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ABSTRACT
VASILEIOS MAROULAS: Small Noise Large Deviations for Infinite Dimensional

Stochastic Dynamical Systems
(Under the direction of Amarjit Budhiraja)

Large deviations theory concerns with the study of precise asymptotics governing
the decay rate of probabilities of rare events. A classical area of large deviations is the
Freidlin-Wentzell (FW) theory that deals with path probability asymptotics for small
noise Stochastic Dynamical Systems (SDS). For finite dimensional SDS, FW theory has
been very well studied. The goal of the present work is to develop a systematic framework
for the study of FW asymptotics for infinite dimensional SDS. Our first result is a general
LDP for a broad family of functionals of an infinite dimensional small noise Brownian
motion (BM). Depending on the application, the driving infinite dimensional BM may
be given as a space-time white noise, a Hilbert space valued BM or a cylindrical BM.
We provide sufficient conditions for LDP to hold for all such different model settings.

As a first application of these results we study FW LDP for a class of stochastic reac-
tion diffusion equations. The model that we consider has been widely studied by several
authors. Two main assumptions imposed in all previous studies are the boundedness
of the diffusion coefficient and a certain geometric condition on the underlying domain.
These restrictive conditions are needed in proofs of certain exponential probability esti-
mates that form the basis of classical proofs of LDPs. Our proofs instead rely on some
basic qualitative properties, eg. existence, uniqueness, tightness, of certain controlled
analogues of the original systems. As a result, we are able to relax the two restrictive
requirements described above.

As a second application, we study large deviation properties of certain stochastic
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diffeomorphic flows driven by an infinite sequence of i.i.d. standard real BMs. LDP for
small noise finite dimensional flows has been studied by several authors. Typical space—
time stochastic models with a realistic correlation structure in the spatial parameter
naturally leads to infinite dimensional flows. We establish a LDP for such flows in the
small noise limit. We also apply our result to a Bayesian formulation of an image analysis
problem. An approximate maximum likelihood property is shown for the solution of an

optimal image matching problem that involves the large deviation rate function.
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CHAPTER 1

Introduction

Theory of Large Deviations concerns with the study of probabilities of rare events. It
is one of the most active research fields in probability, having many applications to areas
such as statistical inference, queueing systems, communication networks, information
theory, risk sensitive control, partial differential equations and statistical mechanics. We
refer the reader to [13, 14, 15] for background, motivation, applications and fundamental
results in the area.

Consider, for example, one of the classical subjects in Probability Theory—sum of i.i.d.
random variables. Suppose that Xi, Xs,--- is an i.i.d. sequence of random variables on
a probability space (2, F,P) with mean p and variance o%. Let S, = >" | X;, n > 1 be
the partial sums. Then by the strong law of large numbers (SLLN) ‘1—” — i a.s., and by
the central limit theorem (CLT) S’Z_;\/%“ — Z in distribution, where Z is a standard normal
random variable. While the SLLN provides the convergence of the empirical average Sn—" to
1 as n — oo, the CLT gives the asymptotics of the probability of deviations of \S,, from nu
by an amount of order y/n. Deviations of this size are usually referred as “normal”. On
the other hand, deviations of order n; for example the event A,, = {S,, > (u+a)n}, a > 0,
are referred as “large”. Note that the probability of the above event tends to zero
as n — oo. Theory of Large Deviations deals with the study of precise asymptotics
governing the decay rate of such probabilities.

In particular, for the event A, introduced above, the celebrated Cramér’s theorem



(cf. p.18 [13]) gives

1 1
— inf  I(z) <liminf —logPP(A,) < limsup —loglP(A4,) < — inf I(z)

z€ (pu+c,00) n—oo 711 n—oo 1 z€[p+a,00)

where I(z) = supycp{Az — A(M\)} is the Legendre transformation of the log moment

generating function of X1, i.e. A(\) = log EeM

, A € R. The function I governs the rate
of (exponential) decay of such probabilities of large deviations and is referred to as the
rate function.

One of the classical areas of large deviations is the Freidlin—Wentzell theory that deals

with path probability asymptotics for small noise stochastic dynamical systems. As a

motivating example consider a k—dimensional stochastic differential equation of the form:
dX(t) = b(X(t))dt + /e a(X(t))dW (t), t € [0,T], (1.1)

with coefficients a, b satisfying suitable regularity properties and W a finite dimensional
standard Brownian motion. As e — 0, X¢ 5 X° in C([0,T] : R¥) (for a Polish space &,
C([0,T7] : €) denotes the space of continuous functions from [0, 7] to &), where X solves
the ODE & = b(z). Freidlin-Wentzell theory describes precise asymptotics (as € — 0)
of probabilities of events such as {supg,< [ X () — X°(¢)| > ¢}. For finite dimensional
stochastic differential equations (SDEs) such a study is classical and we refer the reader
to [20] for a comprehensive account.

The goal of the present work is to undertake a similar analysis for infinite dimensional
stochastic dynamical systems. Although there are several works that have considered
Freidlin—Wentzell asymptotics for infinite dimensional stochastic systems, typically proofs
proceed through approximation and discretization arguments that are specific to the
model under study. One of the main emphasis in the current work is to develop a
unified framework for addressing such asymptotic questions for a broad family of infinite

dimensional stochastic dynamical systems. Starting points of our work are the variational



representation for a Hilbert space valued Brownian motion presented in Theorem 2.6.1
and a large deviation result for functionals of such Brownian motions, given in Theorem
3.3.1, that was established in [8].

The general large deviation result of Theorem 3.3.1 is our main tool in the study of
small noise large deviations for stochastic differential equations driven by infinite dimen-
sional Brownian motions. Depending on the application of interest the infinite dimen-
sional nature of the driving noise may be given in a variety of forms. Some examples
of such forms include—an infinite sequence of i.i.d standard (1-dim) Brownian motions,
a cylindrical Brownian motion, a Hilbert space valued Brownian motion, a space—time
Brownian sheet. We introduce in Chapter 2 all such different descriptions of an infinite
dimensional Brownian motion and using relationships between them obtain, in Chap-
ter 3, general large deviations results (analogous to Theorem 3.3.1) for functionals of
Brownian motions given by such alternate descriptions. In fact we develop a somewhat
strengthened form of Theorem 3.3.1 by establishing a uniform large deviation principle
(LDP) with respect to some parameter (typically for SDEs, this parameter is the ini-
tial data). Uniform LDPs are needed in the study of exit time and invariant measure
asymptotics for small noise Markov processes.

In Chapter 4, as a first application of the general large deviation results established
in Chapter 3 (specifically Theorem 3.6.2 ), we will study Freidlin-Wentzell LDP for a
class of reaction—diffusion stochastic partial differential equations (SPDE) [see (4.1)], for
which well-posedness has been studied in [27] and a small noise LDP established in [26].
The class includes, as a special case, the reaction—diffusion SPDEs considered in [36] (see
Remark 4.2.2).

Our proof of the LDP proceeds by verification of the general sufficient condition
Assumption 3.3.1. The key ingredient in the verification of this assumption are the well-
posedness and compactness for sequences of controlled versions of the original SPDE-see

Theorems 4.2.3, 4.2.4 and 4.2.5. For comparison, the statements analogous to Theorems



4.2.3, 4.2.4 in the finite dimensional setting (1.1) would say that for any 6 € [0,1) and
any L?-bounded control u, (i.e. a predictable process satisfying fOT [|u(s)]|?ds < M, as.

for some M € (0,00)), and any initial condition z € R* the equation
dX0(t) = b(X0(t))dt + 0a(X2"())dW () + a(XT" (1)) u(t)dt, XI"(0) =2 (1.2)

has a unique solution for ¢t € [0,7]. Also, the statement analogous to Theorem 4.2.5
in the finite dimensional setting would require that if (¢) — 6(0) = 0, if a sequence
of uniformly L?-bounded controls ¢ satisfies u¢ — u in distribution (with the weak
topology on the bounded L?—ball), and if 2°() — z (all as ¢ — 0), then Xiéfz)’m — XOu
in distribution.

As one may expect, the techniques and estimates used to prove such properties for
the original (uncontrolled) stochastic model can be applied here as well, and indeed
proofs for the controlled SPDEs proceed in very much the same way as those of their
uncontrolled counterparts. A side benefit of this pleasant situation is that one can often
prove large deviation properties under mild conditions, and indeed conditions that differ
little from those needed for a basic qualitative analysis of the original equation. In the
present setting, we are able to relax two of the main technical conditions used in [26],
which are the uniform boundedness of the diffusion coefficient [i.e., the function F' in
(4.1)] and the so called “cone condition” imposed on the underlying domain (cf. p.320
[25]). In place of these, we require only that the domain is a bounded open set and
that the diffusion coefficients satisfy the standard linear growth condition. It is stated
in Remark 3.2 of [26] that although unique solvability holds under the weaker linear
growth condition, they are unable to derive the corresponding large deviation principle.
The conditions imposed on F' and O in [26] enter in an important way in their proofs
of the large deviation principle which is based on obtaining suitable exponential tail

probability estimates for certain stochastic convolutions in Holder norms. This relies on



the application of a generalization of Garsia’s theorem [21], which requires the restrictive
conditions alluded to above. An important point is that these conditions are not needed
for unique solvability of the SPDE.

In contrast, the weak convergence proof presented here does not require any expo-
nential probability estimates and hence these assumptions are no longer needed. Indeed,
suitable exponential continuity (in probability) and exponential tightness estimates are
perhaps the hardest and most technical parts of the usual proofs based on discretization
and approximation arguments. This becomes particularly hard in infinite dimensional
settings where these estimates are needed with metrics on exotic function spaces (e.g.,
Holder spaces, spaces of diffeomorphisms, etc.).

Standard approaches to small noise LDP for infinite dimensional SDE build on the
ideas of [2]. The key ingredients to the proof are as follows. One first considers an
approximating Gaussian model which is obtained from the original SDE by freezing
the coefficients of the right hand side according to a time discretization. Each such
approximation is then further approximated by a finite dimensional system uniformly
in the value of the frozen (state) variable. Next one establishes an LDP for the finite
dimensional system and argues that the LDP continues to hold as one approaches the
infinite dimensional model. Finally, one needs to obtain suitable exponential continuity
estimates in order to obtain the LDP for the original non-Gaussian model from that
for the frozen Gaussian model. Exponential continuity (in probability) and exponential
tightness estimates that are used to justify these approximations are often obtained
under additional conditions on the model than those needed for well posedness and
compactness. In particular, as noted earlier, for the reaction diffusion systems considered
here, these rely on exponential tail probability estimates in Holder norms for certain
stochastic convolutions which are only available for bounded integrands.

An alternative approach, based on nonlinear semigroup theory and infinite dimen-

sional Hamilton—Jacobi (HJ) equations, has been developed in [18] (see also [19]). The



method of proof involves showing that the value function of the limit control problem
that is obtained by the law of large number analysis of certain controlled perturbations
of the original stochastic model, uniquely solves an appropriate infinite dimensional HJ
equation in a suitable viscosity sense. In addition, one needs to establish exponential
tightness by verifying a suitable exponential compact containment estimate. Although
both these steps have been verified for a variety of models (cf. [19]), the proofs are quite
technical and rely on a uniqueness theory for infinite dimensional nonlinear PDEs. The
uniqueness requirement on the limit HJ equation is an extraneous artifact of the ap-
proach, and different stochastic models seem to require different methods for this, in
general very hard, uniqueness problem. In contrast to the weak convergence approach,
it requires an analysis of the model that goes significantly beyond the unique solvability
of the SPDE. In addition, as discussed previously the exponential tightness estimates
are typically the most technical part of the large deviation analysis for infinite dimen-
sional models, and are often only available under “sub—optimal” conditions when using
standard techniques.

In Chapter 5 we will consider another application of the general large deviation prin-
ciple established in Chapter 3. In this chapter we will prove a LDP for a wide family class
of stochastic flows in the small noise limit. Stochastic flows of diffeomorphisms have been
a subject of much research [4, 28, 17, 7]. In this work, we are interested in an important
subclass of such flows, namely the Brownian flows of diffeomorphisms [28]. Our goal is to
study small noise asymptotics, specifically, the large deviation principle (LDP) for such
flows.

Elementary examples of Brownian flows are those constructed by solving finite dimen-
sional Ito stochastic differential equations. More precisely, suppose b, f;, ¢ = 1,...,m are
functions from R¢x [0, T] to R? that are continuous in (,t) and (k+1)-times continuously
differentiable (with uniformly bounded derivatives) in x. Let f,... 3, be independent

standard real Brownian motions on some filtered probability space (2, F, P, {F}). Then



for each s € [0,7] and x € R?, there is a unique continuous {F;}—adapted, R?—valued

process ¢s (), s <t < T, satisfying

Gsi(x) =+ /t b(¢sr (), r)dr + i /t fi(@sr(x),r)dBi(r). (1.3)

By choosing a suitable modification, {¢s;,0 < s <t < T} defines a Brownian flow of
C*—diffeomorphisms (see Section 5.2). In particular, denoting by G* the topological
group of CF—diffeomorphisms (see Section 5.3 for precise definitions of the topology and
the metric on G*), one has that ¢ = {¢;,0 < ¢ < T} is a random variable with values
in the Polish space W, = C([0,T] : G¥). For ¢ € (0,00), when f; is replaced by ef; in
(1.3), we write the corresponding flow as ¢°. Large deviations for ¢° in Wk, as € — 0,
have been studied for the case k = 0 in [32, 3] and for general & in [5].

As is well known [30, 4, 28], not all Brownian flows can be expressed as in (1.3) and
in general one needs infinitely many Brownian motions to obtain a SDE representation
for the flow. Indeed typical space-time stochastic models with a realistic correlation
structure in the spatial parameter naturally lead to a formulation with infinitely many
Brownian motions. One such example is given in Section 5.5. Thus, following Kunita’s
[28] notation for stochastic integration with respect to semi-martingales with a spatial
parameter, the study of general Brownian flows of C*-diffeomorphisms leads to SDEs of
the form

dpsi(x) = F(psi(x),dt), ¢ss(v) =2, 0<s<t<T, x € R?, (1.4)

where F(x,t) is a C*"1-Brownian motion (See Definition 5.2.2). Note that such an F
can be regarded as a random variable with values in the Polish space W), = C([0,T] :
CF1(R?)), where C*1(R?) is the space of (k+ 1)-times continuously differentiable func-
tions from RY to R?. Representations of such Brownian motions in terms of infinitely

many independent standard real Brownian motions is well known (see Exercise 3.2.10



[28]). Indeed, one can represent F' as

F(z,t) i/o b(x,r)dr + Z/o filz,r)dBi(r), (z,t) € R x [0,T), (1.5)

where {/;}5°, is an infinite sequence of i.i.d.real Brownian motions and b, f; are suitable
functions from R? x [0, 7] to R? (see below Definition 5.2.2 for details).

Letting a(z,y,t) = Y oo, filz, 1) fl(y,t) for z,y € R%, ¢t € [0, T), the functions (a, b) are
referred to as the local characteristics of the Brownian motion F. When equation (1.4)
is driven by the Brownian motion F*© with local characteristics (a,b), we will denote the
corresponding solution by ¢°. In Chapter 5 we will establish a large deviation principle
for (¢, F*) in Wi_1 x Wi_;. Note that the LDP is established in a larger space than
the one in which (¢, F) take values (namely, W, x W;). This is consistent with results
in [32, 3, 5|, which consider stochastic flows driven by only finitely many real Brownian
motions. The main technical difficulty in establishing the LDP in Wy, x Wy, is the proof of
a result analogous to Proposition 5.4.2, which establishes tightness of certain controlled
processes, when k — 1 is replaced by k.

The proof of our main result (Theorem 5.3.1) proceeds by verification of the general
sufficient condition Theorem 3.4.1 obtained in Chapter 3. The verification of this condi-
tion essentially translates into establishing weak convergence of certain stochastic flows
defined via controlled analogues of the original model (see Theorem 5.3.2). These weak
convergence proofs proceed by first establishing convergence for N —point motions of the
flow and then using Sobolev and Rellich-Kondrachov embedding theorems (see the proof
of Proposition 5.4.2) to argue tightness and convergence as flows. The key point here
is that the estimates needed in the proofs are precisely those that have been developed
in [28] for general qualitative analysis (e.g. existence, uniqueness) of the uncontrolled
versions of the flows. Unlike in [32, 3] and [5] (which consider only finite dimensional

flows), the proof of the LDP does not require any exponential probability estimates or



discretization /approximation of the original model.

In Section 5.5 we study an application of these results to a problem in image anal-
ysis. Stochastic diffeomorphic flows have been suggested for modeling prior statistical
distributions on the space of possible images/targets of interest in the study of nonlinear
inverse problems in this field (see [16] and references therein). Along with a data model,
noise corrupted observations with such a prior distribution can then be used to compute
a posterior distribution on this space, the “mode” of which yields an estimate of the true
image underlying the observations. Motivated by such a Bayesian procedure a variational
approach to this image matching problem has been suggested and analyzed in [16]. Our
goal is to develop a rigorous asymptotic theory that relates standard stochastic Bayesian
formulations of this problem, in the small noise limit, with the deterministic variational
approach taken in [16]. This is established in Theorem 5.5.1 of Section 5.

Other possible applications of the results of Chapter 5 are as follows. Large deviations
for stochastic flows were studied in [32] in order to obtain large deviation estimates for
finite dimensional anticipative SDEs. The results of the current work are the first step
towards the study of the analogous problem for infinite dimensional SDEs. The paper [5]
used the LDP for stochastic diffeomorphic flows to study large deviation properties, as
e — 0, of finite dimensional diffusions generated by €L+ Ly, where Ly, Ly are two second
order differential operators. The analogous problem for infinite dimensional diffusions is
currently open; a key ingredient is again the LDP for infinite dimensional flows obtained
in the current work.

The dissertation is organized as follows. In Chapter 2 we give some background on
infinite dimensional Brownian motions and recall the variational representation for a
Hilbert space valued BM obtained in [8]. Chapter 3 reviews some background definitions
and results in large deviations theory. We also strengthen the main large deviation
result of [8] by proving a uniform LDP. Chapter 4 is devoted to the study of LDP for

small noise stochastic reaction—diffusion SPDEs. Finally, in Chapter 5 we study large



deviations properties of infinite dimensional stochastic flows. The two appendices cover

some basic functional analysis notation, definitions and background material.
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CHAPTER 2

Infinite dimensional Brownian motion

2.1 Introduction.

An infinite dimensional Brownian motion arises in a natural fashion in the study
of stochastic processes with a spatial parameter. We refer the reader to [12, 25, 38], for
numerous examples in physical sciences where an infinite dimensional Brownian motion is
used to model the driving noise for some dynamical system. Depending on the application
of interest the infinite dimensional nature of the driving noise may be expressed in a
variety of forms. Some examples include-an infinite sequence of i.i.d. standard (1-dim)
Brownian motions, a Hilbert space valued Brownian motion, a cylindrical Brownian
motion, a space-time Brownian sheet. In this chapter, we will describe all of these

models and explain how the various models are related to each other.

2.2 Infinite sequence of i.i.d Brownian motions.

Let (Q,F,P) be a probability space with an increasing family of right continuous
P-complete sigma fields {F;}+>0. We will refer to (2, F, P, {F;}) as a filtered probability
space. Let {3;}22, be an infinite sequence of independent, standard, one dimensional,
{F;}-Brownian motions given on this filtered probability space. We will frequently con-
sider all our stochastic processes defined on a finite time interval [0, 7], where T € (0, c0)
is a fixed arbitrary terminal time. We denote by R*, the product space of countably

infinite copies of the real line. Then 5 = {3;}5°, is a random variable with values in the



Polish space C([0, 7] : R*) and represents the simplest model for an infinite dimensional

Brownian motion.

2.3 Hilbert space valued Brownian motion.

Frequently in applications it is convenient to express the driving noise, analogous to
finite dimensional theory, as a Hilbert space valued stochastic processes. Let (H, < -, >)
be a real separable Hilbert space. Let () be a bounded, strictly positive, trace class
operator on H. We refer the reader to Appendix A for some basic Functional Analytic

definitions.

Definition 2.3.1. An H-valued stochastic process {W(t),t > 0}, given on a filtered
probability space defined as in Section 2.2 is called a (Q—Wiener process with respect to
{F:} if for every non—zero h € H,

{<Qh,h >Tr< W(t), h >, {F:}}

t>0

1s a one—dimensional standard Wiener process.

It can be shown that if W is a Q—Wiener process as in Definition 2.3.1 then P[W €
C([0,T): H)] = 1. Let {e;}32, be a complete orthonormal system (CONS) for the Hilbert
space H such that Qe; = \;e; where ); is the strictly positive ith eigenvalue of ) which
corresponds to the eigenvector e;. Since @) is a trace class operator, we have Y >~ \; < oo.
Define B;(t) =< W(t),e; >, t >0, i € N. It is easy to check that {B;} is a sequence of
independent {F;}-Brownian motions with quadratic variation: << Bi, ﬁNj >>= \;djt,
where 9;; = 1 if ¢ = j and 0 otherwise. Setting 5, = \/%51 we have that {3;}2, is
a sequence of independent, standard, one dimensional, {F;}-Brownian motions. Thus
starting from a ()—Wiener process one can produce an infinite collection of independent,
standard Brownian motions in a straight forward manner. Conversely, given a collection

of independent, standard Brownian motions {3;}3°; and (Q, {e;, \;}) as above one can
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obtain a ()-Wiener process W on setting:

W(t) = Z Vi Bilt)e; (2.1)

The right hand side of (2.1) clearly converges for each fixed ¢ in L?(2). Furthermore, one
can check that the series also converges in C([0, 00) : H) almost surely, where C([0, c0) :
H) is the space of continuous functions from [0, o) to the Hilbert space H (see Theorem
4.3, pp. 88-89, [12]). These observations lead to the following result. Throughout this
work Polish spaces will always be endowed with their Borel o —fields and explicit reference

to this o—field will be omitted in all measurability statements.

Proposition 2.3.1. There exist measurable maps f : C([0,T] : R®) — C([0,T] : H)
and g : C([0,T]: H) — C([0,T] : R*®) such that f(3) =W and g(W) = f a.s.

2.4 Cylindrical Brownian motion.

Equation (2.1) above can be interpreted as saying that the trace class operator @
injects a “coloring” to a white noise, namely an independent sequence of standard Brow-
nian motions, in a manner such that the resulting process has better regularity. In some
models of interest, such coloring is obtained indirectly in terms of (state dependent)
diffusion coefficients. It is natural, in such situations to consider the driving noise as a
“cylindrical Brownian motion” rather than a Hilbert space valued Brownian motion. Let
(H,< -,- >) be as in Section 2.3. We denote the norm on H by || - ||. Fix a filtered

probability space as in Section 2.2.

Definition 2.4.1. A family {B,(h) = B(t,h) : t > 0,h € H} of real random variables is

said to be an {F}-cylindrical Brownian motion if:

1. For every h € Hwith ||h|| =1, {B(t, h), Fi}+>0 is a standard Wiener process.

13



2. For everyt >0, a1,a0 € R and f1, fo € H,
B(t, a1f1 + a,gfg) = alB(t, fl) + GQB(t, fg) a.s.

If {Bi(h):t>0,h € H} is a cylindrical Brownian motion as in Definition 2.4.1, and
{e;} is a complete orthonormal system in H then setting 3;(t) = B(t, e;), we see that {/;}
is a sequence of independent, standard, real-valued Brownian motions. Conversely, given
a sequence {(;}3°, of independent, standard Brownian motions on a common filtered
probability space,

By(h) = Bi(t) < e h > (2.2)
i=1

defines a cylindrical Brownian motion on H. The above series converges in L?*() for
each fixed ¢ > 0,h € H and also a.s. in C([0,00) : R) for each h € H. Given a cylindrical
Brownian motion B on H as above, one can construct a Hilbert space valued Wiener
process W on an enlargement of H in a manner so that the two processes generate the
same filtration. This construction proceeds as follows. Let (Hy, < -,- >1) be a Hilbert
space such that H; D H, the identity map ¢ : H — H; is a Hilbert—Schmidt operator and
()1 = 11" is a strictly positive trace class operator on Hy, where i* is the adjoint operator
of i. Obviously, H;, @; are not uniquely determined. For example, let {\;}3°; be an
arbitrary sequence of strictly positive real numbers such that » ° A\; < co. Define an

inner product on H as
<hk>1=) N <he><e, k> hkeH
=1

and let H; be the closure of H in the above inner product. Then it is easy to check that
the embedding map from (H,< -,- >) into (Hy, < -,- >;) is Hilbert-Schmidt and the
operator ()1 = i7* on H; is a strictly positive trace class operator. The Hilbert—Schmidt

embedding implies that if {e;}32, and {fx}2, are complete orthonormal system in H
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and H;, respectively, then

DY < e, fr >7 < o0. (2.3)
>

i=1 k=1
From (2.3) we infer that for each ¢ > 0 the sequence {3 _7_, e;3;(t)} converges, in proba-
bility, in H; as n — oo, where {f3;} is the sequence of real Brownian motions introduced

in Definition 2.4.1, and

)= e 2.4

is a Q- Wiener process on H;. The series (2.4) above converges in L*(Q) for every ¢ and
in C([0,00) : Hy) for a.e. w. The choice of the Hilbert space H; is immaterial in the

following sense:

Proposition 2.4.1. Let B be a cylindrical Brownian motion as in Definition 2.4.1 and
let W* be the Q—Wiener process as constructed above. Also, let § = {3;}2, be as
introduced in Section 2.2. Then o{W :0 < s <t} =0{Bsh):0<s<t,he H} =
o{Bi(s) : 0 <s<tieN} t>0. In particular if X is a o{B(s,h):0<s<T,he H}
measurable random variable then there exist measurable maps f : C([0,7] : H;) — R

and g : C([0,T] : R®) —— R such that f(W*) = g(B) = X a.s.

2.5 Brownian sheet

In many physical dynamical systems with randomness, the driving noise is given as a
space—time white noise process, also referred to as a Brownian sheet. In this section we
introduce this stochastic process and describe its relationship with a cylindrical Brownian
motion. We also briefly discuss stochastic integration with respect to a Brownian sheet.

Let (Q, F,P,{F:}) be a filtered probability space and fix a bounded open subset O C R%.

Definition 2.5.1. A Gaussian family of real-valued random variables { B(t,z), (t,z) €

R, x (’)} on the above filtered probability space is called a Brownian sheet if

1. EB(t,z) =0, V(t,z) e Ry x O

15



2. B(t,x) — B(s,x) is independent of {Fs}, VO <s<t andz €O

3. Cov(B(t,z), B(s,y)) = MAr. N A,,), where X is the Lebesque measure on Ry x O

andAtﬁxi{(s,y) E]RJFXO‘ 0<s<tand y;<z;j=1,-- ,d}.
4. The map (t,u) — B(t,u) from [0,00) x O to R is continuous a.s.

To introduce stochastic integrals with respect to a Brownian sheet we begin with the

following definitions.

Definition 2.5.2. (Elementary and simple functions) A function f: O x[0,T] x Q2 — R
is elementary if there exist a,b € [0,T], a < b, a bounded {F,}-measurable random

variable X and A € B(O) such that

f(x,s,w) = X(w)1iq4(s)1a(x)

A finite sum of elementary functions is referred to as a simple function. We denote by

S the class of all simple functions.

Definition 2.5.3. (Predictable o-field) The predictable o—field P on  x Ry x O is the
o—field generated by S. A function f: Q x Ry x O — R is called a predictable process if

it 1s P—measurable.

For fixed T" > 0 let Py(T) be the class of all squared integrable and predictable
processes f such that f[o T]x0 f2(s,z)dsdz < oo, a.s. Also, let Lo(T) be the subset
of those processes that satisfy f[o,T}x oE f2(s,x)dsdr < oo. We will suppress T in the
notations Pa(T"), Lo(T') unless needed. For all f € P, the stochastic integral M,(f) =
f[o,t]x o f(s,u)B(dsdu), t € [0,T] is well defined as in Chapter 2 of [38]. Furthermore for
all f € Py, {M(f)}o<i<r is a continuous {F; }-local martingale which is in fact a square
integrable martingale if f € £,. The quadratic variation of this local martingale is given
as << M >>,= f[wX o f2(s, x)dsdz. Additional properties of the stochastic integral can

be found in [38].
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Let {¢;}3°, be a complete orthonormal system in L?*(O) (space of real, square inte-
grable functions on @). Then it is easy to verify that 8 = {5;}32, defined as f;(t) =
f[O,t}x o ¢i(r)B(dsdr), i > 1, t € [0,T] is a sequence of independent standard, real Brow-

nian motions. Also for (t,u) € [0,00) x O

Bt.a) = Y 4(t) [ o)1) (2.5)

where (—oo,z] = {y € O | y; < x;, Vi =1,---,d} and the above series converges in

L?(Q) for each (t, ). From these considerations it follows that
o{B(t,x); t € [0,T], x € O} =a{fi(t), i > 1, t € [0,T]}. (2.6)

As a consequence of (2.6) we have the following result.

Proposition 2.5.1. Let f : C([0,7] x O : R) — R be a measurable map. Then there
ezists a measurable map g : C([0,T] x O : R®) — R such that f(B) = g(5) a.s., where 3
is as defined above (2.5).

2.6 Variational representations for infinite dimensional

Brownian motions

The large deviation results established in this work critically use certain variational
representations for infinite dimensional Brownian motions that we now present.

Let (Q,F,P,{F;}) be a filtered probability space and let W be an H-valued Q-
Wiener process, where () is a bounded, strictly positive, trace class operator on the
Hilbert space H. Let Hy = QY?H, then H, is a Hilbert space with the inner product
< h k >o=< Q Y?h,Q "%k >, where h,k € Hy. Also the embedding map i : Hy — H
is a Hilbert—Schmidt operator and ii* = ). Analogously to Definitions 2.5.2 and 2.5.3,

a function f : Hy x [0,T] x Q — R is elementary if there exist a,b € [0,7], a < b, a
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bounded {F,}-measurable random variable X and A € B(H,) such that f(z,s,w) =
X(w)1ap(s)La(x). Here, and throughout this work, for a Polish space £, B(E) denotes
the Borel o—field on £. A finite sum of elementary functions is referred to as a simple
function. We denote by S the class of all simple functions. The predictable o-field P on
QO x Ry x Hy is the o-field generated by S. A function f : Q x Ry x Hy — R is called a

predictable process if it is P-measurable. Define for a fixed T € (0, 00)

T
A= {qb | ¢ is Hy—valued, {F;}-predictable process and IED[/O |p(s)|[5ds < oo = 1}.
(2.7)

Theorem 2.6.1. (Budhiraja and Dupuis [8]) Let f be a bounded, Borel measurable func-

tion mapping C([0,T] : H) into R. Then,

~logEesp{~/(V)D) = i B(G [ (o) + 70V + [ u(s)as).

As immediate corollary to Theorem 2.6.1, Proposition 2.4.1 and 2.5.1, we have the
following representation theorems for a cylindrical Brownian motion and a Brownian
sheet respectively. Define A* to be the class of H—valued {F;}-predictable processes ¢,
satisfying P{ [ ||¢(s)|2ds < oo} = 1.

Corollary 2.6.1. Let {e;}, as before, be a complete orthonormal system in H and let
{Bi(h) : 0 <t <T,he€ H} be an {F;}—cylindrical Brownian motion. Let X be a bounded

random variable which is measurable with respect to o{Bs(h) : 0 < s < T ,h € H}. Then,

—logE(exp{—X}) = inf E(%/ | u(s) ||* ds + fW*(-) + /'u(s)ds))

uceA* 0 0
1 T
:uig*la(g/o I u(s) I ds +g(5)) (2.8)

where 3* = {B} = B(e;) + [, ui(s)ds}2), ui(s) =< u(s),e; > and f, g, W* are related
to B and X as in Lemma 2.4.1.
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Corollary 2.6.2. Let f: C([0,T] x O : R) — R be a bounded measurable map. Let B be

a Brownian sheet as in Definition 2.5.1. Then,

~log E(exp{—f(B)}) = inf E(% /0 /O s S(B)@9)

u€Pr

where B“(t,x) = B(t,x) + f(f f[o,z]mo u(s,y)dyds and [0,z] ={y € O |0 <vy; <z, Vi=
1. d}.
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CHAPTER 3

Large deviations

3.1 Introduction

In this chapter we present the general large deviation principle for functionals of a
Hilbert space valued Brownian motion that was established in [8]. Next, using results of
Chapter 2 we translate this result in Sections 3.4 and 3.5 to settings where the underlying
infinite dimensional noise is given as a cylindrical Brownian motion or as a space-time
white noise. Finally in Section 3.6 we establish a strengthened version of the result in [8]
(and the results in Sections 3.4 and 3.5) by proving a uniform (in initial condition) large
deviation principle. Such uniform large deviation estimates are critical in the study of
exit time and invariant measures asymptotics for the corresponding stochastic processes.

We begin with some basic definitions and background results in Large Deviations Theory.

3.2 Large deviation principle and the Laplace prin-

ciple

Let {X¢ e > 0} be a collection of random variables defined on a probability space
(Q, F,P) and taking values in a Polish space (i.e., complete separable metric space) £.
Denote the metric on £ as d(-, -) and expectation with respect to P by E. The theory of
large deviations concerns with events A for which the probabilities P(X€ € A) converge

to zero exponentially fast as ¢ — 0. The exponential decay rate of such probabilities is



[4

typically expressed in terms of a “ rate function” I mapping & into [0, o).

Definition 3.2.1. (Rate function) A function I : £ — [0,00] is called a rate function on

E if for each M < oo the level set {x € € : I(x) < M} is a compact subset of £.

Remark 3.2.1. 1. The compactness of level sets implies that a rate function is a
lower semi—continuous function. In many works, a rate function is defined with
the compact level set requirement replaced by the statement that I is lower semi—
continuous; while a function that in addition has compact level sets, is referred to
as a good rate function. In our work all rate functions will be good and so the

adjective “good” will be omitted.
2. With an abuse of notation for a subset A of & we write [(A) = inf,ca ().

Definition 3.2.2. (Large deviation principle) Let I be a rate function on €. The sequence
{X*<} is said to satisfy the large deviation principle on &, as € — 0, with rate function I

if the following two conditions hold.

1. Large deviation upper bound. For each closed subset F of £

limsupelogP(X® € F) < —I(F). (3.1)

e—0

2. Large deviation lower bound. For each open subset G of €

liminfelogP(X® € G) > —I(G). (3.2)

e—0

Remark 3.2.2. If a sequence of random variables satisfies the large deviation principle

with some rate function, then the rate function is unique (see Theorem 1.3.1 pp. 17-18
[15]).

In many problems one is interested in obtaining exponential estimates on functions
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which are more general than indicator functions of closed or open sets. This leads to the

study of the, so called, Laplace principle.

Definition 3.2.3. (Laplace principle) Let I be rate function on . The family {X°}
1s said to satisfy the Laplace principle on £, as € — 0, with rate function I, if for all

bounded continuous functions h : £ — R, the following two conditions hold.

1. Laplace principle upper bound.

lim sup € log E{exp[—%h(Xe)]} < — irelg{h(x) +I(x)}. (3.3)

e—0

2. Laplace principle lower bound.
1
lim inf e log E{exp[——h(X)]} > — inf {h(z) + I (x)}. (3.4)
€— € xe

One of the main results of the theory is the equivalence between the Laplace principle
and the large deviation principle. This equivalence can be regarded as an analogue of the
Portmanteau theorem in the theory of weak convergence of probability measures ( see,
e.g. Theorem 2.1, p.16 [6]) The precise result describing this equivalence is as follows.

For a proof we refer the reader to Section 1.2 of [15].

Theorem 3.2.1. The family {X}eso satisfies the Laplace principle upper (respectively
lower) bound for all bounded and continuous functions h with a rate function I on & if
and only if {X}eso satisfies the large deviation upper (respectively lower) bound for all

closed sets (respectively open sets) with the rate function I.

3.3 A general large deviation principle

In this section we present a large deviation principle established in [8], for functionals

of a Hilbert space valued Wiener process. Let (Q, F, P {F}), (H,<-->), @ be asin
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Section 2.3. Let W be an H-valued Wiener process with trace class covariance () given
on the above filtered probability space. Let £ be a Polish space and for each € > 0 let
G¢:C([0,T): H) — & be a measurable map. We now present a set of sufficient conditions
for large deviation principle to hold for the family {X¢ = G¢(\/eW),e > 0} as e — 0.
For a Hilbert space H, let L?([0,T] : H) denote the Hilbert space of measurable maps f
from [0, 7] to H satisfying fOT |f(s)]?ds < co. Let Hy be as in Section 2.6 and define for
NeN
T
Sy = {ue L*[0,T): Hp) : /0 |u(s)|[5ds < N'}. (3.5)

Ay ={u € A: u(w) € Sy,P—a.s.}. (3.6)

It is easy to check that Sy is a compact metric space with the metric di(x,y) =

Yy

consider it endowed with the topology obtained from the metric d; and refer to this

fOT < z(s) — y(s),ei(s) >o ds|. Henceforth, wherever we refer to Sy, we will

topology as weak topology on Sy. We will abbreviate the statement “X,, converges to

X in distribution” as X, 4 X,

Assumption 3.3.1. There erists a measurable map G° : C([0,T] : H) — & such that the

following hold:

1. For every M < oo the set

r, - {g0</0' w(s)ds) : u € Su} (3.7)

1s a compact subset of £.

2. Consider M < oo and a family {u‘} C Ay, such that u® converges in distribution

(as Sy—valued random elements) to u. Then

G (VW (-) + / u(s)ds) 4, (]0(/. u(s)ds). (3.8)

0 0
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The following result was presented (without proof) in [8]. We provide a proof below

for the sake of completeness.

Proposition 3.3.1. For f € £ define

I(f) = inf / u(s)|2ds 10
) {u€L2([0,T]:Ho): f=GO( [y u(s)ds)} 2 [lu ||0 2 (3.9)

where G° : C([0,T] : H) — & is a measurable map. If GY satisfies the first condition in

Assumption 3.3.1, then I is a rate function on &.

Proof. We need to show that the set Eyy = {f € £: I(f) < M} is compact VM € (0, c0).

It suffices to show that Ey; = ()51 I'aasy 1 since, by assumption, for each k € Ry, I'y is

n>1
compact. Let f € Fy;. Then for every n > 1, there exists u € L*([0,T] : Hy) such that
2 OT u(s)||jds < M + 5~ and f = G°( [, u(s)ds). In particular, u € Sonr and thus
f €Typy1. Since n > 1is arbitrary we get f € ﬂn21F2M+ Thus Epr €, T ML
Conversely, let f € F2M+; for all n > 1 and let u, € Sy, 1 be such that f =

G(f, un(s)ds). Then I(f) < 3 fo [un(s)|[?ds < $(2M + =). Sending n — oo we get
that I(f) < M. Thus f € Ey and the inclusion (1,5, Lomy1 © Ep follows. Combining

the two set inclusions established above we have the result. O

The following is the main result of [8].

Theorem 3.3.1. (Budhiraja and Dupuis [8]) Let G¢ and X¢ be as introduced above.
Suppose that Assumption 3.5.1 holds. Then the family {X¢, e > 0} satisfies the large

deviation principle on &, as € — 0, with rate function I defined in (5.7).

3.4 Large deviation principle for functionals of a cylin-

drical Brownian motion

In the previous section a large deviation principle for certain functionals of a Hilbert

space valued Brownian motion was established. In this section, using Proposition 2.4.1,
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which relates a cylindrical Brownian motion with a Hilbert space valued Brownian mo-
tion, we establish a large deviation principle for a family of random elements measurable
with respect to a cylindrical Brownian motion. Let (H,< -,- >) be a separable Hilbert
space and {B(t,h) = Bi(h) : h € H} be a cylindrical Brownian motion defined on some
filtered probability space (Q,F,P,{F;}). Analogous to sets defined in, (2.7), (3.5) and
(3.6), we define:

Ally) = {¢ (6}2,] ¢ : [0,T] — R, is {F,}-predictable for all i (3.10)

md B[ lo)ds < oo} =1}

where fOT llo(s)||hds = >0 1f0 |ps(s)|?ds. Note that A[lp] is same as A defined in
(2.7) with Hy there replaced by the Hilbert space Iy = {x = (v1,29,---) : z; € R,i >

lTand ) % 27 < oo} (the inner product on Iy is defined as < z,y >,= > 0 Ty, T,y €

zlz

l5). Define,

Sulla] = {6 = {02 n L2(0.7] : ) and/o l6(s) 13ds < N} (3.11)

Recall that Sy[l3] is a compact Polish space endowed with the weak topology. Finally
define,
Anlls] = {u e Alls] : u(w) € Sy, Pfa.s.}. (3.12)

In the rest of this section we will write A[ls], Sy[l2], An|l2] as A, S, Ay respectively.
Let {e;} be a complete orthonormal system in H and let 3;(t) = By(e;), 0 <t <T, i > 1.
Noting that 5 = {3;} is a sequence of independent, standard, real Brownian motions,
we have that (3 is a (C([O,T] :R*), B(C([0,T7 : R“))) = (5, S) valued random variable,
where R* denotes the product space of countably many copies of the real line. Note
that S is a Polish space and § is its corresponding Borel o-field. We now introduce

the analog of Assumption 3.3.1 for the case of a cylindrical Brownian motion. Let £
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be a Polish space and for each ¢ > 0, G : § — &, € > 0 be a measurable map. The

following is the main assumption for the large deviation principle to hold for the family

{Xe=g(vep). e>o}.

Assumption 3.4.1. There exists a measurable map G° : S — £ such that the following

hold:

1. For every M < oo the set
Iy = {QO(/ u(s)ds) :u € Sy} (3.13)
0

1s a compact subset of £.

2. Consider M < oo and a family {u‘} C Ay, such that u® converges in distribution

(as Syr—valued random elements) to u, then

G (Ve + /0 u(s)ds) — gO(/' u(s)ds). (3.14)

0

Define for each f € &

1) = inf G [ s, (315)

 (uELR(0.T]12):F=G0(f; u(s)ds)}
where G° : S — £ is a measurable map.

Theorem 3.4.1. Let G° : S — & be a measurable map satisfying the first condition in
Assumption 3.4.1. Then I : £ — [0,00], defined by (3.15) is a rate function on . If,
furthermore {G}eso and G° satisfy the second condition of Assumption 3.4.1 then the

family {X¢ e > 0} satisfies the large deviation principle, as € — 0, with rate function I.

Proof. Let {\;}3°; be a sequence of positive real numbers such that > ".° A\; < co. Define

l; = {z = (z1,22,...)| z; € R and > Na? < oo}. Note that {3 is a Hilbert space

26



with inner product < z,y >;= > \iz;y;. Also note that I, C 5 and the embedding
map is a Hilbert—Schmidt operator. It can be easily checked that C([0,7] : I3) is a
measurable subset of S—in fact the embedding of C([0,7] : [}) into C([0,T] : R*>) is

continuous. Note that G0 = QO}C([ is a measurable map from C([0,7] : ) to &

0,T):15)
satisfying the first part of Assumption 3.3.1 with H there replaced by l5 and H, by
ly. Thus the first part of the theorem follows from Proposition 3.3.1. Next note that
P[B € C([0,T] : ;)] =1 and is a l3—valued Wiener process with covariance operator

@ defined as (Qx); = \xy, @ = 1,2,---. Let Ge = G Then (QAe,QAO) satisfy

Cc([0,T]:15)"

Assumption 3.3.1 with W replaced by [ and Hy, H there replaced by [, and [ respectively.
Finally, observing that X = G¢(,/e) the result follows from Theorem 3.3.1. O

3.5 Large deviation principle for functionals of a Brow-

nian sheet

In this section, using Lemma 2.5.1 and Theorem 3.4.1, we establish a large deviation
principle for a family of random elements measurable with respect to a Brownian sheet.
Let O be a bounded open subset of R? and {B(t,z) : (t,z) € R, x O} be a Brownian
sheet defined on some filtered probability space (2, F,P,{F;}) (see Section 2.5). We
denote by L*([0,T] x O) the space of real (Lebesgue) square integrable functions on
[0, 7] x O. Analogous to classes defined in, (2.7), (3.5) and (3.6), we define A" = Py(T),

where Py(T') is as introduced in Section 2.5, and,

Sy ={¢ € L*([0,T] x O) : / ¢*(s,r)drds < N} (3.16)
[0,T)xO
N ={uePyT) : u(w) € Sy, P-as.} (3.17)

We now introduce the analog of Assumption 3.3.1 (or equivalently Assumption 3.4.1) for
the case of a Brownian sheet. Let £ be a Polish space and G¢ : C([0,7] x O : R) —

E, € > 0 be a family of measurable maps. The following is the main assumption for

27



the large deviation principle to hold for the family {X° = G°(\/eB), e > 0)}. For
u € L*([0,T] x O), define Z(u) € C([0,T] x O : R) as

T(u)(t,2) = / u(s, y)dsdy, (3.18)
[0,t] X (ON(—o00,x])

where as before (—oo, 2] ={y € O |y; <z, Vi=1,--- ,d}.

Assumption 3.5.1. There exists a measurable map G° : C([0,T] x O : R) — & such that
the following hold:

1. For every M < oo the set
Iy, = {go (Z(w) :ue SM} (3.19)

is a compact subset of £.

2. Consider M < oo and a family {u} C Ay, such that u® converges in distribution

(as Syr—valued random elements) to u. Then

G*(VeB + I(u)) % G°(Z(w)) (3.20)
Define for f € £
1
I(f) = inf - u?(s,r)drds ;. 3.21
(f) {u€L2([O,T]xO):fZgo(I(u))}{2 /[O,T]x(’) ( ) } ( )

Theorem 3.5.1. Let G°: C([0,T] x O : R) — & be a measurable map satisfying the first
condition in Assumption 3.5.1. Then I : £ — [0, 00], defined by (3.21), is a rate function
on E. Furthermore, if {G} 0 and G° satisfy in addition the second part of Assumption
3.5.1 then the family { X }eso satisfies the large deviation principle, as € — 0, with rate

function I.

28



Proof. Let {¢;} be a CONS in L?(0). Define 3;(t) fo Jo ¢i(x)B(dsdx), t € [0,T].
Then § = {3}, is a [;—valued Brownian motion, where [} is as in the proof of Theorem
3.4.1. From Lemma 2.5.1 we have that there is a measurable map ¥ : C([0,7] : ;) —
C([0,T] x O : R) such that ¥(3) = B a.s. An application of Girsanov’s theorem shows

that for every u € L2([O T] x O : R), ¥(5*) = B+ Z(u) a.s., where 8% = {"}2;

Bi(t) = +f0 Jo @i(y)u(s,y)dsdy. Also note that if g = {g;}2, € L*([0,T7] : l3), then
defining
i=1

we have that u, € L%([0,7] x O : R) and 8% = 3+ [; g(s)ds a.s. Define the maps G¢, G°
from C([0, 7] : 13) to € as G(v/eb) = G(\/€¥ (b)), b € C([0,T7] : I3) and G°(b) = G°(Z(uy))
if b= [, gsds for some g € L*([0,T] : I?), and GO(b) = 0 otherwise. Here u, is given by
(3.22). It is easy to check that Assumption 3.3.1 is satisfied with (G°, G) there replaced
by (G, G¢), H replaced by I; and W by 3. Thus from Theorem 3.3.1, G5(v/eB) = G(1/ef3)

satisfies the large deviation principle on £ with rate function

i) = w4 / ()12t} = ()

{9€L2((0,TT:12):/=6°(Jy 9)

This proves the result. O

3.6 Uniform large deviation principle

Let & and & be Polish spaces and for each € > 0 G°: & x S — & be a measurable

map, where S is as in Section 3.4 . For x € & let

X' =G(x, Vep), (3.23)

where [ is as in Section 2.2. In this section we will give sufficient conditions for the

Laplace principle for {X*} to hold uniformly in z for compact subsets of &. We begin
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with the following definitions.

Definition 3.6.1. A family of rate functions I, on & parameterized by x € & is said to
have compact level sets on compacts if for all compact subsets K of & and each M < oo

A = Uper{f € €: L(f) < M} is a compact subset of £.

Definition 3.6.2. Let I, be a family of rate functions on € parameterized by x € & and
assume that this family has compact level sets on compacts. The family {X*} is said
to satisfy the Laplace principle on &€, as € — 0, with rate function I, uniformly for x
i compacts, if for all compact subsets K on & and all bounded continuous functions h

mapping € into R:

elogE{exp[—%h(Xe’””)]} ~ Fa,h)] =0,

lim sup
=0 cK

where F(x,h) = —infree{h(f) + L.(f)}.

We now formulate a sufficient condition for the validity of uniform LDP for the family

[xe).
Assumption 3.6.1. There exists a measurable map G° : & x S — & such that the

following hold:

1. For every M < oo and compact set K C &y the set
vk = {QO(:E,/ u(s)ds) : u € Sylls],z € K} (3.24)
0

1s a compact subset of £.

2. Consider M < oo and a family {u‘} C Ap|lo], such that u® converges in distribution
(as Syr|la]—valued random elements) to u. Let x. € & be such that x. — x as e — 0.

Then as € — 0,

G* (fEe, Ves + /O.Qf(s)ds) 4, g0 (I,/O' u(s)ds). (3.25)
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Theorem 3.6.1. Let X" be as in (3.23) and suppose that Assumption 3.6.1 holds. Let
forxz € & and f € &, I,(f) be defined as:

L(f) = w6 / (s)ds). (3.26)

{ueL([0,T]:12):f=G° (=, [, u(

Suppose that for all f € €, x v I.(f) is a lower semi—continuous map from & to [0, 00].
Then the family {I.(-), x € &} of rate functions has compact level sets on compacts.
Furthermore, the family { X"}~ satisfies the large deviation principle on &, with rate

function I, uniformly on compact subsets of &.

Proof. For the first part of the theorem we will proceed as in the proof of Proposition
3.3.1, ie., we will show that Ay equals to [, Lonry1 g In view of Assumption
3.6.1, the compactness of Ay x will then follow. Let f € Ay x. There exists z € K
such that I(f) < M. We can now find for each n > 1, w, € L?([0,T] : l3) such that
=Gz, [ un(s)ds) and 3577, 0 uz ;(s)ds < M + 5-. In particular u, € Sonrs1 and
so f € Conrit k- Since n > 1 is arbitrary, we have AM,K C Mt T oM+ K- Conversely,
suppose f € F2M+%7K, for all n > 1. Then for all n > 1 there exists z,, € K, u,, € SQMJF%
such that f = G%(zy, [, un(s)ds). In particular, we have inf,ex I(f) < I, (f) < M +5-.
Sending n — oo we see that inf,cx [,(f) < M. Therefore f € Ay and the inclusion
Mot Donry 1 C A i follows. This proves the first part of the theorem.

For the second part let fix x € &. Let {2 > 0} C & be such that 2° — x as € — 0.
For notational convenience we will write A[ls], Ans[la]. Sa[l2] simply as A, Ay, Sy

respectively.

e Proof of the lower bound. Note that

—elogE[exp(—%h(Xw))} :3231@[% /OT||u(s)||§2ds+hogﬁ(xe,ﬁ+/o' u(s)ds)]
(3.27)

Fix 6 € (0,1). Then for every ¢ > 0 there exists u¢ € A such that the right hand
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side of (3.27) is bounded below by

E[% /0T||u€(s)||l22ds+hoge(xe,\/Eﬁ—l—/o.ug(s)ds)} 4. (3.28)

Using the fact that h is bounded we can assume without loss of generality (we refer

the reader to Theorem 4.4 of [8] where a similar argument is used) that

sup/ s)ds < N, a.s.. (3.29)

e>0

In order to prove the lower bound it suffices to show that

llmlnfE / [u(s)]|;,ds + h o E(xe,\/gﬁ%—/o.ue(s)ds)] Z}Ielg{]z(f)—l—h(f)}

(3.30)

Pick a subsequence (relabeled by €) along which u¢ converges in distribution to
some u € Ay as Sy—valued random elements. We now infer from the Assumption

(3.25) that:

hmme / [lu(s)[[z,ds + hoo E(ﬁa\/gﬁ—f—/ue(s)ds)}
0
o[} [ s o @(wes+ [ utsias)
0 0
2 o ([ ltoias + nn)
T {(fw)€EXL2([0,T]2): f=GO(x, [ u(s)ds)} ~ 2 Jo L2

> 1 .
= inf {L.(f) + h(f)}
e Proof of the upper bound. We need to show that

i sup —elog E(— X)) < inf{L(f) + h()},

e—0
Without loss of generality we can assume that inf ree{I,(f)+h(f)} < co. Let § > 0
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be arbitrary, and let fy € £ be such that

L) + h(fo) < IE{L(f) + (P} + 5. (3.31)

Choose u € L*([0,T] : ly) such that:

T 5 .
3 [ NG < Li) + 5 and f=0(e. [ as).  @32)

Then,

limsup elogE [——h(XE )] =

e—0

T .
= lim sup 1nf E[l / u(s)||7,ds + h o G (e, V/eB + / u(s)ds)]
0 0

e—0

<hmsupE /||u |\12ds+hoge(xe,\/_ﬂ+/ (S)ds)}

T
_ %/0 |!a(s)||l22ds+11TjélpE[hoge(xe,ﬁﬁ+/0 &(s)ds)} (3.33)

By Assumption ( 3.25 ) lim. o E [hoge (ze, B+ [ ﬂ(s)ds)] = h(G°(x, [, u(s)ds)) =
h(fo). Thus in view of (3.31) and (3.32) the expression (3.33) can be at most

infree{I(f)+ h(f)} + 9. Since § is arbitrary, the proof is complete.

We now present the analog of Theorem 3.6.1 for the case of a Brownian sheet.

Assumption 3.6.2. There exists a measurable map G° : £y x C([0,T] x O : R) — & such
that the following hold:

1. For every M < oo and compact set K C &, the set,

Tarx = {QO(Z,I(U)) . uE Sy, 2 € K} (3.34)
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is a compact subset of €, where Z(u) is as defined above Assumption 3.5.1.

2. Consider M < oo and a family {u, ¢ > 0} C Ay, such that u® converges in
distribution (as Sy —valued random elements) to uw € A. Let {z¢,¢ > 0} C & be

such that z. — z as € — 0. Then as e — 0,
G (2, VeB + T(u)) % G (2, I(u)) (3.35)

Define for f € £ and z € &,

1
L(f) = inf {—/ u?(s,r drds}. 3.36
)= essomd—oeazomn 2 0,7]x0 (5.7) (3.36)

Theorem 3.6.2. Let G° : & x C([0,T] x O : R) — & be a measurable map satisfying
the first part of Assumption 3.6.2. Then I, : £ — [0,00], defined by (8.36), is a rate
function on & and the family {I.(-),z € &} of rate functions has compact level sets
on compacts. Furthermore, if the second part of Assumption 3.6.2 holds then the family
{X*€ = G(z,\/eB),e > 0)} satisfies the large deviation principle on &, with rate function

1., uniformly for z in compact subsets of &.

34



CHAPTER 4

Large Deviations for Stochastic Reaction—Diffusion
equations

4.1 Introduction

In this chapter we will use results from Chapter 3, in particular Theorem 3.6.2,
to study the small noise uniform large deviations principle for solutions of a class of
stochastic partial differential equations (SPDE) that have been considered in [27]. The
class includes, as a special case, the reaction-diffusion SPDEs considered in [36]. Results
of this chapter are contained in [9]. The main result of the chapter is Theorem 4.2.2
which establishes the uniform Freidlin-Wentzell LDP for such SPDEs. Our proofs do
not require any discretization, approximation or exponential probability estimates that
are commonly used in standard approaches to the problem. As a result, we are able to
relax two main conditions which have been used in prior works (see e.g. [26]) on large
deviations analysis for this class of problems. These two restrictive conditions imposed
in [26] are the uniform boundedness of the diffusion coefficients and a certain geometric
condition, the so called “cone condition” (cf. p.320 [25]), on the underlying domain.
In the current work, our only requirement on the domain is that it be a bounded open
set and for the diffusion coefficient we require that it satisfy a standard linear growth

condition (instead of uniform boundedness).



4.2 Setting

Let (Q, F,P) be a probability space with an increasing family of right—continuous,
P—complete o—fields {F; }o<i<7. Let O C R be a bounded open set and {B(t,z) : (t,x) €

R, x O} be a Brownian sheet given on this filtered probability space. Consider the SPDE

dX(t,r) = (L)X (t,r)+ R(t,r, X(t,r))) drdt + /eF (t,r, X (t,7)) B(drdt) (4.1)

X(0,7) = ¢&(r),

where X (0,7) is the initial condition. Here F' and R are measurable maps from [0, 7] x
O xR toR and € € (0,00). Also, {L(t) : t > 0} is a family of linear, closed, densely
defined operators on C(Q) (space of real continuous functions on Q) that generates a
two parameter strongly continuous semigroup {U(t,s) : 0 < s <t} on C(O), with kernel
function G(t,s,r,q),0 < s <t, r,qg € O. We refer the reader to Appendix A for these

functional analytic notions. In particular, we have for f € C(O), and ¢ € [0, 7]
UE9N) = [ Gltosra)fds, re 0, 0<s<t<T.
o
For notational convenience we write f(r) = [, G(0,0,r,q)f(q)dq for f € C(O). By a

solution of the SPDE (4.1), we mean the following:

Definition 4.2.1. A random field X = {X(t,r) : t € [0,T],r € O} is called a mild
solution of the stochastic partial differential equation (4.1) with initial condition £ if
(t,r) — X(t,r) is continuous a.s., X (t,r) is {F;}—measurable for any t € [0,T], r € O,
and if

X(t,r) = /OG(t,O,r,q)ﬁ(q)dq—l—/o /OG(t,S,r,q)R(s,q,X(s,q))dqu
+\/E/o /OG(t,s,r, qQ)F (s,q,X(s,q)) B(dqds) a.s. (4.2)
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Implicit in Definition 4.2.1 is the requirement that the integrals in (4.2) are well
defined. We will shortly introduce conditions on G, F and R that ensure that for a
continuous adapted random field X, all the integrals in (4.2) are meaningful. As a
convention, we take G(t, s,r,q) to be zero when 0 <t < s <T, r,qe O.

For u € AR® [which was defined in (3.17)] the controlled analogue of (4.2) is

Y(t,r) = /OG(t,O,r,q)f(q)dq—i-/O /oG(t,s,r,q)R(s,q,Y(s,q))dqu
+\/E/0 /OG(t,s,r,q)F(s,q,Y(s,q))B(dqu) (4.3)

+/0 /@G(t’ 5,75 Q) F (5,4, Y (s, ))uls, g)dqds.

As discussed previously, the main work in proving an LDP for (4.2) will be to prove
qualitative properties (existence and uniqueness, tightness properties, and stability under
perturbations) for solutions to (4.3). We begin by discussing known qualitative theory
for (4.2).

For a > 0, let B, = {¢ € C(O) : ||¢)||o < o0} be the Banach space with norm

[¢]la = [1¥]lo + sup M

r,qeO ’T - Q‘a ’

where ||¢]|o = sup,cp |#(r)|. The Banach space B, ([0, 7] x O) is defined similarly and for
notational convenience we denote this space by BL. For o = 0 the space B} is the space
of all continuous maps from [0,7] x O to R endowed with the sup—norm. The following
will be a standing assumption for this section. In the assumption, & is a fixed constant,
and the large deviation principle will be proved in the topology of C([0,T] : B,,), for any
fixed a € (0, @).

Assumption 4.2.1. The following two conditions hold.

1. There exist constants K(T) < oo and vy € (d, 00) such that
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(a) for allt,s €[0,T], r €O,
/O|G(t>3»7"; q)ldg < K(T), (4.4)
(b) forall0 <s<t<T andr,q € O,
G(t, s,r,q)] < K(T)(t—s)"7, (4.5)

c id:u, then for any a € (0, @) and for all r1,79,g € O, 0 < s <t; <ty <
2y

T

|G(t17SJT17Q) - G(t27577”QaQ>’ (46)

—d — a _dt2a
< KT [(t = 1)t = 9) 7 I =l -5
(d) forallz,y e R, r € O and 0 <t < T,
|R(t7Ta :L‘) _R(t7Ta y)| + |F(t,7”7l') - F(t,?",y)| < K(T)|‘T _y| (47)

and

|R(t,r,x)| + |F(t,r,z)| < K(T)(1+ |z|). (4.8)

2. For any a € (0,@) and & € By, the trajectory t — [, G(t,0,-,q)&(q)dq belongs to

C([0,T] : B,) and the map

B 5Er {t - [ cteo -,q>s<q>dq} & C([0,7] : B)

18 @ continuous map.

For future reference we recall that a = %i and note that & € (0,1/2).
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Remark 4.2.1. 1. We refer the reader to [26] for examples of families {L(t) }+>o that

satisfy this assumption.

2. Using (4.4) and (4.5) it follows that for any 0 < s <t <T andr € O

/O|G(t,s,r, OPdg < KA(T)(t - 5)°. (4.9)

This in particular ensures that the stochastic integral in (4.2) is well defined.

3. Lemma 4.1(ii) of [26] shows that under Assumption 4.2.1, for any o < & there

exists a constant f((a) such that for all 0 <t; <ty < T and all ri,79 € O

T
/ / (G(tr, 5,71,q) — Glta, 5,72, ) *dgds < K(@)p ((tr,11), (b)), (4.10)
o Jo
where p is the Buclidean distance in [0, T] x O C R4, This estimate will be used
in the proof of Lemma 4.3.2.

The following theorem is due to Kotelenez (see Theorem 2.1 and Theorem 3.4 in [27];

see also Theorem 3.1 in [26]).

Theorem 4.2.1. Fiz o € (0,&). There exists a measurable function
G :B, x Bl —C([0,7T] : B,)

such that for any filtered probability space (2, F,P,{F;}) with a Brownian sheet B as
above and x € B,, X = G(x,/eB) is the unique mild solution of (4.1) (with initial

condition x ), and satisfies supg<,<r E||X*(t)]|g < oo for all p > 0.

For the rest of the section we will only consider « € (0,a). For f € C([0,T] : B,)

define

L(f) = inf/ u*(s, q)dqds, (4.11)
[0,TxO

u
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where the infimum is taken over all u € L*([0,T] x O) such that

fltr) = / G(t,0,r, q)a(g)dq + / G(t, 5,7, q)R(s, 0, f (5. 9))dads
@] [0,t]xO

+/ G(t,s,r,q)F(s,q, f(s,q))u(s,q)dqds. (4.12)
[0,t]xO

The following is the main result of this section.

Theorem 4.2.2. Let X“* be as in Theorem 4.2.1. Then I, defined by (4.11) is a rate
function on C([0,T] : B,) and the family {I,,x € B,} of rate functions has compact level
sets on compacts. Furthermore, {X*} satisfies the Laplace principle on C([0,T] : B,)

with the rate function I, uniformly for x in compact subsets of B,,.

Remark 4.2.2. 1. If Assumption 4.2.1 (2) is weakened to merely the requirement that
for every & € By, t — [, G(,0,-,9)&(q)dq is in C([0,T] : By), then the proof of
Theorem 4.2.2 shows that for all x € B, the large deviation principle for { X"}
on C([0,T] : B,) holds (but not necessarily uniformly).

2. The small noise LDP for a class of reaction—diffusion SPDFEs, with O = [0,1]
and a bounded diffusion coefficient, has been studied in [36]. A difference in the
conditions on the kernel G in [36] is that instead of (4.6), G satisfies the L* estimate
in Remark 4.2.1 (3) with & = 1/4. One finds that the proof of Lemma 4.3.2, which
is at the heart of the proof of Theorem 4.2.2, only uses the L? estimate rather than
the condition (4.6). Using this observation one can, in a straightforward manner,
extend results of [36] to the case where the diffusion coefficient, instead of being

bounded, satisfies the linear growth condition (4.8).

Since the proof of Theorem 4.2.2 relies on properties of the controlled process (4.3),
the first step is to prove existence and uniqueness of solutions. This follows from a

standard application of Girsanov’s Theorem.
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Theorem 4.2.3. Let G be as in Theorem 4.2.1 and let u € Aﬁs for some N € Ny where

ABS is as defined in (3.17). For e >0 and x € B, define
X" =G (z,vVeB+I(u))

where I is defined in (3.18). Then X" is the unique solution of (4.3).

Proof. Fix u € AR®. Since

1 1
E (exp {—— u(s,q)B(dqds) — —/ u?(s,q dqu}) =1,
< Ve [0,T]xO (59)B( ) 2e [0,T]xO (59)

the measure v** defined by

1 1
dy™ = exp {—— u(s, q)B(dgds) — —/ u*(s,q dqu} dP
Ve Jomeo (s,q)B(dqds) 2% Jorrro (s,9)

is a probability measure on (£, F,P). Furthermore, 4" is mutually absolutely continu-
ous with respect to P and by Girsanov’s theorem (see Theorem 10.14 [12]) the process
B = B+ ¢ Y*I(u) on (Q,F, ", {F}) is a Brownian sheet. Thus, by Theorem 4.2.1
X" = G (2, /B + Z(u)) is the unique solution of (4.2), with B there replaced by B,
on (2, F,y*“,{F;}). However equation (4.2) with B is precisely same as equation (4.3),
and since 7" and P are mutually absolutely continuous, we get that X$* is the unique

solution of (4.3) on (2, F,P, {F;}). This completes the proof. O

In the next subsection we will study, under the standing assumption of this section,
the following two basic qualitative results regarding the processes Xo*. The first is simply
the controlled, zero—noise version of the theorem just stated and its proof, being very
similar to the proof of Theorem 4.2.1, is omitted. The next is a standard convergence

result whose proof is given in Section 4.3.

Theorem 4.2.4. Fiz x € B, and u € L*([0,T] x O). Then there is a unique function f

in C([0,T] : B,) which satisfies equation (4.12).
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In analogy with the notation X:* for the solution of (4.3), we will denote the unique
solution f given by Theorem 4.2.4 as X%“. Let 6 : [0,1) — [0,1) be a measurable map
such that 0(r) — 6(0) =0 as r — 0.

Theorem 4.2.5. Let M < oo, and suppose that x¢ — x and u® — w in distribution as

€ — 0 with {u¢} C AZS. Then X0 X%u 4n distribution.

PROOF OF THEOREM 4.2.2. Define the map G° : B, x BY — C([0,7] : B,) as follows.
For z € B, and ¢ € B] of the form ¢(t,z) = Z(u)(t,x) for some u € L*([0,T] x O), we
define G%(z, ¢) = X2¥. Set G%(x, ¢) = 0 for all other ¢ € B!. In view of Theorem 3.6.2,
it suffices to show that (G¢, G°) satisfy Assumption 3.6.2 with & and & there replaced
by B, and C([0,T];B,) respectively; and for all f € £, the map = +— I,(f) is l.s.c. The
latter property and the first part of Assumption 3.6.2 is immediate on applying Theorem
4.2.4 and Theorem 4.2.5 with # = 0. The second part of Assumption 3.6.2 follows on

applying Theorem 4.2.5 with 6(r) =r, r € [0,1). O

4.3 Qualitative Properties of Controlled Reaction—

Diffusion SDEs

This section is devoted to the proof of Theorem 4.2.5. Our first result shows that LP
bounds hold for controlled SDEs, uniformly when the initial condition and controls lie in

compact sets and € € [0,1). Note in particular that ¢ = 0 is allowed.

Lemma 4.3.1. If K is any compact subset of B, and M < oo, then for all p € [1,0)

sup sup sup sup  E|X“(t,r)]P < oo.
uePM z€K e€l0,1) (t,r)€[0,T]xO
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Proof. By Doob’s inequality there exists a suitable constant ¢; such that

p p

E| Xt )P < +E

t
//G(t,s,r,q)R(8,q7Xi’“(8,q))dqu
0 O

/ G(1,0,r.q)a(q)dq
O

t 3
v | [ [ 166 naPIF (5.0, X2 0) P s
0o Jo
¢ P
+E [/ / \G(t, s, q)| |F (s,q, X" (s,q))] |u(s,q)|dqu] :
0o Jo

Using (4.8) and the Cauchy—Schwarz inequality the right hand side above can be bounded

¢ 2
1+E( / / |G<t,s,r,q>|2|X;v“<s,q>|2dqu) ]
0 (@)

Holder’s inequality yields for p > 2 that

by

Co

T PR
v ([ [ s napras) Ap<s>ds],
0 (@] 0

where Ap(t) = Sup,epp SUPge g SUPceo,1) SUPreo B[ X5 (¢, 7)[P and p = —E5. Choose po

Ap(t) <o

large enough that ([% —1)(1 —2a) < 1. Using (4.4) and (4.5), we have for all p > po

that

T p2 )
[/ / |G(t,s,r, q)|2pdqu < C3T(1—(2p—1)(1_2@))1772‘
0 @) —

Thus for every p > po there exists a constant ¢4 such that A,(t) < ¢4 [1 + fot Ap(s)ds}.

The result now follows from Gronwall’s lemma. ]

The following lemma will be instrumental in proving tightness and weak convergence

in Banach spaces such as B, and BZ.

Lemma 4.3.2. Let A C A%® be a family such that for all p > 2

sup sup  E|f(t, )P < oc. (4.13)
FEA  (t,r)e[0,T]xO
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Also, let B C AB? for some M < oo. For f € A and u € B define

Uy (t,r) = /0/OG(t,s,r,q)f(s,q)B(dqu),
witr) = [ [ Gltosrafs ot s

where the dependence on f and w is not made explicit in the notation. Then for any

a<aandi=1,2,

\Ili ta - \Ijl 3
sup E{ sup [Zi(t, ) (s q)|} < 00.
p(tr

FeAuEB Lean<t P (), (s,9)"

Proof. We will prove the result for ¢ = 1; the proof for i = 2 is identical (except an addi-
tional application of the Cauchy-Schwarz inequality) and thus it is omitted. Henceforth
we write, for simplicity, ¥; as W. We will apply Theorem 6 of [23], according to which it

suffices to show that for all 0 <t; <ty < T, r1,r9 € O,

fesjlfeBE (W(t, ra) = Wity r)[” < ¢ (@ (p((t1, 1), (t2,72))))" (4.14)

for a suitable constant c¢,; a p > 2; and a function @ : [0, 0c0) — [0, 00) satisfying

1 ~
[
0

We will show that (4.14) holds with @(u) = u® for some oy € («, @) and all p sufficiently
large. This will establish the result.

Fix ag,a such that a < ayp < @ < @ and let t; < ty, 1,79 € O and p > 2. We will
need p to be sufficiently large and the choice of p will be fixed in the course of the proof.

By Doob’s inequality there exists a constant ¢; such that:
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M|

E|W(ty,r2) = ¥(t1,m)[" < aiE [/ / G(t2, 5,72,q) — G(t1,5,71.)|* | f(s,9)*dgds
(4.15)
Let p = p/(p — 2) and § = 4/p. Note that (2 — d)p = dp/2 = 2. Hélder’s inequality,

(4.9) and (4.13) give that the right hand side of (4.15) is bounded by

p—2

T _ 2
(&1 |:/ / |G(t2,S,T2,Q) - G(tl>s7r17Q)|(276)p dqd8:|
0 O

T
x [ [ IG(tz,s,rz,Q)—G(tl,s,7’1,Q)Iép/QE\f(s,Q)!pdqu}
0 (@)

-2

T 2
< C2 |:/ / |G(t2,S,T2,Q) - G(t17877ﬂ17q>|2 deS:| (416)
0 O

for a suitable constant ¢y that is independent of f. From Remark 4.2.1(3), the expression

in (4.16) can be bounded (for p large enough) by

cap ((tr, 1), (2, m2)) " < cap ((41,11), (£2,72)) "7 .

The result follows. O]

The next result will be used to prove the stochastic integral in (4.3) converges to 0 in

C([0,T] x O) =C([0,T] x O : R), which will be strengthened shortly.

Lemma 4.3.3. Let A and Yy be as in Lemma 4.3.2 and let Z$ = /e V. Then for every
sequence {f°} C A, Z5. 50 in C([0,T] x O), as e — 0.

Proof. Arguments similar to those lead to (4.16) along with (4.4), (4.5) and (4.13) yield
that sup . 4 E|Wy(t,7)[> < oo. This shows that for each (¢,7) € [0,T] x O, Z5.(t,r) 50

(in fact in L?). Defining

w(w,0) = sup{la(t,r) —=(t', )| - p((t,7), (', 1)) < 0}
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for z € C([0,T] x O) and ¢ € (0,1), we see that w(Zj.,d) = \/ed*M{. where Mj =

Wy (t,r)—Wq (s,
SUD (1,1, (s,9)) <1 W. Therefore from Lemma 4.3.2

lim lim Ew(Z§.,d) = 0.

6—0e—0

The result now follows from Theorem 14.5 of [24]. O

We now establish the main convergence result.

PROOF OF THEOREM 4.2.5. Given 2 € K,u € A}’ e €[0,1), define

7t r) = / G(t,0,r, g)x(q)dg
(@)
t
250t r) = / / Gt 5,7 q)R(s, ¢, X2 (s, g))dqds
0 O
t
Z5(tr) = VAo / / G(t, 5.7, F (s, ¢, X' (s, g)) B(dgds)
0 (@)
t
7t r) = / / G(t, 5,7.q)F (5,4, X2 (s, g))u(s, q)dgds.
0 (@)
We first show that each Zf;i is tight in C([0, 7] : B,), for i = 1,2,3,4. For i = 1 this

follows from part 2 of Assumption 4.2.1. Recalling that BZ, is compactly embedded in

BZ for @ > a* > a, it suffices to show that for some a* € (a, @)

sup P [HZW

2,T€
e€(0,1)

gr. > K| — 0as K — oo for i =2,3,4. (4.17)
For i = 2,4, (4.17) is an immediate consequence of

sup E[|Z{
e€(0,1) ’

BT, < 00,

as follows from Lemma 4.3.2, the linear growth condition (4.8) and Lemma 4.3.1. For
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1 = 3, in view of Lemma 4.3.3, it suffices to establish

sup E[Z5%]gr. < oo,

€€(0,1) ’ a
where for z € B, [zlsr = ||2|[sr — [|2[lo- Once more, this follows as an immediate
consequence of Lemma 4.3.2; the linear growth condition (4.8) and Lemma 4.3.1.

€

Having shown tightness of Z;".

1,2€

for : = 1,2, 3,4, we can extract a subsequence along
which each of these processes and X" converges in distribution in C([0,7] : B,). Let

Zg * and X% denote the respective limits. We will show that

29%(t,r) = /O G(t,0, 7, q)x(q)dg

t
200(tr) = / / Gt 5,7, Q)R (s, ¢, X" (s, q))dads
0 O
200(6r) = 0

t
200(tr) = / /O G(t, 5,7, q)F(s, 4, X2"(s, q))uls, g)dqds. (4.18)

The uniqueness result Theorem 4.2.4 will then complete the proof. Convergence for
1 = 1 follows from part 2 of Assumption 4.2.1. The case ¢ = 3 follows from Lemma
4.3.3, Lemma 4.3.1 and the linear growth condition. To deal with the cases 1 = 2,4
we invoke the Skorokhod Representation Theorem [29], which allows us to assume with
probability one convergence for the purposes of identifying the limits. We give the proof
of convergence only for the harder case i = 4. Denote the right side of (4.18) by Zi’;f (t,7).
Then

1z ) = 28k )|
t

< [ [ 1605l [ X (5.0) - Fls.a. X0 (s,0)| Ju(s, )] dads
0 JO

+ . (4.19)

/0 /@ G(t, 5,7, q)F (5,4, X (5, 9)) (u(s, @) — u(s, ) dgds
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By the Cauchy—Schwarz inequality, equation (4.9) and the uniform Lipschitz property of
F we see that, for a suitable constant ¢ € (0,00), the first term on the right side of (4.19)

can be bounded above by

t . 9 1/2
VI [ [ 160 [Fls.0. X2 (5.0) = Flo, X000 dads|
0 JO

< ¢ ( sup ‘X;;“e(s,q) — XS’“(s,q)D ;
(s,9)

€[0,T]x0

and thus converges to 0 as ¢ — 0. The second term in (4.19) converges to 0 as well, since

u¢ — 1 and

t
| [ (GltosreaFs.a. 0 5.0)) dads < o
0 JO

By uniqueness of limits and noting that ZAE,’;‘ is a continuous random field, we see that

Zi’;; = ZAE”;‘ and the proof is complete. [J

4.4 Other Infinite Dimensional Models

The key ingredients in the proof of the LDP for the solution of the infinite dimensional
SDE are the qualitative properties in Theorems 4.2.4 and 4.2.5 of the controlled SDE
(4.3). Once these properties are verified, the LDP follows as an immediate consequence
of Theorem 3.6.2. Furthermore, one finds that the estimates needed for the proof of
Theorems 4.2.4 and 4.2.5 are essentially the same as those needed for establishing unique
solvability of (4.1). This is a common theme that appears in all proofs of LDPs, for small
noise stochastic dynamical systems, that are based on variational representations such as
in Section 2.6. Indeed, one can argue that the variational representation approach makes
the small noise large deviation analysis a transparent and a largely straightforward exer-
cise, once one has the estimates for the unique solvability of the stochastic equation. This
statement has been affirmed by several recent works on Freidlin-Wentzell large deviations
for infinite dimensional SDEs that are based on the variational representation approach

(specifically Theorem 2.6.1), and carry out the verification of statements analogous to
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Theorems 4.2.4 and 4.2.5. Some of these works are summarized below.

4.4.1 SDESs driven by infinitely many Brownian motions

Ren and Zhang [34] consider a SDE driven by infinitely many Brownian motions with
non—Lipschitz diffusion coefficients. Prior results on strong existence and uniqueness of
the solutions to the SDE yield continuous (in time and initial condition) random field
solutions. The authors prove a small noise LDP in the space C([0,7] x R?). The proof
relies on the representation formula for an infinite sequence of real Brownian motions
{f;} given in Corollary 2.6.1 and the general Laplace principle of the form in Theorem
3.4.1. Non—Lipschitz coefficients make the standard discretization and approximation
approach intractable for this example. The authors verify the analogues of Theorems
4.2.4 and 4.2.5 in Theorems 3.1, Lemma 3.4 and Lemma 3.11 of the cited paper. In
the final section of the paper, Schilder’s theorem for Brownian motion on the group of
homeomorphisms of the circle is obtained. The proof here is also by verification of steps
analogous to Theorems 4.2.4 and 4.2.5 regarding solvability and convergence in the space
of homeomorphisms. Once more, exponential probability estimates with the natural
metric on the space of homeomorphisms, needed in the standard proofs of the LDP, do
not appear to be straightforward. Using similar ideas based on representations for infinite
dimensional Brownian motions, a LDP for flows of homeomorphisms, extending results
of the final section of [34] to multi-dimensional SDEs with non—Lipschitz coefficients, has

been studied in [33].

4.4.2 Stochastic PDE with varying boundary conditions

Wang and Duan [39] study stochastic parabolic PDEs with rapidly varying random
dynamical boundary conditions. The formulation of the SPDE as an abstract stochastic
evolution equation in an appropriate Hilbert space leads to a non—Lipschitz nonlinearity
with polynomial growth. Deviations of the solution from the limiting effective system

(as the parameter governing the rapid component approaches its limit) are studied by
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establishing a large deviation principle. The proof of the LDP uses the variational rep-
resentation for functionals of a Hilbert space valued Wiener process as in Theorem 2.6.1
and the general Laplace principle given in Theorem 3.3.1. Once more, the hardest part in
the analysis is establishing the wellposedness (i.e., existence, uniqueness) of the stochas-
tic evolution equation. Once estimates for existence/uniqueness are available, the proof

of the LDP becomes a straightforward verification of Assumption 3.3.1.

4.4.3 Stochastic Navier—Stokes equation

Sritharan and Sundar [37] study small noise large deviations for a two dimensional
Navier—Stokes equation in an (possibly) unbounded domain and with multiplicative noise.
The equation can be written as an abstract stochastic evolution equation in an appro-
priate function space. The solution lies in the Polish space C([0,T] : H)( L*([0,T] : V)
for some Hilbert spaces H and V and can be expressed as G°(y/eW) for a H valued
Wiener process W. Authors prove existence and uniqueness of solutions and then apply

Theorem 3.3.1 by verifying Assumption 3.3.1 for their model.
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CHAPTER 5

Large deviations for stochastic flows of
diffeomorphisms

5.1 Introduction

In this chapter we consider a second application of the general large deviation results
from Chapter 3. Using Theorem 3.4.1, we will establish a large deviation principle for
a general class of stochastic flows of diffeomorphisms, driven by an infinite dimensional
Brownian motion, in the small noise limit. This result is then applied in Section 5.5 to
a Bayesian formulation of an image matching problem, and an approximate maximum
likelihood property is shown for the solution of an optimization problem involving the

large deviations rate function.

5.2 Preliminaries

We refer list below some standard notation that will be used in this chapter.
e Let o denote the composition of maps and let id denote the identity map on R

o Let a = (ay,an, -+ ,ay) be a multi index of non—negative integers and |a| = ag +

Qg+ -+ -+ ag. For a |a|-times differentiable function f : RY — R, set 9°f = 0%f =
|| . €T .

%P?W' For such an f, we write %ﬂgi) as O;f . U f = (f1, fo, -+, fa) isa|al-

times differentiable function from R? to R, we write 9% f = (0% f1, 0% fa, - -+ ,0%f4)".

K cc R? will denote the statement that K is a compact subset of R%.



For m > 0 denote by C™ the space of m—times continuously differentiable functions
from R? to R, which endowed with seminorms || f||,n.x = > 0<|al<m SWack [0% f(2)],

K cc R? is a Fréchet space, where 0°f = f. Also, for 0 < § < 1, let
Ccmd = {f e C™ :||f|lmsx < oo for any K CC ]Rd},

where

0° f () — 0
U lite = [llmc + S sup (2SO =TT

= EYERGEAY |z —y|°

The seminorms {|| - ||ms.x; K CC R?} make C™° a Fréchet space.

For m > 0 denote by C™ the space of functions ¢ : R? x RY — R such that g(z,y),
z,y € R? is m-times continuously differentiable with respect to both = and v.

Endowed with the seminorms

lgllmre =D sup |0205g(x,y)l,

0<|al<m T,yc K

where K ccC R?, C™ is a Fréchet space. Also, for 0 < § < 1, let Cmé = {g €

c™; gllm 5.6 < 00, K CC R}, where

~ ~ 1Avg(y) — Do g(y)')]
moiie = gl + sup ’ :

8K K Z D iz — 2/ PPly — y'|°
z,y,x’ Y €K

lg]

|a|=m

where A, . g(y) = éﬁiyg(x,y) - éﬁ‘,ﬁyg(:ﬂ',y), égyg(x,y) = 070;g(x,y). The semi-

norms {|| - || 5.5, K CC R?} make C™? a Fréchet space.

We will write ||f]|pze as ||f|[m. The norms || - |[ms, || - I, ]| - [I;s are to be

interpreted in a similar manner.

Let C"(RY) = {f = (fu, for-=+ . fa) + fi € C"i = 1,2, d} and ||f|ln =
Z?Zl I1f:llm. The spaces C™(R¢), C™(R¥*d), C™9(R%*) and their corresponding
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norms are defined similarly. In particular, note that h € @m’a(RdXd) is map from

R? x R? to R4,
o Let C(RY) and CI°(R%™?) be classes of measurable functions b : [0,7] —
C™9(RY) and a : [0, T] — C™(R%*?) respectively such that

bl 7m,s = sup [[b(t)|m,s < o0 and |[al[7,, 5 = sup [la(?)][5, s < oo
0<t<T 0<t<T

Definition 5.2.1. (Stochastic flows of homeomorphisms/diffeomorphisms) A collection
{qbs,t(:r) 0< s <t < Tx € ]Rd} of R%-wvalued random variables on some filtered
probability space (U, F,P,{F}) is called a forward stochastic flow of homeomorphisms,
if there exists N € F, with P(N) = 0, such that for any w € N°:

1. (s,t,x) — ¢si(x,w) is a continuous map,

2. ¢su(w) = dru(w) o dsi(w) holds for all s,t,u, 0 <s<t<u<T,

3. ¢ss(w) =1id for alls, 0 <s<T,

4. the map ¢s4(w) : RT — R is an onto homeomorphism for all s,t,0 < s <t <T.

If in addition ¢s4(x,w) is k—times differentiable with respect to x for all s <t and the

derivatives are continuous in (s,t,x), it is called a stochastic flow of C*— diffeomorphisms.

We now introduce a Brownian motion with a spatial parameter, with local characteris-
tics (a,b). Throughout the dissertation we will assume that (a, b) € @?’%Rdw) x CEO(RY),

for some k € N and ¢ € (0,1]. Fix v such that 0 < v <.

Definition 5.2.2. (C*"— Brownian motion) A continuous stochastic process {F(t)};>o
on some filtered probability space (Q,F, P {F;}) with values in C**(RY) is said to be
a C*"— Brownian motion with local characteristics (a,b), if F(0), F(ti1) — F(t;), i =

0,1,...,n—1, are independent C**(R%)—wvalued random variables whenever 0 < ty < t; <
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- < t, < T, and if for each x € RY, M(x,t) = F(z,t) — fot b(x,r)dr is a continuous
(d-dimensional) martingale such that << M(x,-), M(y,-) >>;= f(f a(z,y,r)dr for all
(z,y) € RY x R4,

The existence of a C*”—Brownian motion with local characteristics (a, b) follows from
28] (see, e.g., Theorem 3.1.2 and Exercise 3.2.10). Indeed, for any v < § one can represent
F as in (1.5), where f; : R x [0,7] — R? are such that for each ¢t € [0,T], f;(-,t) €
Ck (RY),

a(x,y,t Zfzxt y,t), a.e.t,

and

T o0
/ SO il ) Pdr < Tljal|fs < 0.
0 =1

In particular, note that if F is a C*”—valued Brownian motion, its finite dimensional
restriction (F'(zy,-), F(xs,),..., F(z,,-)) is an nd—dimensional Brownian motion (with
suitable mean and covariance) for any (z1,...,z,) € R™. If F is as defined by (1.5) and
{¢:}o<i<1 is a continuous R¢—valued {F; }—adapted stochastic process, the stochastic in-
tegral fo (¢r, dr) is a well-defined d—dimensional continuous {F; } —adapted stochastic

process (see Chapter 3, Section 2, pp. 71-86 of [28]).

Definition 5.2.3. Let F' be as in Definition 5.2.2. Then for each s € [0,T] and z €
R, there is a unique continuous {F;}—adapted, R?—valued process ¢¢i(x), s <t < T
satisfying ¢s4(z) = x + f: F(¢sr(x),dr), t € [s,T]. This stochastic process is called the

solution of Ito’s stochastic differential equation based on the Brownian motion F.

From Theorem 4.6.5 [28] it follows that {¢s;}o<s<i<r as introduced in Definition 5.2.3

has a modification that is a forward stochastic flow of C*-diffeomorphisms.

5.3 Large deviation principle

Given ¢ > 0, let I be a C¥— Brownian motion on some filtered probability space

(Q, F,P,{F;}), with local characteristics (ga, b), where (k,v) and (a, b) are as in Section
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5.2. Without loss of generality we assume that F° is represented as
¢ o ot
Fé(x,1) ﬁ/ b(z,r)dr + \@Z/ filz,r)dB(r), (z,t) € R x [0,T], (5.1)
0 = Jo
where ([, fi)i>1 are as in Section 5.2. Note in particular that

Fe(x,t) — /Ot b(z,r)dr = /eM(z,t).

With an abuse of notation, when ¢ = ¢, we write F*° as F™. Observe that for all
t € [0,T], << M(z,-),B(:) >>= f(f filz,r)dr | as. Let ¢° = {¢S,(z),z € R, 0 <
s <t < T} be the forward stochastic flow of CF—diffeomorphisms based on F¢. With
another abuse of notation,we write ¢f, as ¢f and ¢° = {¢5(2),0 <t < T,z € R}

The goal of this work is to show that the family (¢, F'%).~¢ satisfies a LDP on a suit-
able function space, as ¢ — 0. For m € N, let G™ be the group of C™—diffeomorphisms

on R, G™ is endowed with the metric

Ao (0, 10) = A (0,90) + A (071, 071), (5.2)
where
An(@,90) = Y p(0°¢,0°), (5.3)
lo|<m

o~ L supgen [6(@) — ()]
Ao = NZZI 2N 1+ supjy <y |9(2) — (x)]

Under this metric G™ is a Polish space. Let W, = C([0,T] : G™) be the set of
all continuous maps from [0,7] to G™ and W, = C([0,T] : C™(R?)) be the set of
all continuous maps from [0,7] to C™(R%). The space W,, endowed with the met-
ric dp, (¢, 1) = Supg<s<r dm(¢(t),1(t)) and the space W, with the metric d,,(¢,v) =

SUPg<s<7 Am(@(t),%(t)) are Polish spaces. Note that (¢, F*¥) belongs to Wy x Wy C
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Wk—l X Wi_1 C Wiy x Wy_1. We will show that the pair (¢°, F¢).~o satisfies LDPs
in both of the spaces Wk,l X Wi_1 and Wy_1 x Wj_1, with a rate function I that is
introduced below.
Let u = {w}2; € Uys, An[lz]. Given any such control, we want to construct a
corresponding controlled flow in the form of a perturbed analogue of (5.1). Observe that
=3 fo w(s)df;(s) is a continuous square integrable martingale. For any v < § one
can find b, : R? x [0,T] x © — R? such that b,(t,w) € C*'(R?) for a.e. (t,w), such that
for each z € R?, b,(x,-) is predictable, and such that fo (x,8)ds =<< Z, M (x,-) >>;
for each (x,t) € R? x [0,T]. In particular, for each x € R, b,(z,t) = >_;°, w(t) fi(z, t)

a.e. (t,w). Furthermore, for some ¢ € (0, 00),

1bu ()1l < C||aHTkz$Z|ul , [dt @ P] —ae. in (¢ w). (5.4)

The proofs of these statements follow along the lines of Exercise 3.2.10 and Lemma 3.2.3

of [28]. Next, define

FOu(x,t) = /Ot bu(z,s)ds + /Ot b(z,s)ds. (5.5)

It follows that F%(-,¢) is a C*7(R?)-valued continuous adapted stochastic process. Let
by = by, + b and for (ty, z) € [0,T] x R? let {(b?(;f;(x)}togtST be the unique solution of the
equation

dinta) = a [ Bl @) r)dr, ¢ € [t T (5.6)

to
From Theorem 4.6.5 of [28] it follows that {(bst ,0 < s <t<T}is a forward flow of
C*—diffeomorphisms.

For (¢°, F°) € W x W, define

10 = 3 )l 6)

wEL($0,Fo) 2
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where £(¢°, F0) = {u € L*([0,T] : lo)|(¢°, F°) = (¢"*, F**)}. Note in particular that u
in (5.7) is deterministic. If (¢°, F0) € (Wi_1 X Wi_1)\ (Wi x Wy) then we set I(¢°, F°) =
oo0. We denote the restriction of I to Wk_l X W1 by the same symbol. The following

is the main result of the section.

Theorem 5.3.1. (Large deviation principle) The family (¢°, ).~ satisfies a LDP in

the spaces Wk_l X Wi_1 and Wy_1 X Wy._1 with rate function I.

Let {u,}o2; (un = {u}i2,) be a sequence in Ay[lo] for some fixed N < oo. Let
{en}n>0 be a sequence such that &, > 0 for each n and €, — 0 as n — co. Note that we
allow &, = 0 for all n. Recall that M(z,t) = S22, [ fi(x,r)dBi(r), (x,t) € R? x [0,T).
Define

P ) = /0 b () /R M(t), (5.8)

and let ¢" be the solution to

of(x) =x+ /0 IA)un (gzﬁj}(x), r)dr + \/a/o M(gzﬁf(x), dr). (5.9)

Clearly F™ € Wy, and from Theorem 4.6.5 of [28], equation (5.9) has a unique solution

" € Wk a.s. We next introduce some basic weak convergence definitions.
Definition 5.3.1. Let u € Ay[ly] and {¢"} be as above. Let P?_ P9 | be the measures
induced by (¢™, F”), (¢, FO%) respectively, on Wit X Wi_1. Thus for A € B(Wk_l X
Wk71)7

Pp_y(A) =P((o" ") € 4), B (A) =B((¢"", F*) € A).

The sequence {(¢”,F”)}n>1 is said to converge weakly as G*1—flows to (¢**, F**) as
n — oo if PP, converges weakly to PY_, asn — oc.

Definition 5.3.2. Let P?_ /P9 | be the measures induced by (¢", F™), (%%, FO") re-
spectively on Wy_1 X Wi_1. The sequence {(¢”,F”)}n>1 15 said to converge weakly as

CF1—flows to (¢**, FO%) as n — oo if P} | converges weakly to P)_, asn — oc.
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As noted in the introduction, proofs of large deviations properties based on the general
framework developed in Chapter 3 essentially reduce to weak convergence analysis for
controlled analogues of the original process. For our problem the following theorem gives

the needed result. The proof is given in the next subsection.

Theorem 5.3.2. Let {u,} converge to u in distribution as an Sy[ls]—valued sequence of
random variables. Then the sequence {(¢", F")}n21 converges weakly as C*1—flows and

G*1—flows to the pair (¢**, FO*) as n — oo.

We will use Theorem 3.4.1 from Chapter 3. Recall the spaces Allo], Sn[l2], An[l2],

S =C(]0,T] : R*®) (with the usual topology is a Polish space), introduced in Section 3.4,
and 5 = {f;}52, is a S—valued random variable.
PROOF OF THEOREM 5.3.1. We will only show that the sequence (¢, F©) satisfies a
LDP in Wy_; x W,_; with rate function I defined as in (5.7). The LDP in Wy x Wy
follows similarly. Let G°: S — Wi_1 X Wi_1 be a measurable map such that G*(/ef3) =
(¢°, F©) a.s., where F* is given by (5.1) and ¢° is the associated flow based on F*. Define
GY: S — Wiy x Wy_y by GO(fyu(s)ds) = (¢°, F°) if u € L*([0,T] : l;) and with ¢°, F°
as defined in (5.6) and (5.5), respectively. We set GY(f) = 0 for all other f € S.

Fix N < oo and consider 'y = {G°([; u(s)ds),u € Sy[lo]}. We first show that I'y
is a compact subset of Wj_; X Wj_;. For that it suffices to show that if u,,u € Sn|ls]
are such that u, — u, then G°( [, un(s)ds) — G°( [, u(s)ds) in W1 X Wy_,. This is
immediate from Theorem 5.3.2 on noting that G°( [, un(s)ds) = (¢", ™), where ¢, F™
are as in (5.9) and (5.8) respectively with e, = 0; and G°( [, u(s)ds) = (¢**, F*"), where
¢*u, FO are as in (5.6) and (5.5) respectively.

Next let {u,} C An[ls] and €, € (0,00) be such that ¢, — 0 and u, converges in
distribution to some u as n — oo. In order to complete the proof, it is enough, in view
of Theorem 3.4.1 and the definition of I in (5.7), to show that G (\/g,6+ [, un(s)ds) —
G°(f, u(s)ds) in Wi_1 X Wi_1, as n — oo. An application of Girsanov’s theorem shows

that G (\/En0 + [, un(s)ds) = (¢", F™), where ¢™, F™ are defined as in (5.9) and (5.8)
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respectively. Also G°(f; u(s)ds) = (¢”*, FO"), where ¢"*, F** are the same as in (5.6),

(5.5) respectively. The result now follows from Theorem 5.3.2. O

5.4 Proof of Theorem 5.3.2

This section will present the proof of Theorem 5.3.2. It is worth recalling assumptions
that will be in effect for this section, which are that {u, } is converging to u in distribution
as an Sy [ls]—valued sequence of random variables, and that (a,b) € Ch? (R¥<4) x CE? (RY),
for some £ € N and § € (0, 1].

We begin by introducing the (m+p)-point motion of the flow and the related notion of
“convergence as diffusions”. Let x = (21,22, ...,2,,) andy = (Y1, Y2, - . ., Yp) be arbitrary

fixed points in R>™ and RY*P, respectively. Set

r (x) = (¢ (21), ¢} (z2), ..., &7 ()

and

F(y,t) = (F™(y1,t), F" (Y2, t), - -, F™(yp, 1)).

Then the pair {¢7(x), F™(y,t)} is a R x RP>P—valued continuous stochastic process
and is called an (m + p)-point motion of the flow. Let V;, = C([0,T] : R¥*™) be the
Fréchet space of all continuous maps from [0,7] to R¥™  with the usual semi-norms,

and let V,,, , = V;;, x V,, be the product space.

Definition 5.4.1. Let P?

(x,y

) and IP’?XJ) be the measures induced by (¢™(x), F™(y))

and (¢%¥(x), F**(y)), respectively, on Vy,,. Thus for A € B(Vy,,)

Ploy) = P((0"(x), F"(y)) € 4), Py =P((¢™"(x), F*"(v)) € A).

The sequence {(¢",F")}n>l is said to converge weakly as diffusions to (¢°*, FO*) as

n — oo if P{, ,y converges weakly to P?x’y) as n — oo for each (x,y) € R>™ x R¥*P,
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andm,p=1,2,....

The following well known result (c.f., Theorem 5.1.1[28]) is a key ingredient to the

proof of Theorem 5.3.2.

Theorem 5.4.1. The family of probability measures I@’Z?l(respectively, P2 _|) converges
weakly to probability measures I@’g_l(respectz'vely, P ), as n — oo if and only if the

following two conditions are satisfied:

1. the sequence {(¢", F”)}n>1 converges weakly as diffusions to (¢°*, FO*) asn — oo,
2. the sequence {I@’Z_l} (respectively, {Py_,}) is tight.

We will show first that under the condition of Theorem 5.3.2 the sequence {(¢”, F ”)}

n>1

converges weakly as diffusions to (¢%“, F%“) as n — oco. We begin with the following

lemma.

Lemma 5.4.1. For each = € R

2

E sup < 00, (5.10)

0<t<T

i/ot fi(z, s)dBx(s)

Y WATAERIENE

2

supE sup < 0. (5.11)

n 0<t<T

Proof. We will only prove (5.11). The proof of (5.10) follows in a similar manner. From

the Biirkholder—-Davis—Gundy inequality the left hand side of (5.11) is bounded by

aE z_:/o Tr(flfl/) (gbr(x),r)dr =k /0 Tr(a(gbr(x),gbr(x),r))dr

< ooflall7, 6

The last expression is finite since a belongs to @fp’é(RdXd). ]

An immediate consequence of Lemma 5.4.1 is the following corollary (c.f. (5.8), (5.9)).
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Corollary 5.4.1. For each x € R? andt € [0,T],
A t ~
F'(z,t) = / by, (x,r)dr + S, (z,1)
0
and

i) =+ / b (60(x), P)dr + T (2, 1),

where S, (x,-) and T,,(z,-) are continuous stochastic processes with values in R?, satisfying

supg<s<r{ |Sn (@, t)| + |Tu(x, t)|} — 0 in probability as n — co.

The following lemma, showing the tightness of P?X’y), plays an important role in the

proof of the weak convergence as diffusions.

Lemma 5.4.2. For each v € R? the sequence {((ﬁ”(:c),ﬁ"(x))}nzl is tight in C([0,T7] :
R? x RY).

Proof. We will only argue the tightness of {¢"(x)}. Tightness of {EF"(x)} is proved
similarly. Corollary 5.4.1 yields that T,,(z,) is tight in C([0, 7] : R?). Thus it suffices
to show the tightness of { [; b, (¢r(x),r)dr}. Fix p > 0. From the Cauchy—Schwarz
inequality, (5.4), and recalling that u,, € Ay|[la], E‘f; l;un(gbf(x),r)dr‘p can be bounded
by

p/2
U |bu, (&0 (2),7) [dr| (£ = 5)P < er{llalFgs + B35}/ 2(8 — 8)P/2 < ealt — s)P2.

The result follows. O

Proposition 5.4.1. Let u,, — u in distribution as Sy |[ls]—valued random variables. Then

the sequence {((b”, ﬁ”)}wl converges weakly as diffusions to (¢°%, FO*) as n — oo.

Proof. In view of the tightness established in Lemma 5.4.2 and Corollary 5.4.1, it suffices
to show that for each t € [0, T, the map (£, v) fo (&, 8)ds, from C([0,T] : R?) x Sy [lo]
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to RY, is continuous. Let (&,,v,) — (&,v) in C([0,7T] : R?) x Sy|[l]. Then,

<

/0 (Bun (€7, 5) — by(Eor 5))ds / (Bon (€7, 5) — by (0, 5)) ds

+ / (bon (E0r ) — bolEnr ) ds

=L+ L,. (5.12)
For each x € R? we have that

— 0, (5.13)

[ Gnto5) = bt )

Z/o filz, s)(v]'(s) —vi(s))ds

since v, — v weakly in L?([0,7] : ly) and

o0 t
> [ lhta9)Pds < Tljalfys < o
1=1 70

Furthermore from (5.4) (recall £ > 1) we have that for some ¢; € (0,00) and all z,y €
R 0<t<T,

~

[ ot = b5 s| < b=l [ U5+ 0(6) ) < xfo =l 614

Using the Ascoli-Arzela Theorem (in the spatial variable) and equations (5.13), (5.14)
yield now that the expression on the left side of (5.13) converges to 0 uniformly for =
in compact subsets of R?. Thus Ly, — 0 as n — oo. Following similar arguments L; is
bounded by ¢ supg< <7 [€) — &s|, which converges to 0 as n — oco. Hence the expression

in (5.12) converges to 0 as n — oo and the result follows. ]

We next show the tightness of the family of probability measures {P} ;}. Key ingre-

dients in the proof are the following uniform LP-estimates on 9*F"(x,t) and 9 ¢} (z).

Lemma 5.4.3. For each p > 1 there exists ky € (0,00) such that for all t,t’ € [0,T], x €
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RY, n>1, and |of < k:
E| 9% F™ (2, t) — 0°F™(a, )" < ko [t — '] (5.15)

Proof. Fix a multi-index a such that |a] < k and p > 1. Using the Biirkholder—Davis—
Gundy inequality for the martingale 9*M (z, -) and the fact that a € C:°(R%), we obtain

that for some ¢; € (0,00) and all z € RY, ¢, ¢’ € [0,T],
E|0° M (x,t) — M (z,t)[" < 1|t — "% (5.16)
Recalling that b, (-,t) € CF7(R%) a.e. (t,w) and using (5.4) we get

t
/ sup |0%by,, (z,r)|dr < co a.e.,
0

z€R4

and thus 0* fg by, (x,r)dr = fg 0%by, (x,r)dr a.e. An application of the Cauchy—Schwarz

inequality and (5.4) now gives, for some ¢y € (0, 00),

p

E <et—tP*. (5.17)

t
0° / by, (x,r)dr
t/

Equation (5.15) is an immediate consequence of (5.16) and (5.17). O

For g : R4 x [0, 7] — R, let V,g(y,r) be the d x d matrix with entries [V,g(y,7)];; =

aingi(y, r). Differentiating with respect to x; in (5.9) we obtain

3MKﬂ=@WﬁAWﬁwwwmﬂﬂ@%ﬁm+¢54VWW%@%W%&ﬁ@)

:@x+/W%ﬁ%w@%wya@ﬂ@.
0

By repeated differentiation one obtains the following lemma whose proof follows along

the lines of Theorem 3.3.3 of [28]. Given 0 < m < k, let A, be the set of all multi-
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indices « satisfying |a| < m. For a multi-index v, denote by m(y) = #{y0 : |70 <
|7]}. Also for a |y|-times differentiable function ¥ : R? — R, denote by 9="W¥(z) the
m(7y)—dimensional vector with entries 9°WU(z), || < |y|. If U = (Uy, ¥y,...,Uy) :
R? — R? is such that each ¥; is |y|-times continuously differentiable then 9= (z) =
(0= (2),...,05MW4(2)). We will call a map P : R™ — R? a polynomial of degree at
most g if P(z) = (Pi(x),..., Py(z)) and each P, : R™ — R is a polynomial of degree at

most p. Also for u,v € R! we define u x v = (wyvy, ..., wv).

Lemma 5.4.4. Let o, 3,y be multi—indices such that |al,|B|, |v| < k. Then there exist
subsets AL, AZ of Ao and Ajg—1 respectively, a subset I, of Ay and polynomials

Pg. R™) — R? of degree at most ||, such that O¢" satisfies:

t t
0%y (x) = aa$+/ G (0°¢r (), ¢p(x), dr) + > / G537 (0511 (), ¢} (), dr),
0 (Byertxaz 0
(5.18)
where for x,y € R4, G"(x,y,7) = Vyﬁn(y,r)w and for (z,y) € R™Y) xR?, Gyo(z,y,7) =

Pﬁo'iv(x) * 05?”(3/, T).

Note in particular that in the third term on the right hand side of (5.18), one finds

partial derivatives of ¢! (x) of order strictly less than |«|.

Lemma 5.4.5. For each p > 1, L € (0,00), there is a constant k; = ky(k,p, L) € (0, 00)

such that for every multi-index o, |a] < k

sup sup E sup [0%¢}(2)|? < ky (5.19)
n o |g|<L O0<I<T

sup ‘s‘up E|0%¢; () — 0% ()" < k|t — ¢ (5.20)
n |z|<L

Proof. Fix L > 0 and consider x € R? such that |z| < L. We will first show inequality
(5.19). It suffices to prove (5.19) for & = 0 and establish that if, for some m < k, it

holds for 0%¢} with || < m and all p > 1 then it also holds for 9;0%¢} with all p > 1
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(with a possibly larger constant k;) and i = 1,...,d. The desired result then follows by
induction. Consider first &« = 0. For this case the bound in (5.19) follows immediately on
using (5.4) and applying the Biirkholder-Davis—Gundy inequality to the square integrable
martingale N; = fot M (¢ (x),dr) [note that << N >>,= f(f a(e™(x), ¢ (x),r)dr and
a € CE2 (RixdY).

Now, suppose that (5.19) holds for all multi-indices o with || < m, for some m < k.
Fix a with |a] <m, ani € {1,2,...,d}, and consider the multi-index & = o+ 1;, where
1; is a d—dimensional vector with 1 in the ith entry and 0 elsewhere. From Lemma 5.4.4,

one finds that 9%¢} solves (5.18) for a = a. Note that for 3 € AL,

t
P E(y,1) = / 0%,y s)ds + \/E00 My, 1).

From (5.4) and recalling that (b,a) € Ch(R?) x @f}"s(RdXd), we have that for some

1,09 € (0,00),

< ¢ and sup sup ‘<< 85M(y,t) >>t‘ < c.
0<t<T yeRrd

sup sup
0<t<T yeRd

t
/0 ijbu(y, s)ds

This along with the assumption

sup sup E sup [07¢}(x)|P < k; for v, |v| < |af,
n o Ja|<L  O0<t<T

shows that for some c3 € (0,00), for all (3,7) € AL x A2

p
S C3.

/0 G (0S¢ (), @7 (z), dr)

sup sup E sup
n |g|<L 0<t<T

Also, in a similar manner one has for some ¢4 € (0, 00)

E sup ’/05 G”(@dgzﬁf(:p),gbf(:v),dr) ‘p < 04/0 E ( sup |8dgbf(x)|p) ds.

0<t<T 0<r<s

65



Combining the above inequalities we obtain

t
sup sup E sup |0%¢"(x)|P < c3 + cqsup sup / E ( sup |86‘gbf(x)|p) ds.
0

n |z|<L 0<s<t n |z|<L 0<r<s

Now an application of Gronwall’s lemma shows that for some c; € (0, 00)

sup sup E sup 0%} (z)[P < cs.

n |z|<L O0<t<T

This establishes (5.19) for all & with |&| < |a|+ 1. Finally consider (5.20). For ¢t €

[0, 7], t' <t, we have from (5.18) that

001 (e) — 0°03(a) = | G (0" 0n(a).gi(a). )

t
2 / G5 (0=Ng) (x), ¢y (x), dr).  (5.21)

(By)eAL xA2 VY
Using (5.19) on the right hand side of (5.21) we now have (5.20) via an application of

Holder’s and Biirkholder-Davis—Gundy’s inequalities. O]

The proof of Theorem 5.3.2 proceeds along the lines of Section 5.4 of [28]. We begin by
introducing certain Sobolev spaces. Let j be a non—negative integer and let 1 < p < oo.
Let By = B(0, N) be the R ball with center the origin and radius N. Let h : R? — R? be
a function such that the distributional derivative (see, e.g. Chapter 6 [35]) 0°h € L?(By)

for all a such that |a| < j. Define

1/p

AN = Z/B |8ah(m)‘pdl‘

laf<j

The space Hi% = {h : R — R?, ||h||;pn < oo for all N} together with the seminorms
defined above is a real separable semi-reflexive Fréchet space. By Sobolev’s imbedding

theorem, we have H]l-‘jfl,p c CI(RY) C Hjl-f;f it p > d. Furthermore the imbedding i :
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H Jl‘fl p C’(R?) is a compact operator by the Rellich-Kondrachov theorem (see [1]).

Proposition 5.4.2. The sequence {(¢", F™)}ns1 is tight in Wi_y x Wi_y.

Proof. Tt suffices to show that both {¢"},>1 and {F"},>1 are tight in W,_;. We will
use Kolmogorov’s tightness criterion (see, e.g., Theorem 1.4.7, p.38, [28]). From Lemmas
5.4.3 and 5.4.5, we have that for each p > 1, N > 1, there exist ¢1, ¢y € (0,00) such that

for all t,¢" € [0, T

n 2
sup E|| o} — gpl[h xS et — 272,

SupEHﬁm(-,t) - ﬁm('vt/)Hz,p:N ) |t - t,|p/2 :

Furthermore, since F*(-,0) = 0 and ¢(z) = x, we get that for each p > 1, N > 1 there

exist ¢z, ¢y € (0,00) such that
sup |67 |l < €3 and sup E|| " (8)[[} v < 4
n

Theorem 1.4.7 of [28] now gives tightness in the semiweak topology on H;% (cf. [28]).
Since the imbedding map i : H ,lf; — CF ! is compact, tightness in Wj_; x W,_; with the

topology introduced in Section 2 follows (see pp. 246247 [28]). O

Recall the definitions (5.2) and (5.3). For the proof of the following lemma we refer

the reader to Section 2.1 of [4].

Lemma 5.4.6. Let f,, f € Wj_1 be such that SupPg<s<r Me—1(fn(t), f(t)) — 0, asn — oo.

Then SUPo<t<T di—1(fa(t), f(t)) — 0.

PROOF OF THEOREM 5.3.2. Convergence as C*~'flows is immediate from Theorem

5.4.1, Proposition 5.4.1 and Proposition 5.4.2. Using Skorohod’s representation theo-

rem, one can find a sequence of pairs {(qB", F™)},>1 which has the same distribution as
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{(¢", F™)}n>1 and {(¢°, F°)} which has the same distribution as {(¢°, F°)} and

sup [/\k(ggf,gg?) + e (F™(1), Fo(t))} — 0, a.s.

0<t<T

Since ¢", ¢° € Wy a.s., the same holds for ¢", ¢°. Thus from Lemma 5.4.6

sup dk_l(qgf, gz;g) — 0 a.s.
0<t<T

Hence (¢, ™) — (¢°, F°) as GF~1flows. O

5.5 Application to image analysis

A common approach to image matching problems (see [22], [31], [16] and references
therein) is to consider a RP—valued, continuous and bounded function T'(-), referred to
as the “template” function, defined on a bounded open set @ C R?, which represents
some canonical example of a structure of interest. By considering all possible smooth
transformations h : O — O one can generate a rich library of targets (or images) given
by the form T'(h(-)).

In typical situations we are given data generated by an a priori unknown function
h, and the key question of image matching is that of estimating h from the observed
data. A Bayesian approach to this problem requires a prior distribution on the space
of transformations and a formulation of a noise/data model. The “maximum” of the
posterior distribution on the space of transformations given the data can then be used
as an estimate h for the underlying unknown transformation h. In certain applications
(e.g., medical diagnosis), the goal is to obtain numerical approximations for certain key
structures present in the image, such as volumes of subregions, curvatures and surface
areas. If the prior distribution on the transformations (and in particular the estimated
transformation) is on the space of diffeomorphisms, then this information can be recov-

ered from the template. Motivated by such a Bayesian approach a variational problem
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on the space of diffeomorphic flows was formulated and analyzed in [16].

Before going in to the description of this variational problem, we note that although
the chief motivation for the variation problem studied in [16] came from Bayesian consid-
erations, no rigorous results on relationships between the two formulations (variational
and Bayesian) were established. The goal of our study is to develop a rigorous asymp-
totic theory that connects a Bayesian formulation for such an image matching problem
with the variational approach taken in [16]. The precise result that we will establish is
Theorem 5.5.1, given at the end of this section.

Let C3°(O) be the space of infinitely differentiable, real-valued functions on O with
compact support in O. The starting point of the variational formulation is a differential
operator L on [C5°(O)]?, the exact form of which is determined from specific features of
the problem under study. The formulation, particularly for problems from biology, often
uses principles from physics and continuum mechanics as a guide in the selection of L.
We refer the reader to Christensen et. al. [10], [11], where natural choices of L in shape
models from anatomy are provided.

Define the norm || - || on [C5°(O)]? by

1A =3 [ 1P

where we write a function g € [C3°(O)]? as (g1, g2, 93) . It is assumed that ||-||; generates
an inner product on [C5°(O)]* and that the Hilbert space H defined as the closure of
[C5°(O))? with this inner product is separable. We will need the functions in H to have
sufficient regularity and thus assume that the norm || - ||, dominates an appropriate
Sobolev norm. More precisely, let W7 *?(O) be the closure of C3°(0) with respect to

the norm

] N 1/2 .
lollyg oo = ([ X l0rgtPan) ™, g e cio), (5.22)

O al<m+t2

where o denotes a multi-index and m > 3. Define V,, = [W7""*%(0)]#?, where ® is used
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to denote the usual tensor product of Hilbert spaces. We denote by || - ||y,, the norm on
V. The main regularity condition on L is the following domination requirement on the

|| - ||z norm. There exists a constant ¢ € (0, 00) such that
1f1le = el fllv,, for all f € [C5°(O)]*.

This condition ensures that H C C™/2(0) (see Theorem 4.12 parts I and III, p.85 [1]).
We denote by H the Hilbert space L*([0,1] : H). For a fixed b € H let {n;.(x)}s<i<1 be

the unique solution of the ordinary differential equation

87]5,t ([E)

o = b(nss(x),1), nss(z) =2, 0<s<t <1 (5.23)

Then it follows that {n:;,0 < s <t < T} is a forward flow of C™—diffeomorphisms on
O (see Theorem 4.6.5, p.173 [28]). Since b(-,t) has a compact support in O, one can
extend 7 to all of R? by setting 7, ,(x) = x, if x € O°. Extended in this way 7, can be
considered as an element of G™, as defined in Section 5.3. Denoting 191 by ks, we can now
generate a family of smooth transformations (diffeomorphisms) on O by varying b € H.
Specifically, the library of transformations which is used in the variational formulation
of the image matching problem is {hy|b € H}.

We now describe the data that is used in selecting the transformation hy« for which
the image T (hy+(-)) best matches the data. Let £ be a finite index set and {X;}iez be a
collection of disjoint subsets of O such that U;c.X; = O. Collected data {d; };c, represents
integrated responses over each of the subsets X;, ¢+ € £. More precisely, if T(h()) was
the true underlying image and the data were completely error free and noiseless, then
d; = in T(h(o))do/vol(X;), i € L, where vol(X;) denotes the Lebesgue measure of
X;. Let d = (dy,ds,..,d,), where n = |L|. Defining Yy(z) = d;, » € X;, i € L, the
expression

% /O T (h()) — Ya(a)*de
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is a measure of discrepancy between a candidate target image T'(hy(+)) and the observa-
tions. This suggests a natural variational criterion for selecting the “best” transformation
matching the data. The objective function that is minimized in the variational formu-
lation of the image matching problem is a sum of two terms, the first reflecting the
“likelihood” of the transformation or change—of-variable h, and the second measuring
the conformity of the transformed template with the observed data. More precisely,

define for b € ‘H

1
Jy(b) = §<|\b|y; + / T (hy(2)) — Yd(az)|2d;1:>. (5.24)
o
Then b* € argmin, 4, J4(b), represents the “optimal” velocity field that matches the data
d and for which the hy-, obtained by solving (5.23), gives the “optimal” transformation.
This transformation then yields an estimate of the target image as T'(hy(+)). Equiva-
lently, defining for each h € G°

Ja(h) = inf Jy(b) (where U, ={beH :h=hy}),

bewy,

we see that an optimal transformation is h* = hy € argminy, Jy(h).

Up to arelabelling of the time variable, the above variational formulation(in particular
the cost function in (5.24)) was motivated in [16] through Bayesian considerations, but
no rigorous justification was provided. [In [16] the orientation of time is consistent with
the change—of—variable evolving toward the identity mapping at the terminal time. To
relate the variational problem to stochastic flows it is more convenient to have the identity
mapping at time zero.] We next introduce a stochastic Bayesian formulation of the image
matching problem and describe the precise asymptotic result that we will establish.

Let {¢;} be a complete orthonormal system in H and 5 = ((;)2, be as in Section
5.2, a sequence of independent, standard, real-valued Brownian motions on some fil-
tered probability space (Q, F, P, {F;}). Recall the space and its associated Borel o—field

(C([0,T] : R®),B(C([0,T] : R*))) = (5,S) as introduced in Section 3.4, and note that
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[ is a random variable with values in S. Consider the stochastic flow

dig (2 \/_Zgbz (Vs1(2))dBi(t), Vss(x) =2, €0, 0<s<t<1,  (525)

where £ € (0, 00) is fixed. From Maurin’s theorem (see Theorem 6.61, p. 202 [1]) it follows
that the imbedding map H — V,,_» is Hilbert—Schmidt. Also, V,,_» is continuously
embedded in C™~21/2(0). Thus for some ky, ky € (0,00) and all u,z,y € O,

Zm |2<k12||¢z||vm2<oo

Zlcﬁz W)I* < kafo —y/* ZH@HW , = halr —yl”.

i=1

One also has that if ¢; is extended to all of R? by setting ¢;(u) = 0, for all x € O¢, then
a(z,y) = > 2 du(z)@)(y) is in cr 1/2(R3%3)  Thus it follows (cf. p.80 and p.106 [28])

that
F(x,t) = Z/o ¢i(w)dB;(r)

is a C™~2¥-Brownian motion, 0 < v < 1/2, with local characteristics (a,0). Also (5.25)
admits a unique solution {¢,(z),0 < s <t < 1} for each 2 € O and {5, }o<s<i<1 I8
a forward flow of C*-diffeomorphisms, with k& = m — 2, (see Theorem 4.6.5 [28]). In
particular, X¢ = 95, is a random variable in the space of C*-diffeomorpshisms on O.
The law of X (for a fixed & > 0) on G* will be used as the prior distribution on the
transformation space G¥. Note that T (X E()) induces a measure on the space of target
images.

We next consider the data model. Let £ and n be as introduced below (5.23). We

suppose that the data is given through an additive Gaussian noise model:

D; = /X T (X5 (x))dx + Ve&
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where {&;, i € L} is a family of independent, p—dimensional standard normal random
variables.

In the Bayesian approach to the image matching problem one considers the posterior
distribution of X¢ given the data D and uses the “mode” of this distribution as an
estimate for the underlying true transformation. More precisely, let {I"*}.~o be a family
of measurable maps from R™ to P(G*) (the space of probability measures on G¥), such
that

I'(A|D) = P[X® € A|D] as. for all A € B(G*).

We refer to I'(+|d) as a regular conditional probability distribution (r.c.p.d.) of X¢ given
D = d. In Theorem 5.5.1 below, we will show that there is a r.c.p.d. {I"*(:|d), d €
R"™} o such that for each d € R", the family {I'*(-|d)}.~0, regarded as elements of

P(G* 1) D P(G*), satisfies a LDP with rate function

~

Lo(h) = Ja(h) = Aa, where Ay = inf | Ja(h) = inf Ja(b).

14(h)
e~ = dh, one sees that for small £, the “mode” of the

Formally writing I'*(A|d) ~ [,
posterior distribution given D = d, which represents the “optimal transformation” in the
Bayesian formulation, can be formally interpreted as argmin, I;(h). Note that J(h) = oo
if h ¢ G™ (recall m = k + 2). Theorem 5.5.1 in particular says that h € G™ is a
§-minimizer for I;(h) if and only if it is also a ¢-minimizer for Jy(h). Thus Theorem
5.5.1 makes precise the asymptotic relationship between the variational and the Bayesian
formulation of the above image matching problem.

We say a sequence {Q¢ e > 0} of probabilities measures satisfies a LDP (as ¢ — 0)

on some Polish space £ if the corresponding sequence of canonical £—valued random

variables satisfies a LDP.

Theorem 5.5.1. There exists an r.c.p.d. 1I'° such that for each d € R", the family of

probability measures {T°(d)}eso on G*=! satisfies a large deviation principle (as ¢ — 0)
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with rate function

Lo(h) = Jy(h) = Aa. (5.26)

We begin with the following proposition. Let I : G¥=1 — [0, 00] be defined as

T .. 1 2
I(h) = inf 5015

Proposition 5.5.1. The family {X¢}.¢ satisfies a LDP in G* with rate function I.

Proof. From Theorem 5.3.1 and an application of the contraction principle we have that
{X¢} .50 satisfies LDP in G*~! with rate function

* . : 1 g 2
r(h) = inf o lu(s)|l,ds,
0

ueLl*(h) 2

where £*(h) = {u € L*([0,1] : l)|h = ¢**(1)} and where ¢"" is defined via (5.6),
but with f; there replaced by ¢; in defining b,. Note that there is a one to one corre-
spondence between u € L*([0,1] : l5) and b € H given as b(t,z) = Y ;o w(t)¢(z) and
fOT Ilu(s)]|2 ds = ||b]|2,. In particular u € £*(h) if and only if b € ¥),. Thus I*(h) = I(h)

and the result follows. O

Remark 5.5.1. Proposition 5.5.1 is consistent with results in Section 5.3 in that although
the local characteristics are in C* and X € G*, the LDP is established in the larger space
GF=1. This is due to the tightness issues described in Chapter 1. Furthermore, as noted
below (5.23), if ||b||n < oo then b induces a flow of C™—diffeomorphisms on O. Thus if
h € GF=1\ G™ then W, is empty, and consequently I(h) = co. Hence there is a further
widening of the “gap” between the reqularity needed for the rate function to be finite and
the reqularity associated with the space in which the LDP is set. This is due to the fact
that the variational problem is formulated essentially in terms of L? norms of derivatives,
while in the theory of stochastic flows as developed in [28] assumptions are phrased in

terms of L™ norms.
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Proposition 5.5.2. For each d € R™, I, defined in (5.26) is a rate function on G*1.

Proof. From (5.26) and the definition of I we have for h € G*~! that

heGk-1

1a(h) = 1(0) + 5, [ 170 ) = Vi)~ g {f<h>+§ / |T<h<x>>—yd<x>|2dx}.

From Proposition 5.5.1, I is a rate function and therefore has compact level sets. Addi-

tionally 7" is a continuous and bounded function on O. The result follows. [

PROOF OF THEOREM 5.5.1. We begin by noting that I'°(-|d) defined as

2
[, 3 Sl T(h(y))dy| 1 (dh)

f _1l s
e 2e =1
qr—1

I2(Ald) =

di*fxi T(h(y))dy ’ 2u€(dh) ’

where pf = Po (X¢)™! € P(G*1), is ar.c.p.d.of X¢ given D = d. Using the equivalence
between Laplace principle and large deviations principle (see Section 1.2 [15]) it suffices

to show that for all continuous and bounded real functions F on G*~1,

—clog /G ew [—éF(v)] I (dvld) (5.27)

converges to infycqr-1{F(h) + I4(h)}. Note that (5.27) can be expressed as

/ -z [F(hH% Yica|di—Jy, T(h(y))dyﬂ
—clog e i
Gk—1

_1l]lswm
—i—elog/ e 5{22“1
Gk—l

- (dh)

i, )| ]/f(dh). (5.28)

From Proposition 5.5.1 we see that the first term converges to
| }

= antint LP0) + G0R+ 5 [ 17000 - Vit Pay |

heGk=1beW),

n

inf {i(h) + F(h) + %Z

di — / T(h(y))dy

heGk-1
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which is Jy(h). Likewise, the second term of (5.28) converges to —\g. This shows the

result. O
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APPENDIX A

Functional Analysis Background

In this appendix we present basic functional analysis terminology and definitions
used in this work. Since only real vector spaces are used in this work we will limit our

presentation to this setting.

Definition A.0.1. (Normed Linear Space). A real vector space V is said to be a normed
linear space if for each x € V there is associated a nonnegative real number ||z||, called

the norm of x, such that
1z +y|| < |lz|| + |y|| for all z andy €V,
2. ||ax|| = |a|||z|| if z € V and a € R,
3. ||z|| = 0 implies x = 0.

Definition A.0.2. (Banach Space). A Banach space is a normed linear space which is

complete in the metric defined by its norm.

Definition A.0.3. (Inner Product Space). A real vector space V is said to be an inner
product space if to each pair of vectors x and y in V, there is associated a real number

< x,y >, the so—called inner product of x and y, such that the following rules hold:
1. <z,x>2>0 forallz €V and < z,z >= 0 if and only if v = 0,
2. <xyy>=<y, x>, forallz,y €V,
3. <ar+by,z>=a<xz,z>+b<y,z> forallx,y,z€V and a,b € R.

Definition A.0.4. (Hilbert Space). A Hilbert space H is an inner product space which

18 complete.
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Remark A.0.2. Note that an inner product space is a normed linear space and a Hilbert

space is a Banach space.

Definition A.0.5. (Linear/Closed Operator). A linear operator A on a Banach space
L is a linear mapping whose domain D(A) is a subspace of L and whose range R(A) lies
in L. The graph of A is given by G(A) = {(f,Af) : f € D(A)} C L x L. A is said to
be closed if G(A) is a closed subspace of L x L. We say A is densely defined if D(A) is

dense in L.

Definition A.0.6. (Bounded Linear Operator). A linear operator A on a Banach space
L is called bounded if D(A) = L and the image under A of any bounded subset of L is
bounded. Linear bounded operators A from Ly to Ly, where Ly and Lo are Banach spaces
are defined similarly. We denote by L(L1, L) as the space of all bounded linear operators

from Ly to Lo.

Definition A.0.7. (Strongly Continuous Semigroup). Let {A(t),t > 0} be a family of
closed, densely defined, linear operators on a Banach space L. We say that {A(t),t > 0}

generates a two parameters strongly continuous semigroup {U(t,s) : 0 < s < t} if and
only if

1. for all0 <s<t, U(t,s) € L(L, L),

2. for 0 < sy <s9<t, U(t,s2)U(s2,51)=Ul(t,s1),
3. U(t,t) =1 forallt >0,

4. |U(t,s)r —x| = 0as|t—s| — 0 forallxze L,

5. D(A®t)) = {z € V: the limit w in'V exists as h — 0+}

and A(t)x = limy,_o w for all x € D(A).

Definition A.0.8. (Compact Operator). An operator A € L(H,H) for some Hilbert
space H 1is said to be a compact operator if the image of any bounded subset of H is

pre—compact in H.
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Definition A.0.9. (Orthogonal/Complete Orthogonal/Complete Orthonormal System,).
A subset S of a Hilbert space H is called an orthogonal system if for any x,y € S such
that x # y we have < x,y >= 0. S is called a complete orthogonal system (COS) if there

exists no other orthogonal system which strictly contains S. S is a complete orthonormal

system (CONS) if S is a COS and, for any x € S, ||z|| = 1.

Remark A.0.3. (Seperable Hilbert Space) A Hilbert space is called separable if it admits a
countable CONS. All Hilbert spaces here will be separable and so the adjective “separable”

will be dropped.

Definition A.0.10. (Hilbert-Schmidt Operator). An operator A € L(H,H) for some

Hilbert space H is said to be a Hilbert-Schmidt operator if ||Al|) < oo, where ||Al|@2) =
1/2

<ZZ°:1 HAenHQ) and {e,} a CONS of H.

Definition A.0.11. (Trace Class Operator). Let H be Hilbert space and A € L(H, H)
be a compact operator. A is said to be a trace class operator if there exists a CONS {e,}

of H such that >~)" | ||Ae,|| < .

Definition A.0.12. (Symmetric/Nonnegative/Positive Operator). An operator A €
L(H, H) is called symmetric if < Ax,y >=< x, Ay > for all x,y € H. Such an operator
is called nonnegative if < Ax),x > >0 for all x € H, and positive if < Ax,z > > 0 for

all z € H\{0}.

Remark A.0.4. A nonnegative compact operator admits a CONS of eigenvectors. If
{e,} is a CONS of eigenvectors of a nonnegative compact operator A with {\,} the
corresponding eigenvalues then A, — 0 as n — oo. Such an operator is trace class if

S~ A\ < 0o and Hilbert-Schmidt if " A2 < oo.

Definition A.0.13. (Adjoint operator). Let Hy, Hy be two Hilbert spaces and A €
L(Hy, Hy). An operator A* € L(Hy, Hy) is called adjoint of A if and only if < Azx,y >=<

x, A*y > for all x € Hy and y € H,.
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APPENDIX B

Frequently used notations and assumptions

Np: the space of nonnegative integers.

N: the space of positive integers.

R: the space of real numbers.

H, H,: Hilbert spaces. All Hilbert spaces in this work will be real and separable.

< o> < >a LI llas the inner products and the norms of the above

Hilbert spaces respectively.
For a real-valued function f, |f|. = sup, |f(x)].

Given a k£ and m dimensional continuous local martingales M, N on some filtered
probability space (Q, F,P,{F;}) we will write the cross—quadratic variation of M

and N as << M, N >>;. This is a continuous R™**—~valued {F;}-adapted process.

L*([0,T) : H): Hilbert space of maps f from [0, T to the Hilbert space H such that

S 1F@)]12dt < oo

C([0,T] : &): The space of continuous functions from [0, 7] to a Polish space £.

d e e e
X, — X: X, converges to X in distribution. The terms, convergence in distri-
bution, convergence in law or weak convergence for random variables, will be used

interchangeably.
X, 5 x: X,, converges to X in probability.

Generic constants will be denoted as ¢y, ¢o, - - . Their values may change from one

proof to next.

80



e Transpose of a d-dimensional vector v will be denoted by v'.
e By convention infimum on an empty set will be taken to be oo.

e All Polish spaces in this work will be considered as measurable spaces endowed
with the corresponding Borel o—fields. Borel o—fields on a Polish space £ will be

written as B(E).
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