[0,T

(ii) If E|| Xo|'s < oo for some p > 2 and
B0 oy < Clel2 + fis v eV, 0SS T, Poas,  (6.10)
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where f € L2([0,T] x Q;dt x P), then there exists a constant C, such that

T
E sw [ X% < C, (Euxouzm / 5/2d5> |

te[0,T] 0

Proof. (i) It follows from the definition that the solution X; to (6.1.1) satisfies

t t
iXt:z'Xg—l—/ A(S,Xs)ds—l—i(/ B(s,XS)dWS), te0,7]. (6.1.7)
0 0

According to Lemma 6.1.1, by applying the continuous operator I, to (6.1.7) we have

t t
e :inXo—l—/ I, A(s, X,)ds + i, (/ B(S,XS)dWS), t €0, 7).
0 0

By Lemma 6.1.2 we can apply the Ito formula on the new Gelfand triple V C H,, = H; C
V* to obtain

t
12 =)/ X012 + / (2 v (TuAs, X), Xo)v + 1B, X)) ds
t
2 / (X,, B(s, X,)AW,), (6.1.8)
0

t t
<|| Xol2 + / (CIIXSl12 + f5) ds +2 / (X, B(s, X )dW,),.
0 0
Hence

e X2 gHXOHiJr/ Cstds+2/ e 9 (X,, B(s, X, )dW,), =: N,.  (6.1.9)
0 0

It is easy to show that /V; is a local submartingale, i.e. the sum of an increasing process
and a local martingale. Hence by a standard localization argument we know for any

pe(l,2)
P( sup | X2 >7r) =P( sup | X;]2 > r*7)

te[0,T te[0,7 (6.1.10)
< P( sup N; > e’CTrm’) < T’Q/peCTENT < 00,
t€[0,T]

since ENy < E|| X,||% + EfOT e ¢* f.ds < oo. Then

E sup [X.] = / P( sup | X2 > r)dr
0

te[0,T] te[0,7

1 0
S/ P( sup || X% >r)d7“—|—/ P( sup || X2 > r)dr
0 1

t€[0,T te[0,T]

<1+ / r2PCTENdr = 1+ QLeCTENT.
1 — P
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Let n — oo, by the monotone convergence theorem and Fatou’s lemma we have

E sup || X¢||% =E lim sup || X:|]?
t€[0,7 N0 ¢e(0,T]

<liminf E sup || X¢]|2 <1+ QLeCTENT < 00.
- P

n—oo t€[0,T

(17) By Itd’s formula and Young’s inequality we have
t
Il =Xl + B [ I 20 (A, X X
0
t t
_ P _
+p/ ||Xs||ﬁ 2<XS>B(5E7XS)dWS>n +p(§ - 1)/ HXSHQ 4||Xs © B(t:XS)”%Q(U,Hn)dt
0 0

t t
p _ _
<INl + 5 [ CUXIE+ LN as +p [ 110X, Bl X)W,

t t
<Xl + € [ (Xl + 2205+ p [ IR Bla X)W
0 0
(6.1.11)
where C' is a constant which may change from line to line.
Then by the Burkhélder-Davis-Gundy inequality and (6.1.6) we have
B sup | [ (X B X)W,
u€l0,t] |[J0
t 1/2
<38 [ I 2106 Xl i )
0
. 1/2
<3 <sup e | (||X5||i+fs)ds) (6.112)
s€[0,¢] 0

<3E

t p/2
e sup || X,|ln + C. (/ (C||XS||72z+fs)dS) ]
0

s€0,t]

t
<3:E sup ||X5||$1+3-2p/206E/ (IXlE + £2/%) ds,
0

s€[0,t]

where € > 0 is a small constant and C. comes from Young’s inequality.

Then combining with (6.1.11) and Gronwall’s lemma we have for any stopping time
T<T

T
E sup || X2 < C (Enxoum / f£/2d5> |
0

t€(0,7]
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where C' is a constant independent of n.

Therefore, by using a standard localization argument we have

T
E sup [|X.4 = supE sup [ X2 < C (Enxonf;w / f§/2d3>.
0

t€[0,7T] n>1  t€[0,T]

Remark 6.1.1 The idea of using equivalent norms || - ||, to approximate || - ||s has been
used in [RW08] for establishing the L*-invariance of the solution to stochastic porous media
equations. In order to apply Ito’s formula to the equation on different Gelfand triples, here
we introduce the continuous operator I, to transfer the equation between different triples.
In the next section this theorem will be applied to investigate the regularity for many

different types of SPDE in Hilbert space as examples.

6.2 Applications to concrete SPDEs

In this section, we only consider the additive type noise (e.g. B € L*([0,T] x
0, Ly(U,S))) for simplicity. Then it is obvious that (6.1.6) holds. For the examples
with multiplicative noise we refer to [RW08, Remark 2.9(iii)], where a general linear mul-

tiplicative noise satisfying (6.1.6) is discussed.

Example 6.2.1 Let A be an open bounded domain in R® and LP := LP(A). Consider the
following triple
LP C L* C (LP)* = Lot

and the stochastic equation
dX; = (= X" 72X, + n Xe) At + B, dW, t € [0,T), (6.2.1)

where p > 2, n is a bounded process and Wy is a cylindrical Wiener process on L?. If
S =Wy? Xo € L*(Q,5) and B € L*([0,T] x Q, Ly(L?,S)), then there exists a constant
C such that .

B sup |13 < C (BIXI3+ B [ IBar)

t€[0,T]
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Proof. Note that S = W,* = D(y/=A), where A is the Laplace operator on L? with
the Dirichlet boundary condition. Then we define 7, = —A(1— £)~! which is the Yosida
approximation of A. It is well-known that the heat semigroup {P;};>¢ (generated by A)
is a contractive semigroup and 7;, are continuous operators on LP. Therefore, by using

the Holder inequality and the contraction property of P, on LP we have

A
ve (At w), Tau)y = ve(=[ul"Pu, =A(L = =) w)y +pl|ul;

=y {—|ulP2u,nu — n(1 — ;)_1U>V + melull?

oo
:—n/ e_tv*<
0

< - n/ et {/(Mp — |ulP2uPeu)dé | dt
0 A "

<Cllully, u e L,

b 2u,u = Peuyde + ) (622)

where C' is a constant.

Hence (6.1.5) holds and the conclusion follows from Theorem 6.1.3. "

Example 6.2.2 (Stochastic reaction-diffusion equation)

Let A be an open bounded domain in R%. We consider the following triple
Wy (A) N LP(A) © L2(A) © (Wy*(A) N LP(A))*
and the stochastic reaction-diffusion equation
dX; = (AX; — | X4 P2 X, + 0, X )dt + BdW,, (6.2.3)

where p > 2, 1 is a bounded process and Wy is a cylindrical Wiener process on L*(A\).
If S = Wy (M), Xo € L*(,S) and B € L*([0,T] x Q, Ly(L*(A), S), then there exists a

constant C' such that

T
B sup X < C (E||Xo||§+E / ||Bt||3dt).
0

telo, T

Proof. Let A be the Laplace operator on L?*(A) with the Dirichlet boundary condition,
then we define 7, = —A(1 — £)7!, {P};>0 and € denote the corresponding semigroup
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and Dirichlet form of A. It is easy to show that T}, are continuous operators on Wy*(A)

03

A
n

since

Then we have

w(Au,—A(l — )_1u>v

A

= y«(Au,nu —n(l — E)’lwv

= —n/ e YVu, Vu — VPru)2ndt
0 n

IA

—n/ e " (E(u,u) — E(u, Pru))dt
< 0, ’

where the last step follows from the contraction property of the Dirichlet form &.

Therefore, combining with (6.2.2) we know that (6.1.5) holds and the conclusion follows

from Theorem 6.1.3.
x

Remark 6.2.1 (1) This reqularity property is used in [GMO7] (see assumption (T3)) for
establishing the convergence rate of the implicit approximations for stochastic evolution

equations.

(2) In the above example one can replace A by a more general negative definite self-
adjoint operator L and obtain a similar result for S = D(\/—L). This type of reqularity
has been used in [Cho92, Lemma 3.2] for establishing the large deviation principle for
semilinear SPDFEs.

Example 6.2.3 (stochastic porous media and fast diffusion equation)

d—2

Let A be an open bounded domain in R%. For r > 0,7 > e

we consider the following
triple
V=LY A) C H:= (W) CV*

and the stochastic porous media( or fast diffusion) equation
dX; = (A(X["1Xe) +mXy) dt + BdW, (6.2.4)
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where Wy is a cylindrical Wiener process on L?*(A) and n is a bounded process. If S =
L*(N), X € L*(Q,S) and B € L*([0,T] x Q, Ly(L*(A)), then there exists a constant C
such that

T
B s |03 < C (BIXE +E [ 1B,
0

te(0,T

Proof. According to [PR07, Example 4.1.11;Remark 4.1.15] we know the conditions
(H1) — (H4) in Theorem 1.2.1 hold for r > 0,7 > d+§ Hence we only need to verify
(6.1.5) in Theorem 6.1.3 here.

It is well-known that the heat semigroup {F;} is contractive on LP(A) for any p > 1.

Now we define the Yosida approximation operator

T, =—-A - é)‘1 —n (1_ (I é)—l) 7

n n

it’s easy to show that 7Tj, are continuous operators on L™"!(A) by using the formula

(I — é)_1u :/ e 'Prudt.
0 n

n
Then by the Holder inequality and the contractivity of {P} on L™ (A) we have

v (A ), — A = D)y

n

= (Jul™ unu—n(l—é)’l

= / </ lu|"dr — /|u|7" Ly - Ptud:c)d

<
Hence the conclusion follows from the Theorem 6.1.3. n

Remark 6.2.2 Note that if r > 1, this result has been obtained in [RWO0S, Theorem
2.8] where more general stochastic porous media equations were studied. But under the
present framework our proof is much simpler and the result here also holds for stochastic
fast diffusion equations (i.e. r < 1). In the example we assume r > 4 2 such that the

embedding L™ (A) C (W3 (A))* is dense and continuous.

d+
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Example 6.2.4 ( Stochastic p-Laplace equation)
Let A be an open bounded domain in R with convex and smooth boundary. We consider
the following triple

WHP(A) € L*(A) € (WHP(A))

and the stochastic p-Laplace equation
dX, = [div(|[VX,[P?VX,) — o Xo|P 2 X, ] dE + BdW, (6.2.5)

where 2 < p < oo,1 < p < p, W, is a cylindrical Wiener process on L*(A) and n
is a positive bounded process. If S = W12(A), Xy € L*(Q,S) and B € L*([0,T] x
Q, Ly(L%S)), then there exists a constant C' such that

T
B sup 103 < C (BIXE B [ IR,
0

t€[0,T]

Proof. According to the results in [PRO7] (e.g. Example 4.1.9), we only need to verify
the assumption (6.1.5) in Theorem 6.1.3. Since S = W'2(A) = D(v/—A), where A
is the Laplace operator on L?(A) with the Neumann boundary condition. Tt is well-
known that the corresponding semigroup {F;} is the Neumann heat semigroup (i.e. the
corresponding Markov process is the Brownian Motion with reflecting boundary) and P, :
L?(A) — WY2(A). Moreover, we know that P, maps LP(A) into WHP(A) continuously (see
[CRO4, section 2] for more general results). Hence for all ¢ > 0, P, : WHP(A) — W1P(A)

1S continuous.

Now we define

n n

T, = —A(I — é)—1 =n (I — (I — é)—1) .

It is easy to show that 7T;, are also continuous operators on WP(A) since

n

A oo
(I—=)tu= / e ' Prudt.
0 n

Moreover, since the boundary of the domain is convex and smooth, we have the following
gradient estimate (cf.[Wan05, Theorem 2.5.1])

|VPu| < P|Vu|, ue W"(A).
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Since { P} is a contractive semigroup on LP(A), it is easy to see that { P} is a contractive

semigroup on W1P(A). Therefore,

A
v {div(|VulP?Vu), —A(1 — 5)71U>V
A
= iV VUV (1= )y

= n/ e v (div(|VulP2Vu), u — Piu)ydt
0 n
= —n/ e’ (/ |Vu|Pde — / |VulP 2V - VPtUdJ;) dt
0 A A "
S 07

where in the last step we use the Holder inequality and the contractivity of {P;} on

WHP(A) to conclude

/ |Vu[P~?Vu - V Pudz
A

P

</ yvuypdx> ’ -(/\vpsu\de>p
A A

<
< ([rwar) " ([1rivarac)’
A A
< / |Vul|Pde.
A
Then the conclusion follows from Theorem 6.1.3. N
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