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Introduction

The theory of large deviations is concerned with the study of the probabilities of very rare
events. In this text we present some results which can be obtained by applying large deviation
techniques to the study of diffusion processes.

The basic result in this area is Schilder’s theorem about large deviations of scaled down
Brownian motion. With this theorem one can calculate the exponential decay rates for prob-
abilities of the form P(y/eB € A) for ¢ | 0 where B is a Brownian motion and A is a set
of paths. This result is generalised by the Freidlin-Wentzell theory to the case of stochastic
differential equations with small noise. The theory describes how solutions of a stochastic
differential equation like

dX; = b(X)edt ++/cdB

on a fixed time interval [0;¢] behave for small e.

In the present text we place our main focus on the case of strong drift instead of small
noise, i.e. on solutions of the stochastic differential equation

dX? = 9b(X?) e dt +dB

for large ¥. Using a time change one can transform the case of strong drift into the case of
small noise, but unfortunately the resulting equation is defined on a time interval whose length
depends on the parameter ¢, so the Freidlin-Wentzell theory cannot easily be applied to the
time-changed process.

We will derive a large deviation result for the behaviour of X} for fixed ¢+ when ¥ becomes
large by using a different technique. The proof uses the fact that we know the density of the
distribution of X7 with respect to the Wiener measure on the path space from the Girsanov
formula. Assuming b = grad ® this density is

p= exp(ﬂF — 192G)

with .
F=o0)—9(B;)+ %/ A®(B;)ds
0

and

t
G= 1/ b?(By) ds.
2 Jo
For large 9 the term ¥F can be neglected and we can use the approximation P(X} € A) ~
E(exp(—92G)14(By)). The right hand side of this relation can be considered as a Laplace
transform of G, the large deviation behaviour of P(X; € A) for ¥ — oo can be expressed
in terms of the tail-behaviour of this Laplace transform. Using a Tauberian theorem we can
translate questions about this tail behaviour into questions about the behaviour of the distri-
bution of G near the origin.

Following this programme we have to estimate probabilities of the form P(G < ¢) for
small . The random variable G is small when the Brownian motion spends most of the time
near an equilibrium point of the drift b. To estimate the probabilities for this event we have
to study two different aspects: Firstly, the process has to reach the equilibrium point very
quickly. This can be treated with the help of Schilder’s theorem. And secondly, once near the
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equilibrium point the process has to stay close to this point most of the time. Here we can use
Taylor approximation of the drift to replace the process with an Ornstein-Uhlenbeck process,
which is much easier to work with.

The building blocks for this proof are developed during the first chapters. The final res-
ult about the large deviation behaviour of X for strong drift is presented as theorem 5.19
together with two corollaries.

The text is structured as follows. The first chapter gives a characterisation of diffusion
processes as solutions of stochastic differential equations. We will only consider equations of
the form

dXt = b(Xt) o dt + O'(Xt) L4 dBt7

which lead to Markovian solutions. The chapter summarises some results about these pro-
cesses.

The second chapter gives a very short introduction into the theory of large deviations.
We present some tools from the literature, with special emphasis on techniques which will be
useful when applied to families of diffusion processes. Because diffusion processes are complex
objects, large deviation results can be applied on different levels. We give results about the
behaviour of stationary distributions when the drift becomes strong, about empirical distribu-
tions when the process is observed over long time intervals, and about the paths of the process
when the noise is small.

Chapter 3 is devoted to an example: the Ornstein-Uhlenbeck process is the solution of the
stochastic differential equation
dXt = —aXt o dt + dBt

for some positive parameter a. Because of the simple structure of the process it is possible to
calculate may things explicitly here. We derive an large deviation result for the behaviour of
X, for fixed ¢ € R when the parameter o becomes large. This is a simplified version of our
main result.

In chapter 4 we present a Tauberian theorem of exponential type as another tool to obtain
large deviation results. The theorem provides a connection between the behaviour of a prob-
ability distribution near the origin and the Laplace transform near infinity. Using the theorem
allows us to deduce results like

t t2
lim€~1ogP(/ desﬁe)-—
siO 0 ’ 8

where B is a Brownian motion. As an application we derive a large deviation theorem for
Brownian paths with small L?-norm. The last part of chapter 4 derives a result about upper
and lower limits in the Tauberian theorem.

The central part of this text is chapter 5. Here we combine many results from the previous
chapters to derive the large deviation result for the behaviour of the endpoint of a diffusion
under strong drift. It transpires that a typical path under strong drift and with given endpoint
runs towards an equilibrium point of the drift quickly, stays there until near the end of the
time interval, and only then moves quickly to the given endpoint. The initial and final pieces
of the path can be treated with Schilder’s theorem about pathwise large deviations for scaled
down Brownian motion. The middle piece of each path can be treated with the Tauberian
theorem from chapter 4. We give separate results for the case of attracting drift and for the
case of repelling drift.

Chapter 6 gives another application of large deviation results, namely to determine the
exponential decay rate for the Bayes risk when separating two different processes. Since the
Bayes risk is a measure of how close the probability distributions of the two processes are, this
rate describes how fast we can gain information about the processes by looking at the paths.

Finally chapter 7 describes some techniques which help to experiment with rare events
for diffusion processes by means of computer simulations. We describe the Euler-Maruyama
method to simulate solutions of stochastic differential equations. In subsequent sections of
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chapter 7 we describe how the importance sampling method can be used to estimate small
probabilities and how the rejection method can be used to sample from conditional distri-

butions where the condition has very low probability. Finally we describe how the Langevin
method can be used to sample paths of a diffusion with given end point.

The table at page 95 explains some symbols and some notation used throughout the text.
There is also an index which might help to access the text.

I wish to thank my supervisor Professor H. v. Weizsécker for all his help and support in
writing this text and Martin Hairer for his advice.
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Chapter 1

Diffusion Processes

This introductory chapter will summarise some results about diffusion processes, which we will
use later. My main reference here is the book of v. Weizséicker and Winkler [WW90]. Other
useful references are the books of Karatzas and Shreve [KS91], of Ikeda and Watanabe [TW89],
and of Stroock and Varadhan [SVT79].

There are many ways to characterise diffusion processes. In this thesis we will use the
characterisation of a diffusion_process as the solution of the stochastic differential equation

dXt = b(Xt) o dt + O'(Xt) . dBt (11)

for some initial value Xy € L', where B is an n-dimensional Brownian motion, b: R¢ — R? is
some drift_function, and o: RY — R%*™ is the diffusion_coefficient.

The basic results about existence and uniqueness of solutions for this equation (theorems
IV.2.4 and IV.3.1 from [IW89]) are as follows:

Theorem 1.1. Let b: R* — R? and o: R — R*¥™ be continuous, satisfy the growth
condition
lo(@)]|? + [[b(z)]|> < K(1+ [z]*) forallz € R4 (1.2)

for some K > 0, and let E|Xo|?> < co. Then the corresponding SDE has a solution with
E|X|? < oo forallt > 0.

Theorem 1.2. Let b: R — R? and o: R? — R satisfy the following local Lipschitz
condition: for every N € N there is a K > 0 with

lo(@) = a@)I* + [Ib(z) = b(y)II* < Knle —y* for every z,y € Ky (1.3)

where K is the closed ball with radius N .Then the corresponding SDE has a unique strong
solution.

We will mostly consider the case where B is a d-dimensional Brownian motion and o(z) =
I, for all z € RY. If then for example b is globally Lipschitz, i.e. there is a ¢ > 0 with |b(z) —
b(y)| < |z — y| for all 2,y € R?, then we have

llo (@)1 + [b()* < 12+ (lb() — b(O)]| + [[b(O)]])*
< 142z — 0% + 26%(0)
< max(1 + 2b%(0),2¢*) (1 + |z[*)
and
lo(z) = aW)I” + [[b(z) = b(y)[|* <0+ [z —y|?

for all 2,y € R?, i.e. equations 1.2 and 1.3 hold and the theorems guarantee the existence of a
unique solution in this case.
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Sometimes it is useful to rescale diffusion processes. This helps us for example, to transport
diffusions on time intervals [0;¢] for different values of ¢ to a common sample space. This can
be done with the following lemma.

Lemma 1.3. Let ¢ > 0 and X be a solution of the SDE
dX =b(X)edt+ odB.

Define the rescaled process Y by Y, = Xet/\/c for every t > 0, a new Brownian motion B
by B, = Be/+/c for allt > 0 and a new drift field by b(z) = /c - b(y/c - x) for all x € RY.
Then the process Y solves the SDE

dY =b(Y;) e dt + o dB.

Proof. By the basic scaling property of Brownian motion the process B as defined above
is a Brownian motion. For any pair of stopping times S and T with S < T the following holds.

Yy —Yg = %(XCT - Xes)
— % (/ST b(X,)dt + o Ber — chs)
cs=t % /ST b(Xes)cds + U%BCT - U%BCS
- /ST Veb(y/eYs) ds + o(Br — Bg).
This proves the claim. (qed)

The basic characterisation of reversible diffusions is the following theorem, which goes back
to a result of Kolmogorov. A detailed proof is given for example in [Vo897].

Theorem 1.4. Let b: R — RY be Lipschitz continuous, B a Brownian motion with
values in R?, and X a solution of the SDE

dX = b(X)«dt +dB

with Xo € L?. Then the following conditions are equivalent:
(j) The process X is reversible with stationary distribution p.
(ij) There is a function ®: R — R with b= —V® and du = exp(—2®(z)) dz.

/ exp(—2®(z)) dz = 1.
R4

Of course the condition b = — grad ® determines the potential ® only up to a constant.
So whenever exp(—2®) is integrable, one can add a normalising constant to ®, to change
exp(—2®) into a probability density.

The case of diffusion processes where the drift is a gradient is especially easy, because we
can explicitly calculate the density of the distribution of the processes with respect to the
Wiener measure. The big advantage of formula (1.4) below is, that it does not contain the
stochastic integral from the Girsanov formula any more.

Lemma 1.5. Let B be a (F;)-Brownian motion and let X be a solution of the stochastic
differential equation

dXt == b(Xt) L4 dt + dBt
Xo = 0.



Furthermore let ®: R* — R be two times continuously differentiable with b = — grad ® and
let b be Lipschitz continuous. Then the distribution of X on F; has a density p; with respect
to the Wiener measure, defined by

pr(w) = exp(—P(w;) + P(wo) — /o v(wy) ds) for allw € C([0; 0),RY) (1.4)

where v = 1((V®)? — A®), i. e. for every A € F, we have

P(XeA)= /Ago(w) dW (w).

Proof. The density of £(X) on F; is characterised by the Girsanov formula (see e.g.
section 10.2 of [WW90]). The Lipschitz-continuity of b gives the necessary integrability condi-
tions (see, e.g. corollaries 1.1 and 1.2 of [Vof97]). So we only have to check that y; as defined
in (1.4) satisfies

t 1 t
o (X) = exp(/ b(X,)dX, — 5/ b*(X,)ds).
0 0
1t6’s formula gives
dd(X) = grad®(X)edX + %A@(X) o dt

— b(X)edX + %A(I)(X) . di

and because of

b(X)edX — %bQ(X) edt = —d®(X)- %((V<1>(X))2 — AD(X)) o dt
= —dO(X)—v(X)edt
we get
QlX) = exp(=B(X) + B(X) [ (X))
— exp(/o b(X,)dX, — %/O b (X,)ds).
So everything is proved. (qed)

Example 1.1. Constant drift. Here we have some vector b € R? with b(z) = b for all
2 € R?. With the notation from lemma 1.5 we get

O(z)=—-b-x
b(x) = —grad®(z) = b
o(z) = %((vw ~AD)(z) = %

and conclude

This case is especially easy, because v is constant and thus the density is a function of only the
endpoint of the path.
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Example 1.2. The Ornstein-Uhlenbeck process. Here we have b(x) = —ax for some
« > 0. Using the notation of lemma 1.5 again, we get

d
O(x) = %xQ ~1 log%
b(x) = —grad ®(x) —ax

o(r) = 5 (V) ~ A®)(x) = %(a2x2 ~ ad).

The strange constant in the definition of ® makes exp(—2®) a probability density, namely the
density of a normal distribution with covariance matrix 1/2« - I. The process corresponding to
this drift is reversible and has a stationary distribution u. The lemma gives the density

a a? [t
<pt(w)zexp(—§(wt2—w§—t-d)—?/0 wgds).



Chapter 2

Large Deviations

In this chapter I want to review some tools, which are available to study large deviations of
diffusion processes. My main source here is the book of Dembo and Zeitouni [DZ98|. Other
useful references include the books of Deuschel and Stroock [DS89] and den Hollander [Hol00].

2.1 Introduction

This section formulates the basic large deviation principle and gives the basic definition. For
details see the references given above.

Definition 2.1. A rate function is a function I: X — [0; 0] on a Hausdorff topological
space X, which is lower semi-continuous, i.e. where all the level sets {x € X | I(z) < ¢} for
¢ > 0 are closed in X. A rate function I: X — [0;00] is called a good rate function, if all the
level sets {x € X | I(z) < ¢} for ¢ > 0 are compact in X.

In this text the space X will typically be either the Euclidean space R™ or a path space
like C’([O; 00), IRd).

Definition 2.2. A family (uc)es0 of probability measures on a Hausdorfl topological
space X is satisfies the large deviation principle (or shorter, the LDP) with rate_function I: X —
[0; o0], if the following two estimates hold:

limsup e log p.(A) < — inf I(z) (2.1)
€10 T€EA
for every closed set A C X and
liminfel > —inf T 2.2
im inf ¢ log pe(0) 2 — inf I(z) (2.2)

for every open set O C X.

Sometimes it is difficult to obtain a full LDP as described in the definition, but is is pos-
sible to get a weak LDP.

Definition 2.3. If the upper bound in definition 2.2 only holds for all compact (instead
of all closed) sets, then the family (u.)e~o satisfies the weak large deviation principle (or
short: the weak LDP).

A weak LDP can be strengthened to a full LDP with the help of the following Lemma,
which is a direct consequence of lemma 1.2.18 in [DZ98].

11
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Definition 2.4. A family (u.)e~o of probability measures on a Hausdorff topological
space X is exponentially tight if for every o > 0 there exists a compact set K C X with

limsupelog . (X \ K) < —
el0

Lemma 2.1. Let (ic)e>0 be an exponentially tight family of probability measures. If the
upper bound (2.1) holds for all compact sets, then it also holds for all closed sets.

2.2 General Principles

There are many tools, which are useful in the area of large deviations, and which can be
formulated without considering a specific problem. Most of the results here help to use a
exponential rate which is already known, by carrying it over to a different situation.

The following, frequently used Lemma shows that the exponential rate of a sum is just the
maximum of the individual rates.

Lemma 2.2. For any family of finitely many functions f1,..., fn: Ry — R, we have

n
li fel > liminf €1
1m1n elog Z kfrll,aX7 (lrgll%)n € ngk(f))
and
hmsupelo ©(€)) = max (limsupelog fr(e)).

Note the asymmetry between the > and the = sign. It is easy to construct examples, where
a strict inequality holds for the first case. The next lemma illustrates two special case, where
we have equality for both bounds.

Lemma 2.3. Let f,g: R, — R, be two functions and assume that either one of
the two conditions limsup, ,elogg(e) < liminf.|gelog f(e) or limsup, yelogg(e) <
liminf. o elog(f(e) + g(e)) holds. Then we have

liml%)nfe log(f(e) +g(e)) = limﬁ)nf elog f(g)
and

limsup e log(f(e) + g(€)) = limsupe log f(e).
€l0 el0

Proof (a). First assume limsup, qelogg(e) < liminf.|oelog f(g). From lemma 2.2 we
know liminf. o elog(f(e) + g(¢)) > liminf. oelog f(¢). On the other hand for every ¢ >
liminf, gelog f(e) and every E > 0 we find an ¢ < E with f(e) < exp(c/e) and, by choosing €
sufficiently small, also with g(¢) < exp(c/e). So we can conclude

o < T _
hrcpl})nfelog(f(e) +g(g)) < hrﬁbnfelog(Q exp(c/e))

for all ¢ > liminf,|oelog f(€). This proves the first claim. The second claim is a direct con-
sequence of lemma 2.2.

(b) Now assume limsup, |, elog g(e) < liminf, | elog(f(e) + g(¢)) and choose a ¢ € R with

limsupelogg(e) < ¢ < limi%nfslog(f(&t) +9(e)).
l0 €
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Then there exists an E > 0 such that for every ¢ < E we have both f(e) + g(g) > 2exp(c/e)
and g(e) < exp(c/e). Consequently we find f(e) > exp(c/e) for all ¢ < E and thus the
lower limit satisfies liminf. gelog f(g) > c for all ¢ < liminf.|oelog(f(¢) + g(g)). This
proves liminf. o elog(f(e) + g(¢)) < liminf.|gelog f(e) and again with the first estimate from
lemma 2.2 we get the equality for the lower bounds.

From the second part of lemma 2.2 we know that the rate for the sum is the maximum of
the individual rate. Because of

limsupelog g(e) < liml%nfalog(f(s) +g(g)) < limsupelog(f(e) + g(¢))
el0 € €10

the maximum must then be attained for limsup, | € log f(¢). This completes the proof.
(qed)

For future reference we state the following basic estimate.

Lemma 2.4. Let ¢1,...,¢c, € R. Then

t G (et +en)’
7+...+72n—
a an, Dok Ok

for all aq,...,a, > 0 and equality holds if and only if there is a A € R with Aoy = ¢ for
k=1,...,n.

Proof. Let a = >} _, o, pr, = ai/a, and dj, = ¢x/py for k =1,...,n. Then > ;_ pp =1
and Jensen’s inequality gives
o= =D mkdi > (Zpkdk) = (Z Ck:) (2.3)
=1 Pk = k=1 k=1
where equality holds only for d; = - -+ = d,. Dividing (2.3) by a proves the claim. (qed)

A result somewhat similar to lemma 2.2 is the following. It gives an upper bound for the
exponential rate of a product.

Lemma 2.5. Let f1,..., fn: Ry — Ry and limsup, ¢ log fx(e) = —c fork=1,...,n.
Let aq, ...,ax > 0. Then the following estimate holds:

lim sup € log ﬁ frlage) < (22:1 Ck)2
k k > T T—=n -
elo k=1 Zk:l Ak

Proof. Taking the product out of the logarithm we find

limsup ¢ log H fre(age) < Zlim sup € log fi(age)
el0 k=1 k=1 ¢

“ 1
= Z — limsup e log fx(e)
1 QE €0
|
!
k=1 "F
Applying the estimate from lemma 2.4 proves the claim. (qed)

The following lemma will turn out to be very useful for proving upper large deviation
bounds. It helps to split an upper bound into a finite number of cases, which in turn helps to
apply lemma 2.2. This trick is illustrated by the proof of proposition 2.7 below.
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Lemma 2.6. For each § > 0 there is a finite set DfL - {a S R’Z‘O ’ ay+ -+ a, = 1+5}
with
{(e1,...,en) EREg |e1 4+ +en < e}

C U {(51,...75n)€ go‘ajgajsforjzl,...,n}
aeD?

for alle > 0.

Proof. Let 6 > 0. Because the simplex is compact, the covering

{(xl,...,mn)G]RgO|x1+~~+wn§1}
C U {(ml,...wn)E]RgO|xj<ajforj:1,...,n}

a€RY,
leell1=1+0

can be reduced to a finite one. So we can choose a finite set DS such that the inclusion still
holds when the union is only taken over a € D?. Multiplying both sides with € > 0 gives the
claim. (qed)

Lemma 2.5 is useful, if one can exploit some kind of independence structure. The following
proposition features a basic application which shows the machinery at work. In chapter 5 we
will use this idea in a more complicated situation.

Proposition 2.7. Let X4,..., X, be independent, positive random variables with

limsup € log P(X;c < 5) = —cz

€l0
and
lir?l%nfslog P(X;c < z—:) = —bz
where by, c > 0 fork=1,...,n. Then we have
limlsoupslogP(Xl +o+ X, <e) < —(er+ 0 Fen)
e
and

liml%nfslogP(Xl +o b Xp<e) > —(br 4+ by)?
1>

Proof. Let 6 > 0 and D? as in lemma 2.6. This gives

P(Xi+ - +X,<e) < Y P(X1<one,..., Xp < age).

aeD?

For the individual terms we can use lemma 2.5. Let limsup, |, € log P(Xk < 5) = —ci with
cr, > 0. Then we get

limsupelogP(Xl <aig, ..., X < aks)
el0

= limsup ¢ log H P(Xk < ake)
el0 k=1

_(01+"'+Cn)2
- 1+90
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for every o € D?. Using lemma 2.2 we conclude
limsupslogP(Xl 4+ 4+ X, < 5)
]0

< max limsupslogP(Xl <og, .., X < aks)
aeDf <)o

_(cl—|—~--—|—cn)2
- 146

for every § > 0 and thus

limsupslogP(X1 +--+ X, < 5) < —(eq +~'+cn)2.
e]0

For the lower bound let liminf, o € log P(Xk < 5) = —bi with by > 0. From lemma 2.4 we
know that we should choose ay, proportional to by in order to get best possible bound:

liminfelog P(X1 + - + X, <€)
el0

> liminf elog P( X} < k=1,..
n by
= liminfelo P(Xp < ———=
€l0 g}];[l (k7b1++bn)

byt by
>y AT h%nfdogp(xk <e)

k=1 b
bt F by
=— Z bib’“
k=1 k
= _(bl + .- _|_bn)2‘
This completes the proof. (qed)

The remaining part of this section summarises some important results from the literature.
The contraction principle allows, to transform an LDP on one space to another space by
means of a continuous mapping. The following theorem (theorem 4.2.1 in [DZ98|) states the
result.

Theorem 2.8 (contraction principle). Let X and Y be Hausdorff topological spaces and
f: X = Y be a continuous function. Consider a good rate function I: X — [0;o0].
(a) For each y € Y define

I'(y) =inf{I(z) |z € X, f(z) =y}

Then I’ is a good rate function on ).
(b) If I controls the LDP associated with a family of probability measures (u:) on X, then
I’ controls the LDP associated with the family of probability measures (u-o f=1) on Y.

If f is not injective then the mapping “looses information”. Thus the contraction principle
can transport an LDP from a larger space to a smaller one. The Dawson-Gértner theorem
does the opposite. It helps to transport an LDP from smaller spaces to a large space.

In order to formulate the theorem we need the concept of an projective limit. Let (J, <) be
a partially ordered set, such that whenever 4,5 € J there exists a k € J with ¢ <k and j < k.

A projective system is a family ();),e; of Hausdorff topological spaces, together with a
family (p;;)i jes of continuous maps p;;: V; — Vi, such that p;p = p;; opjr whenever i,j,k € Y
with i < j <k.
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The projective limit of the system ();,p;j)i jes is the subset X of all elements from the
product space Y = HjeJ Y;, which are consistent with the maps p; ;, i.e. ay = (y;)jes € Y
is in X, if and only if y; = p;;(y;) whenever ¢ < j. The canonical projections p;: X — J;
are defined by p;(y) = y,. The space X is equipped with the topology induced by Y. The
canonical projections are continuous because they are just the restriction of the continuous
coordinate maps Y — J; to the space X.

The typical example here is J being the set of all finite subsets of an interval [0;¢] C R,
with the set inclusion as the partial ordering. The projective system is then the family of all
finite dimensional spaces R/ for finite sets j C [0;], i.e. for j € J. In this case the projective
limit X is the space of all functions [0;¢] — R, equipped with the topology of pointwise
convergence.

The following theorem (theorem 4.6.1 in [DZ98]) explains how to transport an LDP from
the spaces ); to the projective limit X.

Theorem 2.9. (Dawson-Girtner) Let (pe)e>0 be a family of probability measures on X.
Assume that for each j € J the probability measures (ue o pj_l)5>o on Y; satisfy the LDP
with good rate function I;. Then the family (pe) satisfies the LDP on X with a good rate
function I, defined by

I(z) = sup{L;(p;(x)) | j €T} forallzeX.

Another important tool is the Varadhan Lemma (Theorem 4.3.1 in [DZ98|). Let Z. be
random variables, taking values in the regular topological space X', and let p. be the law
of Z..

Theorem 2.10. (Varadhan_Lemma) Suppose that (pc) satisfies the LDP with a good
rate function I: X — [0;00], and let o: X — R be any continuous function. Assume further
either the tail condition

lim limsup5logE(exp(go(Zs)/s)(go(Zs) > M)) = —00,

M—oo elo

or the following moment condition for some v > 1,

limsupelog E (exp(vg@(ZE)/E)) < 0.
el0
Then

limelog B (exp(p(Z2)/<) ) = sup (¢(x) ~ 1(2)).

2.3 The LDP for Stationary Distributions

In this section we will prove a simple large deviation principle which describes the asymptotic
behaviour of the stationary distribution of a diffusion process when the drift becomes stronger.

The proof will be a simple application of the Laplace-Principle, which is formulated in the
following lemma. This is similar to the Varadhan lemma (theorem 2.10). We give an independ-
ent proof here, because the proof is simple and nevertheless gives some insight.

Lemma 2.11. (Laplace_principle) Let A C R? be measurable and p: R* — R be a
measurable function with fA e %) dx < 0o. Then we have

1
ﬁlin;o 3 log/A e V@) dyp = — es;sei}llf o(x).
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Proof. Denote the Lebesgue measure by A\%. First choose ¢ > essinf,ca ¢(x). Then we
have A\ {x € A | p(x) < c} > 0 and thus

1 1
lim inf 3 log/ e U@ gy > liﬁm inf 3 log(e " A{z e A|p(x)<c}) = —c
A —00

Y—00

This holds for all ¢ > essinf,e 4 ¢(x), which gives

1
liﬁrrigf 3 log/A e V@) dy > — eiseglfw(x).
For essinf,c 4 () = —oo everything is clear. Assume essinf,c p(z) > —oo. Then by
adding a constant to ¢ we can assume essinf e 4 ¢(x) = 0 without loss of generality. Because
e~ 9@ for ) — co converges a.s. monotonically from above to the indicator function of the set

{2 € A|p(zx) =0} and is bounded by the integrable function e~#(*) we have

Jim e V@ dr = Nz e Alpx)=0}
— 00 A

IN

MzeA|lp)<0} < o
and thus we get the upper bound

1
li =1 —9¢(®) dr < 0 = — essinf )
%Iisolipﬂ og/Ae dx <0 eiselil <p(a?)

(qed)

As an almost trivial conclusion of the Laplace principle we can derive a large deviation
principle for standard normal distributed random variables in R. This is illustrated in the
following corollary.

Corollary 2.12. If X is a standard normal random variable, then

$2

limelog P(veX € A) = —essinf —
el0 2

z€A

for every measurable set A C R.

Proof. The distribution of 1/eX has density

1 x?

\/%exp(—%).

Thus with ¥ = 1/e the Laplace principle gives

1/10,5(@ =

2
x
li log P XeA=Il It - —1i 1 2
8111015 og P(vVeX € A) 5%15 og/AeXp( 2€)d$c 51?016 og V2me
2

= —essinf£ + 0.
z€A 2

(qed)

Example 2.1. Let B be a one-dimensional Brownian motion. Then B; is Gaussian dis-
tributed with expectation 0 and variance ¢. Using the corollary we can examine the large
deviation behaviour of the event {|B;| > ¢} for ¢ — oo. With & = 1/c? we have

|B| > ¢ < Ve-By/Vte{zeR]|z|>1/Vt}
and thus 1 .
lim —210gP(\Bl| > c) =——.

c—00 C 2t
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For comparison with example 2.2 below we also note that the probability of |B;| < e for
€ | 0 decays slower the exponentially. We have
lim &2 logP(|Bl| < 5)
el0
lim 21 / LISy
= lime“lo —e x
el0 & _e V21

1
— 1 2 —
= 1811%16 log(2¢ ) =0.

Ver

The main result of this section is as follows.

V)

a

} >

Theorem 2.13. Let ®: RY — R be differentiable and such that exp(—2®(x)) i
probability density on RY. Let ® be bounded from below with ®, = inf{ ®(z) | z € R
—00. Finally let b= — grad ® be Lipschitz continuous.

Then for every ¥ > 1 the stochastic differential equation

sH

dX? = 9b(X?)edt + dW

has a stationary distribution py and for every measurable set A C R? we have

1 .
Eloguﬁ(A) = —eisegl1f2(<b(x)—¢*).

lim
Y¥— 00
Proof. Again, let A% denote the Lebesgue measure on R? and define

Zy = /Rd exp(—20®(z)) da.

Then we have

Zy = / exp(—20®(z)) dx —|—/ exp(—20®(z)) dx
{2>0} {e<0}

< / exp(—2®(x)) do + A D <0} - exp(—2099,)
{®>0}
< 00.

Using Zy we can define &y = ¢ - ® + In/Zy. This new potential has

/exp(—2<1>19) dx = /exp(—219<1>) exp(—InZy)dzr =1

and
—grad ®y = —Ygrad® = - b.

By Kolmogorov’s theorem (theorem 1.4) the process X7 is reversible and has a stationary
distribution py with density exp(—29®)/Zy.
Using this density we get

1 L1 1
1911_)ngogloguﬁ(14) —19h_)n30510g/14exp(—219¢’(33))2—19 dx

= lim %log/AeXp(—Qﬁib(x)) dm—ﬂlln;%long

¥—00

= —essinf 2®(x) + essinf 20 (z),
T€EA zeR4

where the last line is a consequence of lemma 2.11. Filling in the definition of @, finishes the
prOOf. (qed)
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Both, the lemma and the theorem have results of the form

1 .
3 log uy(A) = — eswsel}‘lf I(x) (2.4)

lim

Y—00
for all measurable sets A C R and for some function I. Assume that a family of measures
has the property (2.4). Then we can use infyecs I(z) < essinf,c4 I(z) to get the usual upper
bound from the large deviation principle: for closed sets A C R? we have

1
hgljolip 3 log uy(A) = — eisei;‘lf I(z) < — Tlrelg I(x).

On the other hand we don’t get the lower bound in the general case. Only in case that we
have inf,co I(x) = essinf,eco I(z) for every open set O C RY, e.g. if I is continuous, we can
conclude the lower bound

1
. -
it tosm(©) 2 = Jah 1)

for every open set O (actually in this case we have even equality here). So at least for continu-
ous rate functions I the condition (2.4) implies the LDP with rate function I.
The is not true in general. If we have an LDP in the form of definition 2.2, then the limit

1
lim — log py(A)

Y—00

does not necessarily exist. A set A where we have

inf I(x)= inf I(x),
f I(e) = int 10

i.e. where the limit does exist, is called a continuity set of the rate function.

2.4 The LDP for Empirical Distributions

The empirical distribution of a reversible diffusion converges to the stationary distribution
when ¢t — oo. In this section we will give a large deviation result for this case.

The empirical distribution LY € Prob(R?) of a process X with values in R? is defined
by

LY (A) = %)\d{s €0,t] |ws e A} forallwe C([0;00), RY), A € B(R?),

where A% denotes the d-dimensional Lebesgue measure. Since L, is a mapping from the path
space C([0;00), R?) into Prob(R%) we can understand L; as a random probability measure
with corresponding probability space C([O; 00), le).

Let X be a reversible diffusion process with stationary distribution g. In this situation the-
orem 6.2.21 of Deuschel and Stroock [DS89] applies. The notation there is a little bit different
from ours: their V is our 2v and U there corresponds to 2® here. The theorem expresses the
rate with the help of the Dirichlet form £ (cf. below), which is associated with the process X:
define Jg: Prob(R?) — [0; 00] by

Je(v) = E(f,f), ifv< pwith dv = f2du for a f € D(E), and
£ ") 400 else.

Theorem 2.14. Let P, be the distribution of a reversible solution of the stochastic
differential equation

with initial distribution £L(Xo) = v and stationary distribution p. Define v = (b? + divb)/2
and assume that {x € R | v(z) < ¢} is compact for each ¢ > 0. Consider Prob(RY) equipped
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with the weak topology and the Borel-o-algebra. Then Je is a good rate function and the
following LDP holds:

1
—infJe < inf  liminf = log P, LY el
pfJe< inf  Hminf >log ({wl|LyeT})

1
< sup limsup ~logP,({w|Ly €T}) < —infJe
vEProb(R?) t—o0 t r

for all measurable sets T' C Prob(R%).

The Dirichlet-form £ for the process X can be constructed as follows. Via

Pif(z) = By (f(Xy))

for all z € R% and all ¢t > 0 we get a strongly continuous operator semigroup (P;);>o on the
space L2(R%, B(R%), ). The generator L of this semigroup satisfies

Lf:b-Vf—k%Af

for all f € C?(R?). Because X is reversible, the generator L is self-adjoint. Now define a
quadratic form & by

1
Eo(f.9) = g/Rde-ngu

for all f,g € C*(R%,R).

Lemma 2.15. Let X be a reversible solution of the SDE (2.5) with Lipschitz-continuous
drift b: R — R? and stationary distribution p. Then the quadratic form &y satisfies

&o(f,9) = (=Lf,9),
for all f,g € C*(RY), where (-, ), is the scalar product on L?(R?, B(RY), ).

According to theorem X.23 of Reed and Simon [RS72| resp. theorem 6.2.9 of Deuschel
and Stroock, the quadratic form & has a closure (£, D(€)). We have f € D(£) if and only if
there are f, € C°(R%) and g1,...,94 € L2(R?, B(RY), u) with f, — f and 9;f, — g; in
L2(R?, B(R?), i) for n — oo and j = 1,...,d. In this case we get

d
S0 = Jim Ealhf) =5 [ S a2
dj=

2.5 Sample Path LDP

While the previous sections treated the large deviation behaviour of some derived properties of
a process, it is also possible to consider the large deviation behaviour of the process itself, i.e.
for the distribution of the processes paths on the space of all sample paths.

The basic large deviation result here is Schilder’s theorem about large deviations for scaled
down Brownian motion (see theorem 5.2.1 in [DZ98]). By Cy([0;t], R?) we denote the space of
all continuous functions w: [0;¢] — R? starting in 0, equipped with the supremum norm.

Theorem 2.16 (Schilder). Let B be a standard Brownian motion. For e > 0 let
W, be the law of the scaled down process \/eB. Then the measures W, satisfy on
(Co([0;t], R%), ]| lso) an LDP with good rate function

I(w) = %fg |s|? ds, if w is absolutely continuous, and
400 else.



2.5. SAMPLE PATH LDP 21

Example 2.2. Consider a one-dimensional Brownian motion on the time interval [0;t].
We can use Schilder’s theorem to calculate the exponential decay rates of the probability
P(||Bllss > ¢) for ¢ — oo.

With e = 1/¢? we have

sup |Bs| > ¢ <= eB € {w | |ws| > 1 for some s € [0;t]} =: A
0<s<t

and because A is a continuity set of the rate function I we find
. 1
CILHolo c—QlogP(HBHOo > ¢)
=limelog P(v/eB € A
lim ¢ log (VeB € A)

I I 1
= —1 f —_ 2 ’ = —— 1 2 = —
in {2/0 ws ds weA} 2/0 Jt°dt 57

where we used the fact that the infimum is attained for ws = s/t. Comparing this with ex-
ample 2.1 we notice that the exponential rate for supy<,<; |Bs| > ¢ is the same as the expo-
nential rate for the event |B;| > c. -
On the other hand it is not possible to treat P(||B|lo < €) for £ | 0 the same way. Since

we have 1

sup |Bs| <e < Be{w| sup |wg\<1}

0<s<t
here, we would need the large deviation behaviour for the blown—up Brownian motion instead
of for the the scaled-down Brownian motion. We can derive the large deviation behaviour of
this special event nevertheless, because an explicit formula for the probability is known. In
section X.5 (p. 342) of [Fel71] it is shown that

P(|Bs| <€ for all s € [0;])
_ 4 i Lo (_(2n+ 1)27T2t) Sin((2n+ 1)7r)
w1 822 2 )

The dominating term in this sum is

4 1 ( (2-0+1)27r2t> Sin<(2-0+1)7r> 4 ( 2 t)
————— eXx — = —eX —_—
72.0410P 8e2 2 7 TP T g2

which corresponds to n = 0. For the tail of the sum we find the estimate

1 1 exp(— (2n +1)272 t) Sin((2n + 1)7r>

2
= 8¢ 2
= (2n + 1)%72
3 exp(- BT
- ;exp( 82
o0 2 w2t
<> exp(-Tin) = exp(~5z)
= 2e 1- eXp( 252)
and thus
1 (2n+1)272 \ . /(2n+ D7
lmeup <1 o) ()
1mlsup5 og — Z o 7€ 522 sin 5
2t w2t
< _ "
-2 8
Using lemma 2.3 we get
4 2 2t
L2 i 22 _
161&)15 log P(||Bllsc <€) = 151%15 log;exp(—@t) =5

The result is different than in example 2.1. The probability of supy<,<; |Bs| < € decays expo-
nentially for € | 0 while the probability for |B;| < € does not.
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A generalisation of theorem 2.16 is the so-called Freidlin-Wentzell _Theory (see chapter 5.6
of [DZ98] for a detailed explanation). There, one considers a stochastic differential equation of
the form

dX: =b(XF) e dt +/cdW, fort e [0;1], and
X =0,

where b: R — R is uniformly Lipschitz. Via an application of the contraction principle one can
conclude from theorem 2.16 the following result.

Theorem 2.17 (Freidlin-Wentzell). The family (X§) satisfies the LDP in Cy[0;t] with
the good rate function

Iw) = {;fot s — b(ws)|*ds, ifw € Hy, and

+00 else.

For the proof, the contraction principle is applied to the map F: Cy[0;t] — Cp[0;t] where
f = F(g) is defined to be the unique solution of the ordinary differential equation

f(t):/o b(f(s))ds +g(t) for all £ € [0; 1],

Further generalisations are possible, e.g. to the case of the SDE

dX; = b(X[)edt + Veo(X;)edW,; fort e [0;1], and
X5 ==,

where z € R?, b: R — R? is uniformly Lipschitz, and where all components of the matrix o
are bounded, uniformly Lipschitz continuous functions.



Chapter 3

The Ornstein-Uhlenbeck Process

In this chapter we will use the the Ornstein-Uhlenbeck process to explain some of the ques-
tions which we will answer more generally in later chapters. It will turn out that the simple
structure of the Ornstein-Uhlenbeck process will ease many calculations, but we still can see
what kind of results we can expect for the general case.

3.1 Introduction

Let B be a d-dimensional Brownian motion and « > 0 be a real valued parameter. Then the
solution of the stochastic differential equation

dXt = —O(Xt o dt + dBt, (31)
Xo=1x9 € ]Rd

is called the Ornstein-Uhlenbeck process with parameter « and start in zo (see, for ex-
ample, v. Weizsiicker and Winkler [WW90], p. 10). Mostly we will consider the case z¢ = 0.

Using the results from chapter 1 it is clear that this equation has a unique solution. But
using the variation of constants method we can even explicitly solve this equation. Let

t
Xt = eiatXO + Bt — O[/ eia(tis)Bs ds
0

or equivalently
t
Xt = e_atXO +/ e—a(t—s) dBS (32)
0

for all ¢ > 0. Then it is easy to check that the process X defined by this, is a solution of the
SDE (3.1). Figure 3.1 shows five paths of an Ornstein-Uhlenbeck process with parameter v =
1 and start in 0.

If we define the potential ®: R? — R as

d
4
then the drift b(x) = —ax can be expressed as b = — grad ® and we find

exp(—2®(z)) = (%)d/Q exp(—a|x|2) = WQXP(_;P)

®(z) = %\$|2 - log% for all z € R,

1
2c

2c

With theorem 1.4 we can conclude that the process X is reversible and has a d-dimensional
normal distribution with covariance matrix ild as its stationary distribution. From chapter 1
we already know the density of the distribution on the path space:

a a? [t
or(w) zexp(—§(wt2 —wp —t-d)— ?/0 w? ds). (3.3)

23
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Figure 3.1: This figure shows five paths of an Ornstein-Uhlenbeck process on the interval [0;10]
with parameter o = 1.

3.2 Strong Drift

In chapter 5 we will answer the following question: what is the large deviations behaviour of
the endpoint X; of a diffusion process, if we increase the drift? For an Ornstein-Uhlenbeck
process this means that we replace the constant a with Jda for 9 > 0 and take 9 — oo then.

Let XV be the solution of (3.1) with parameter Ja and start in 0. The process has the
density

9202 [
9 2
py (w) =exp| — wy —wj —t-d) — /wsds

with
_ a9 2
Flw) = Q(wo—wt—i-d) and
2t
Gw) = a—/wgds.
2 Jo

The case of an Ornstein-Uhlenbeck process is especially simple here, because we know the
explicit distribution of X7. It is a d-dimensional Gaussian distribution with expectation 0 and
covariance matrix

1
Y= m(l —exp(—2adt)) - Iy

(see for example section 8.3 of [Arn74]). Using the Laplace Principle (lemma 2.11) one can
easily see that

1
lim 3 log P(X? € A) = — essinf ax? (3.4)

P—o00 z€A

for all ¢ > 0 holds. Note that this rate does not depend on t.

Here we want to give another proof for the one-dimensional case, which does not use the
explicit distribution of X7 but can be generalised to more general drift fields b. To ease the
notation we only consider the case t = 1. Formula (1-1.9.7) from [BS96] states

2 t
B, (exp(= % /0 B2 ds): By € d:)

2, 2 _
VY exp(f(x + 27)y cosh(t7) szy)’

/2 sinh(t7) 2sinh(ty)
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which gives

/1A(w1)exp(—

- Via
-, sy 0

s ' 2
9 > WZds) dW (w)
0

2?9a cosh(Var) ) &
2 sinh(da)

in our case. This is a generalisation of the Cameron-Martin-Formula

E(e_’\ Jo B? dt) = (Cosh \/ﬁ)_l/2

(see [RY99], chapter XI). We are interested in the exponential tails of this expression for

¥ — o0.
Recalling the definitions

Z —Z

€

sinh(z) = C7°  and cosh(z) =

2
we observe that there are constants 0 < ¢; < ¢y with

—ad/2 < \/a

< ———= < e
27 sinh(Ya)

cie

—ad/2

e’ +e*

for all ¥ > 1.

(The value 1 is arbitrary, any positive number would do.) Also we find

cosh(Ya) '@ 4 ¢V

= — 1 for 9 — oco.

sinh(da) e — e=Va

Because (3.5) and (3.6) are independent of and thus uniform in z we can conclude

Y—00

= hm - log \f
\/ 2T smh 19@

1
= ler;oalogAexp(—gﬁ— 719) dz

. 22a
= —essint(5 + =)

= —%(1 + eiseiffff)'

This is the asymptotic behaviour for the exp(92G) term.

2 1
lim Elog/lA(wl)eXp(—ﬁQOL/ WZds) dW (w)

2

za

2

_cosh(Ja)
sinh(da)

~19) dz

25

(3.5)

(3.7)

Now, we consider the full density by fitting in the factor exp(JF). This is easy because the
function F' only depends on the endpoint z of the path. We get

.1
ﬁILH;OEIOgP(Xf €A

= ﬂlim élog / 1a(wy) exp(ﬁF(w) —9*G(w)) dW (w)

= hm flog \F/
\/ 27 Slnh dar)

(s

« 220é

(1—2%) -9 —

ZQOZ

2

" sinh(da)

2

cosh(dar)

1 « z%a
= hm 510g/j4exp(—§19+(2 —7)-19—719)(12

Y—o0

= —essinf az?.
z€A

-19) dz
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This is the expected result.

As mentioned above the stationary distribution py of the Ornstein-Uhlenbeck process
with parameter Y« is a d-dimensional Gaussian distribution with mean 0 and covariance mat-
rix ﬁ[d. Thus the result from theorem 2.13 coincides with the large deviation result about
Gaussian distributions from corollary 2.12 in this case. Using either result we find

li A) = — inf az?
s pold) = = T ox
for every measurable set A C R. Since the right hand side coincides with the rate from (3.4),

for any t > 0 the large deviation behaviour of the point X for 9 — oo is the same as the large
deviation behaviour of the stationary distribution.



Chapter 4

Tauberian Theorems of Exponential
Type

In this chapter we study for positive random variables the relation between the behaviour of
the Laplace transform near infinity and the distribution near zero. Theorems of this kind are
called Tauberian theorems.

A result of de Bruijn shows that
E(e™¥) ~ VA for A — oo and P(X <e)~e’/s fore |0

are in some sense equivalent and gives a relation between the constants r and s. We give
sharp bounds for the upper and lower limits for this relation. This result will turn out to be
a powerful tool to determine the large deviation behaviour of random variables where the
Laplace transform is known.

4.1 De Bruijn’s Theorem
From de Bruijn’s Tauberian theorem we can easily conclude the following result.

Theorem 4.1. Let X > 0 be a random variable and A an event with P(A) > 0. Then the
limit
. 1
r= lim —

log E(e™*X .1
A—00 \/X 8 ( A)

exists if and only if
5= lir%elogP(X <egA)
£—

exists and in this case we have s = —r?/4.

Proof. In Theorem 4.12.9 from [BGT87] let « = —1, ¢(x) = 1/x, ¥(z) = 1/22, and
B = |s|. This gives the case of A = Q. For general sets A we switch to the measure Q(-) =
P(- N A)/P(A) and the corresponding expectation. This reduces the case of general A to the
first case. (qed)

While dealing with expressions like the P(X < g, A) above we will frequently use the
following trivial scaling property.

Lemma 4.2. (a) Assume that s = lim.|gelog P(X < &) exists. Then for every ¢ > 0, we

have
limelog P(cX <¢) = sc
€]l0

27
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and
liﬁ)lglogP(X <cg)=s/e
€

(b) The same relations hold for the limsup and the lim inf.

4.2 An LDP for Brownian Paths with small L2-Norm

In this section we give a first application of the Tauber theorem from section 4.1. By applying
the theorem to the random variable .
X = / B2ds
0

where B is an one-dimensional Brownian motion we can derive an LDP for Brownian paths
conditioned to have small L2-norm.

The first step of this programme is to calculate the tails of the Laplace transform of X.
Formula (1.9.7) from [BS96] states

2

t
E, (exp(—%/ B2ds); B, € dz) = p(z;t,2)

0

where .
ty) — 2
oloi1,) = LT ey coshitn) — 2027y
2 sinh(t7) 2 sinh(ty)

For a starting point x, measurable sets A1,..., A, C R, and fixed times 0 < t; < --- < t, =1

the Markov property of Brownian motion gives then
2
E, (exp(——/ B2ds)1a,(By,)- - 1a, (B, ))

/ / IE tl,Zl (Zl t2 7151,22)
A An

o @(Zn—la tn - tn—lazn) dZn s le.

We are only interested in the exponential tails of this expression for v — oco. First observe
that there are constants 0 < ¢; < ¢ and G > 0 with

—7t/2 < 1

<——— < e "? forally>G.
27 sinh(~t)

ci1€e

Then we can use the relation [2zy| < 22 + y? to get

(22 4+ 2%) cosh(qt) — 1 < (22 + 22) cosh(qt) — 222 < (22 4+ 2%) cosh(yt) +1
2 sinh(yt) — 2 sinh(~t) - 2 sinh(vt)

for all z,z € R.
Let € > 0. Because of
cosh(yt) +1 et 4e 7t +1

sinh(~yt) T et et L fory—oo.

we can then find a 9 > 0, such that whenever v > vy the estimate

(2 + 2%)
2

(22 + 2%) cosh(yt) — 222 < (22 + 22)
2 sinh(vt) - 2

(1-¢)< (1+2)
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holds for all z, z € R. We conclude

: 1 > 2
limsup — log E, (exp(—? B2 ds)1a,(By,) 14, (B, ))

y—oo Y

22
< lim flog’y"/2 "/ / e th/2exp +Zl (175))
Ay

=00 7y

2., .2
et —t1)/2 exp(—’yzl T €)> .
e (Entn1)/2 exp(_7
= lim flog/ / exp(—7tn/2 — y(2?/2+ 27 +
T ")/ Al n
22+ 22)2)(1—¢€)) dzy - dz.

Note the special role of the endpoint ¢, = ¢t. With the help of the Laplace principle (see
lemma 2.11) we can calculate the limit on the right hand side to get

A2 [t
hmsup log E, (exp(—?/ des)lAl(Btl)~-~1An(Btn)>
0

y—oo Y

<_ inf <t2 2/9 4 22 4452 2 /9)(1 — )
- ZleAels)-8..17I;7L€A1L / +(x/ At +Zn_1+zn/ )( E)

for all € > 0 and thus
] 1 2 t
fimsup ~log £, (exp (- [ B2ds)La, (Bu) -+ L, ()
0

y—oo Y

< _ : 2 2. 2 2 /9
SR ULt A A

A completely analogous calculation (using the lower bounds from above) gives
1 ~? t
liminf — log E,, (exp(—— / B? ds) 14,(Bey) -+ 14, (Btn))
y—oo 7y 2 Jo

> _ inf /24 22/24 22+ + 22 2 /9).
> zleAef,.S..l,IzlneAn(/ +a%/2+ 24+t +2,/2)

and together this shows
1 ")/2 t
i~ log . (exp(~ - [ B2ds) Lay(Br) -+ 14, (Br,)
Rntaie 2 Jo

_ : 2 2 2 2
B zleA(is,g},gfeA,L(t/2 T a2,

Corollary 4.3. Let B be a one-dimensional Brownian Motion. Then

t
liln(t)la-long (/ desgs,Bt cA
1>

) _ (t+a? +essinf.eq 2?)?
0

8
for every x € R and every set A with P(B; € A) > 0 and in particular

¢ 2
lims-logP</ desﬁ&):—t.
€l0 0 8

Proof. Setting A = v2/2 in equation (4.1) gives

1 t 1
r= /\hm 7 log E, (e~ *Jo Bl ds . 1a(By) = ——=(t+ 2%+ cssgleQ).
—00 ze

V2

Now we can use the Tauber theorem to get the first equality. The second claim follows by
taking x = 0 and A = R. (qed)
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At a first glance it may seem strange that the rate is quadratic in the interval length t.
But the following heuristic reveals that this actually makes sense: write the time interval
[0;t] as the disjoint union of intervals Iy,..., I, and assume for the moment that the events
f I B%ds < e are asymptotically independent. Further it makes sense to assume that the
contribution of an interval Ij to the integral fot B2 ds is proportional to its length. So we
consider

n

lglr{)la-logP<ﬂ{‘/lkB§ds<|I:|-s}>

k=1

- 1
ST = =5,

k=1

co| —

where the rates were calculated using the scaling property from lemma 4.2. The result is
the same as the rate which we got for the full interval. So the quadratic dependency on ¢ is
compatible with the assumption that the contributions of the intervals I, ..., I, are asymp-
totically independent and proportional to the interval length.

Example 4.1. With the help of corollary 4.3 we can reproduce the results of example 2.2
for the L?-norm instead of the supremum norm. The exponential rate of P(||B|2 > ¢) for
¢ — 00 is again calculated with Schilder’s theorem. With € = 1/¢? we have

¢ ¢
/des>62 <:>\@B€{w|/wfds>l}::A.
0 0

The rate function I(w) under the constraint fot w? dt = 3 is minimal for the function & with

Ws = \/20/tsin(sm/2t)
for all s € [0;¢] and we get the minimal value
1 [t28 =2 ST Br?
@) == 2.7 cos2(Fyas = 27
(@) 2/0 T aE o () ds =g

Thus the set A is a continuity set of the rate function and we find

1
(,ll>I£lo C—QlogP(HBHg > c)
zlsiflgslogP(\/EB €A)

:—inf{;/tu}gds’weA}
0

B 2

—inf & = ——.
5>1 8t2 8t2

This is consistent with the results of example 2.2. Since the event ||Bl|2 > ¢ implies
| Blloo > ¢/+/t we expect

.1
Jim —log P(|| Bl|2 > c)
o1 Vi 1.1
< lim 5 1og P(| Blloo > ¢/Vt) = ; lim — log P(| Bllsc > )

and indeed the correspoding rates are —7?/8t? for the left hand side and —4/8t? for the right-
hand side.

The large deviation behaviour of ||Bl|2 < & for € | 0 is described by corollary 4.3. We get
2

¢
L2 2 2 2
1€1H)15 log P(|| B2 < €) :181%15 logP(/O Bids <€) = N
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Again, we can compare this with the results from example 2.2. Whenever we have || Bl|s <
£/+\/t we also have || B||2 < € and thus we should have

11&152 log P(|| B2 <€)
> lim 2 log P(|| B = tlime*log P(||B :
> lime*log P(|| Blloe < 2/V?) = tlime®log P(| Bl <)

The results from above and from example 2.2 are —t2/8 for the left hand side and —m2¢?/8 for
the right hand side, so everything fits together well.

Later we will need the results of Corollary 4.3 uniformly in the initial condition z. To
achive this uniformity we use a version of Anderson’s inequality (this is corollary 5 in Ander-
son’s original paper [And55]):

Lemma 4.4. Let (X;)o<s<t and (Ys)o<s<t be two separable Gaussian processes and
k € [0;1] with E(X,) = kE(Y;) and Cov(X,, X;) = Cov(Y,,Ys) = C(r,s) for all0 <r,s <t.
Assume that C is continuous. Then

P(/Otdes§5> 2P</OtY52ds§e>

P( sup |X,| < 5) > P( sup |Ys| < 5)
0<s<t 0<s<t

and

for alle > 0.
Lemma 4.5. Let B be a one-dimensional Brownian Motion and A C R closed. Then

t 212
t
hm€~logsupr(/ B2ds < 5) — _ inf w
elo z€A 0 z€A 8

Proof. Let z,y € A with 0 < |z| < |y|. Then lemma 4.4 applied to X = B+|z|, Y = B+|y|
and k = |z/y| and the symmetry of Brownian motion gives

Px</0tB§ds§5)zPy(/Othdsge). (4.2)

Now choose z € A with |z| = inf{ |y| | y € A}. Then the estimate (4.2) gives

t t
Pz(/ Bszdsgs:):suppy(/ desge)
0 yEA 0

and the claim follows with corollary 4.3. (qed)

Let X be the space of all maps w: [0;¢] — R such that wg = 0 equipped with the topology
of pointwise convergence. On X define the family (P.)c~o of measures by

t
P.(A) = \W(A ] / W2 ds < s)
0
for all measurable A C X.

Theorem 4.6. On the space X the family (P:)c>o satisfies the LDP with the good rate
function

I(w) =sup{(t+2wj, + -+ + 2w} +w)?/8—1* | neN,0<t; < <t, <t}

fordlwe X.
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Proof. For measurable sets A,...,4,, C R and fixed times 0 < t; < --- < t,, = t the
Tauber theorem 4.1 applied to equation (4.1) gives
t
/ B2ds < 6)
0

liﬁr)le-logP((Btl,Btz,...,Btn) €A X Ay x - X Ay,
I

t
= lime- logP(Btl € A1, By, € Ag,... By, € Ay, | B2ds< g)
e 0
t
—lime - logP(/ Bf ds < 5)
el0 0
=—(t+ ess inf (227 +--- 4222 |+ zi))Q/S +t2/8. (4.3)

2EALXAg XX Ay

Using A,, = R we can drop the assumption ¢,, = ¢ and arrive at the following result. For all
measurable sets Aq,..., 4, C R and fixed times 0 < ¢t; < --- < t, <t we have

/(:des<s)

11{85.IOgP((Bt17Bt27'~-7Btn) €A1 XAQ Xoee XA'n,

= — essinf TN
2EAL X Aa XX Ay b 7n( )

where Iy, 4, : R® — R, is defined by

n

1 (t+2z%+-~-+222)2—t2, if t, < t, and
Iyt (2) = 3 2 2 2\2_ 42

(t+221 + 220 —|—zn) —t* for t, =t.
With the exception of the endpoint ¢ the actual positions of the ¢; have no influence on the
rate. The endpoint ¢ is special, because the process does not need to return to the origin
quickly after a visit in A,, at time ¢, so at the end of the interval it is “cheaper” to be far away
from the origin.
_____ ¢, 1s continuous we get an LDP on R™ as in the remark on
page 19. From this we can get the LDP on the path space with rate function

I(w) =sup{ly, .1, (Wi, wp,) [ nEN,0 <ty <-ov <ty <t}

by applying the Dawson-Gértner theorem about large deviations for projective limits (see
theorem 2.9). (qed)

Note that the rate function I in the theorem will typically take its infimum for a non-
continuous path w. Assume w is continuous and non-zero. Let € = ||w|oo/2. Then we find
infinitely many distinct times ¢ with w? > &2 and thus I(w) = +oo.

4.3 Upper and Lower Limits

The remaining part of this chapter contains the proof of a theorem about upper and lower
limits in the Tauberian theorem. In contrast to theorem 4.1 the result of this section applies
without any assumption on the distribution of X.

Theorem 4.7. Let X > 0 be a random variable and A an event with P(A) > 0. Define
the upper and lower limits

1

VA

1
7=limsup —=log B(e™** - 14) and r= li)\minf log E(e % - 1,4)

A—00 \/X
as well as
§=limsupelogP(X <e,A) and s= limigfelogP(X <egA).
E—

e—0

Then —7%/4 = 5 and for the lower limits we have the sharp estimates —1*> < s < —12 /4.



4.3. UPPER AND LOWER LIMITS 33

Proof. As in the proof of theorem 4.1 it is enough to consider the case A = R. First note
that, because X is positive, the expectation E(e™*X) exists for all A\ > 0 and is a number
between 0 and 1. So all the values 7, r, §, and s will be negative.

The estimate 5 < —#2 /4 follows from the exponential Markov inequality: Let € > 0. From
E(e™X) > ef)\eP(ef)\X > ef)\s) _ e”\EP(X <e)
we get P(X <¢) < eE(e ) and thus
elogP(X <¢) <e(Xe +1log E(e ™)) forall A > 0.
For A = 72/4¢? the bound becomes
clog P(X <¢) <72 /4 +elog E(e X7 /4%,

Taking upper limits we get

=2
§=limsupe-log P(X <¢) < L limsupe - logE(e*Xﬂ/‘Lg)

<10 4 €10
7or 2e 02
= — — —limsup — log E(e~X(7/2¢)
4 2 €l0 T‘| ( )
R
=— = T=——.
4 2 4

Replacing all upper limits in the previous argument with lower limits gives s < —r?/4.

A more careful analysis is necessary to prove § > —#2/4. We can express 7 via the lower
tails of X:

7 = lim sup

A—00 \/X

= limsu
A—»oop \/X

t=e "

1 o
= limsup—log/ P(X <wu/Ne “du
VA 0

log E(e %)

1
log/ P(e ™ >t)dt
0

A—o0

= lim supelog/ P(X < ue®)e ™ du.
el0 0

The definition of 5 gives that for every § with 0 < ¢ < |§| there exists an E > 0, such that for
every 11 < E we have

P(X <) < 3240/,

I want to use the relation

o) 2
/ zu 32 exp(—z— — u) du = \/me 2.
O u

In the context of the above estimate this gives

0o E/&? /=
/ P(X <wue?)e “du < / (e2u)~3/? exp(—(M)2 A u) du
0 0

€ u
+/ 1-e7“du
E/e?

—2./|5+6|/e —E/e?
Ve +e

<e PV
V1549
The sum is dominated by the first term, so we get

7 < —24/|54+ 46| whenever 0 < 4 < |3]

and thus 7 < —2./|5|. Because both, 7 and 3, are negative this shows 5 > —2 /4.
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Finally, we can prove —r? < s. Using the estimate e ** < L) () + e_’\al(s;oo)(a:) for all
x >0 with X = |s|/&? gives

E(e P/ < P(X <€) + e /= P(X > ) < P(X <) + e 812,

Because for the second term in the sum the limit lim. o eloge™18l/2 = —|s| exists, we can
conclude

—|Z|\/E = liminfslogE(e"s‘X/Ez)
el0
< max(liml%nfslogP(X <e), liﬁ)lslog e—‘§‘/5)
= max(—|s|, —[s]) = —|s.

Taking squares the estimate becomes r? > |s| and multiplication with —1 gives the result.

The upper bound on s is sharp, because in the case of theorem 4.1 we have equality there.
The fact that the lower bound for the lower limit s is sharp is shown by the example at the
end of this section. (qed)

Corollary 4.8. Under the assumptions of theorem 4.7 we have ¥ = —24/|3| and for the
lower limits we have the sharp estimates —2+/|s| < r < —+/|s|.

Proof. On (—o0;0] the map z — —+/|z| is strictly monotonically increasing. Thus for
r,s < 0 we have s < —r? if and only if —/|s| < r. Applying this to the results of theorem 4.7
proves the corollary. (qed)

Note that theorem 4.7 does not directly imply theorem 4.1. If the limit s from theorem 4.1
exists, then we get
s<—r?/A< —F? /4 =s,

i.e. the limit 7 also exists and satisfies s = —r?/4. But if we assume that r exists, then the-
orem 4.7 only gives
—r?<s<5=—r?/4

and we cannot directly conclude that the limit s from theorem 4.1 exists.

The following example shows that for general random variables X the lower bound —r? <
s on the lower limit s is sharp.

Example 4.2. Let s < 0 and (g,,)nen, be a strictly decreasing sequence with g9 = co and
lim,, .o €, = 0. Then we have

3 (643\/8",1 _ eflsl/en) — e lsl/e0 _ Jym e—lsl/en — 1 0 =1

n—oo

neN
and we can define a random variable X with values in the set {e, | n € N} by
P(X =e,) = e-lol/en-1 _ g=lsl/ea

for all n € N. This random variable has

PX<e)= Y. (ef\sVeH _ ef|s|/sn) — o lsl/eni1

n=n(e)

with n(e) = min{n € N | ¢, < e} and consequently

clog P(X <¢) = —|s] -
En(e)—1
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By definition of n(e) we have €,,(.y < & < y(c)—1. This allows us to calculate the exponential
tail rates s = s and, because s is negative, § = s - liminf,, o &, /en—1.

Choosing different sequences (e,,) leads to different values for 5, 7, and r. For our example
let ¢ < 1 and define ¢, = ¢" for all n € N. The above calculation shows s = s and § = ¢s.
The theorem gives 7 = —24/q|s| and 1 € [-21/]s[; —/|s|]. We want to further examine r. The
Laplace transform of X calculates as

Ble) = 30 e (A
neN

— Z e A" =Isl/a" ! (1— e lsl0-a/a),
neN

Because of exp(—|s|(1 —¢)/¢™) — 0 for n — co we have 1/2 < 1 — exp(—|s|(1 — q)/q") < 1 for

sufficiently large n. Define n(\) by ¢ € [gv/]s]/X; \/]s]/\). With f(z) = exp(—Az — ¢|s|/x)
we have 11

_ Ll
5 =5/ @)

for sufficiently large A\. Because f is increasing on the interval (0;4/¢|s|/A] and decreasing on
[v/q|s|/A; 00) we can estimate f on [g+/|s|/A;v/]s|/A) by its values on the boundaries. This

leads to
B(e) > min(f g/, F(VIM) = 5 exp(~(1 +4)V/ATS)

for sufficiently large A. Taking lower limits we get

B(e™) > exp(=Ag"™ — [s]/g"M )

—VIsl 21> —(1+q)VIs|
where the first inequality comes from the theorem or equivalently

—r? < s < —1r?/(1+49)%

This shows that by choosing small values of ¢ we can force s to be arbitrarily close to —r?

without —r?2 being close to 0. So the lower bound on s from the theorem is sharp.
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Chapter 5

Diffusions with Strong Drift

In this chapter we derive an LDP for the behaviour of the endpoint X; of a diffusion when
the drift is strong. This is a generalisation of the result for the Ornstein-Uhlenbeck process in
chapter 3.2.

We want to determine the large deviations behaviour for the endpoint X; of solutions of
the R-valued stochastic differential equation
dX? = 9b(X,) eds+dB, on [0;1]

5.1
X)=z¢R (5:1)

for large values 9.

The situation here is different from the situation in the Freidlin-Wentzell theorem. In our
case the length ¢ of the interval is fixed, and instead ¥ goes to infinity. One can rescale equa-
tion (5.1) as follows. Define V! = X;% for all s € [0;9¢]. Then by lemma 1.3 the process Y is
a solution of the SDE

1
dY? = b(Y,) eds + — dB, on [0;9t
(Ys) 75 [0; 9]

and we have

P(XP € A) = P(Y) € A).

The rescaled problem looks more similar to the situation from the Freidlin-Wentzell theory,
because now the noise decreases. But the length of the transformed time interval depends
on ¥, so the Freidlin-Wentzell theorem still cannot be applied easily.

From Lemma 1.5 we know the density of the distribution of X/: assuming Xg = 0 and
b= -V we get

P(X) € A) = /1A(wt) exp(VF () — 9°G(w)) dW (w)
where

F(w) = ®(wy) — P(wy) + %/0 Ad(ws)ds and

Gw) = %/O/bQ(ws) ds.

It will turn out, that the only paths which contribute for the large deviations behaviour
of X} are those, which correspond to very small values of G. This chapter consists of three

37
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parts. First we examine the situation that during a short time interval the process runs over
a long distance while still keeping [ b?(w;) ds small. This will be used for the initial and the
final piece of the path. In the second section we examine the situation that [ b?(w)ds is small
over a long interval of time. This will be used to treat the main piece of the path. In the third
section we fit these two results together in order to find the exponential rate for the LDP.

5.1 Reaching the Final Point

The following part helps to estimate the probability that the path travels quickly between an
equilibrium point of the drift and the final resp. initial point. Here Schilder’s theorem can be
applied and we will reduce the evaluation of the rate function to a variational problem.

The key for evaluating the rate function in proposition 5.3 below is the following lemma.
We defer the proof of the lemma until the end of the section.

Lemma 5.1. Let v: R — [0;00) be a positive, two times continuously differentiable
function with liminf |, v(xz) > 0 and m € R with v(z) = 0 if and only if x = m and
v"(m) > 0. Fora,z € R and 3 > 0 define

1 t
Mf%ﬂ: {weC[O;t} ‘wozo,wtza—z,i/ v(ws—l—z)ds:ﬁ}
0

and
J(a,z):io/z \/@dmh—’/m \/@dﬂ)%

Consider the rate function

L(w) = %fot |w?ds, if w is absolutely continuous, and
+0oo else.

Let K1, Ky C R be compact sets with 0 ¢ K1 N Ky and B C R, be bounded with 0 € B. Then
we have

inf{]t(w) ’w e U Mt‘”zﬂ} —
BeB
uniformly over a € Ko and z € K.

SupBJ(a’ z) fort — oo,

Lemma 5.2. Let Mta’z’ﬁ be as in lemma 5.1. Then for every pair K1, Ko C R of compact

sets the set
S VNVRVRTE

z€K1 a€eK, 0<5<1
is closed in Cy([0;t],R).

Proof. By definition of the sets M*” we have

1 t
M= U {wEC[O;t] ‘w0:07wt+z€K2,§/ v(wy + 2)dr < 1}.
zeK, 0
Assume that w € Cy([0;¢], R)\ M. The either w; + z ¢ K for all z € Ky, i.e. w; lies outside the

compact set Ko — Ky, or

1/t
7/ v(wr +2)dr > 1
2 Jo
for every z € Ko, i.e.
1 t

inf 7/ v(wr +2)dr > 1

z€K> 0
because K5 is compact and v and the integral are continuous. In both cases we can find an
e > 0, such that the ball B(w,¢) also lies in Cy([0;¢],R) \ M. Thus M is the complement of an
open set. (qed)



5.1.

REACHING THE FINAL POINT
The main result of this section is the following proposition

b: R — R be a two times continuously differentiable function with liminf|,_, [b(x)| > 0 and
K1, Ks C R we have

m € R with b(x) = 0 if and only if = m and b'(m) # 0. Then for every pair of compact sets

Proposition 5.3. Let B be a one-dimensional Brownian motion with start in z € R and
) =0
limsup limsup sup ¢ log P.
t—oo

el0 zEK,

1
< —— inf

1 te
(5/ V(B,)ds < &, Bi. € K3
0
£(1) Pld b(z)| d
2t 2 (| o]+ | o da
and for every z € R and every open set O C R we have
1 te
htmlnfhmlnfslogp (2/ b?(B,)ds < &, By. € O)
>—71nf |/ |b(x |dx|+|/ |b(x |dx|

The modulus of the integrals is taken to properly handle the cases m < z and a < m

Proof. We want to apply Schilder’s theorem and to evaluate the rate function using

lemma 5.1. Let K7, K5 C R be compact. Define the process B by setting B, = (
for every r > 0. Then B is a Brownian motion with start in 0 and we get

i ~T = (Bre — Z)/\E
1 te
P, (Bts € Ko, 5/ b2(B.)ds < ¢)
0

t
P (Bta € Ko, 1/ bz(BTE)dr <1)

)ydr <1)
P(\eB € U UM“B)

ac K> <1

and thus

sup . (Btg € Ky, - /ta b2(B.)ds < ¢)
<p(vipe U U U

z€K1 ae Ky <1

(5.2)
From lemma 5.2 we know that the set U, ¢, User, Us<1 M,
space (Co[0;], || - [|), so we can apply Schilder’s theorem (theorem 2.16) to get

is closed in the path

hmsupelog sup P(fB € U U U Mavzﬁ)
ek 2€K) a€ K f<1
< —1nf{]t

‘we U U UM“ﬁ}

z€K1 a€K, <1
= — inf inf inf mf{It
z€K7 aeKy B<

) |we Mta’z’ﬂ}.
First assume m € K; N Ky. Define the path w by wy, = 0 for all s € [0;¢]. Then clearly we
have w € M;™"™" for every t and since we find I(w) = 0 we have
inf{1,(w) |we |J a0} =0

BEB
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for all ¢ > 0. On the other hand we have J(m,m) = 0.

Otherwise the evaluation of the infimum is done in lemma 5.1. Using v(z) = b?(x) we can
for every n > 0 find a tg > 0, such that

: 3 a,z,3 > _
ér%fl inf{I;(w) |w e M"*"} > J(a,2) — 7
for all z € K1, a € Ko and t > ty. This gives

hmsupelog sup P(\[B € U U U M Zﬁ)

z€K1 ae Ky <1

< — inf inf inf J(a,z)+7n
ZEKl a€Ko meN

a 2
:vzgniglalené |/ |dx|+y/m b(@)] dz])” + 1

for every n > 0. Together with the relation (5.2) this proves the upper bound.

For the lower bound we follow the same procedure. Without loss of generality we can
assume that O is bounded. Here we get

1 te
P, (Bts €0, 5/ b2(B.)ds < ¢)
0

1 te
> P, (BtE €0, 5/ b?(B;)ds < €)
0

_p(vEe | [ M)

acO <1

where the set

U U me=? = {weC[O;t] ’wo:(),wt GOZ,;/tbQ(wT+z)dr<1}

a€0 <1 0
is open in (Co[0;¢], | [|oc). So we can use the lower bound from Schilder’s theorem and
lemma 5.1 to finish the proof. (qed)

Corollary 5.4. Under the assumptions of proposition 5.3 we have

lim lim inf lim inf € log inf / b2 s)ds < e, By € O)

nl0 t—oo 10 m— n<z<m+n

>—f1nf/|b |dm
4 acO

for every open set O C R.

Proof. For z € R define
1 t
M7 = {w € C[0;¢] ‘ wo=0,ws + 2 € 0,5/ b (ws + 2) ds < 1}.
0

Let § > 0. Choose an @ € M with I;(®) < inf{ ;(w) | w € M™} + 0. Because O is open
and b and the integral are continuous we can find an E > 0, such that for every n < E the ball
B, (@) € Co([0;],R) is contained in the set M7. This gives

1 te 5
.. . 1 <
hrgll%)nffslog inf PZ(2 /0 b*(Bs)ds < ¢e,By. € O)

m—n<z<m+n

= hrglﬁ)nfe log inf P, (ﬁB € M; )

m—n<z<m-+n

>liminfelog — inf PZ(\/EBeBn(&))).
€

m—n<z<m-+n
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and using Schilder’s theorem and the relation
—inf{L;(w) |w € By(@)} > ~I(®) > —inf{[(w) | w € M} =6
we find

1 te
liminfelog  inf Pz(f / b?(Bs)ds < &, By € 0)
el0 m—n<z<m+n 2 0

> —inf{[t(w) | w € Bn(&)}
> —inf{I;(w) ‘ we M}~

Now we can evaluate the infimum on the right hand side as we did in proposition 5.3. We
get

1 te
liminf lim inf € log inf P, (5 / b2(Bs) ds <e,By € O)
0

t—o0 |0 m—n<z<m+n
L f ’ b(z)|d ’ 1)
> —
> g ( ) n )
for every n < E. Taking the limit ¢ | O finishes the proof. (qed)

Before we can prove lemma 5.1, we need some preparations. For the remaining part of this
section we assume throughout that v is non-negative and two times continuously differentiable
and that a,z € R are fixed.

Notation: For z,y € R we will write [z;y] for the closed interval between x and y; in the
case x < y this is to be read as [y; z] instead.

As a first step towards the proof of lemma 5.1 we get rid of the parameter 3.

Lemma 5.5. Let {0} C B C R, be bounded. Assume that

tlim inf{I;(w) |w € Mta’z’l} = J(a,z)
locally uniform in a,z € R. Then lemma 5.1 holds.

Proof. Let 8 > 0. For w € Cy[0;¢] define @ € Cy[0;t/5] by
&r =wypg for all r € [0;¢/0].

Then we have @y = 0, @;/3 = wy, and

1 [P =g 1 1 [t
5/0 v(®r+z)d7~5:7“55.5/0ru(wSJrz)ds.
Thus w — @ is a one-to-one mapping from M** onto M:”/gl

Because of

1 /8, 2 t/B _ t
It/ﬁ(a;)zi/o afdr:g/o wlydr =P g/o @2 ds = BI(w)

we find
1

inf{l,(w) | w e Mtazﬁ} =3

inf{I;(w) | w € Mta/g,l .
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Since m ¢ K, N Ky every continuous path w with wy = 0 and wy = a — z has

1 st
f/ v(ws + 2) ds > 0,
2Jo

the set M"*? is empty in this case and we find

inf{[t(w) ’w el Mt“’z’ﬁ} = inf inf{7(w) | w € M)
S
BeB

= BHEIfB —inf{l;(w) |we Mta/gl}

Now let K1, Ko C R be compact. Let n > 0 and choose a tyg > 0 with

inf{I;(w) |w € Mta’z’l} - J(a,z)) < nsup B

for all t > tg, z € K1, and a € K5. Then for every t > tysup B we have

1. 0.z, 1 n-sup B
‘Blnf{lt(wHwEMt/ﬁl —BJ(a7z)‘<T
and taking the infimum over all € B on both sides gives
. a,z,B | _ <
1nf{[t(w) ’we U M, } SupBJ(a,z)‘ <n

peB

for all t > tosup B, z € K;, and a € K5. Because i was arbitrary this finishes the proof.
(qed)

Because I;(w + z) = I;(w) we can shift every path from M**' by z and get
1 t
inf{I;(w) |w € Mt‘”l} = inf{]t(w) ' wo = z,wy = a, 5/ v(ws)ds = ﬂ}
0

For the moment assume that there is a path & with I;(@) = inf{I,(w) | w € M"*"}. Later we
will show, that such an @ in fact does exist. In order to evaluate the rate function I; for this
path @, we solve the Euler-Lagrange_equations (see section 12 of [GF63]) for extremal values

of I; under the constraint
1

t
K(w) = f/ v(ws) ds =1
2 Jo
and with the boundary conditions
wog=2 and w;=a.

Because v € C?(R) we can use theorem 1 from section 12.1 of [GF63] to find, that for every
extremal point w of I under the given constraints there is a constant A, such that w solves the
equations

s = M (ws +2) for all s € (0;t], and wy =2 (5.3a)
t

1/ v(ws)ds =1 (5.3b)
2 Jo

wy = a. (5.3¢)

Existence of solutions: the autonomous second order equation (5.3a) describes the motion
of a classical particle on the real line in the potential —Av. The differential equation can be
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reduced to an autonomous first order equation in the plane with the usual trick: defining
x(s) = (ws,ws) and F(xy,z2) = (xg, )\v’(xl)) the equation becomes

#(s) = F(z(s)) for all s € [0;¢].

See e.g. section 5.3 of [BR89| for details. Because v’ and thus F is locally Lipschitz continuous,
for every pair wg = z, wg = vg of initial conditions and every bounded region we find a unique
solution of the ODE at least up to the boundary of that region (see theorem 8 in section 6.9
of [BR89]).

There are two degrees of freedom in (5.3a) because we can choose wy and A. In the follow-
ing we will show, that the two additional conditions (5.3b) and (5.3c) guarantee the existence
of a unique solution to the system (5.3).

The interpretation as the motion of a classical particle helps us to determine the behaviour
of the solutions. We can use conservation of energy: Because of

we have

S

%aﬁ —M(ws) = %wg — Mv(wg) =: E forall s € [0;¢]. (5.4)

This conservation law describes the speed for any point of the path: the speed of the path at
point wy is
|ws| = V2(E + Av(ws)). (5.5)

Thus the rate function I; can be expressed as a function of ¥ and A as follows.

1 t t
It(w):§A wfds:/o E 4+ M(ws)ds

= tE +2), (5.6)

where A and E are determined by equations (5.3b) and (5.3c).

Because of relation (5.4) we find, that whenever w is a solution of (5.3a) we have E >
—Av(ws) for all s € [0;¢] and the path can only stop and turn at points x with —Av(z) = E.
Let x € R be such a point and assume v'(x) = 0. Then n with n, = = for all s > 0 is the
unique solution of (5.3a) with g = z and 7y = 0. Now assume that ws; = x for some s > 0.
Then (ws—r)refo;s) is also a solution of (5.3a) with start in 2 and initial speed 0, so we have
ws—r =N = x for all r € [0; s]. This shows that a point = # z with E = —Av(z) and v'(z) =0
cannot be reached by a solution w of (5.3a). Thus whenever a non-constant path reaches an
x € R with £ = —Av(z) then we have &y = M’(ws) # 0 and the path always changes direction
there. Figure 5.1 illustrates two different kinds of solution, one where ws; moves monotonically
and one where the path reaches a point b with —Av(b) = E and turns there.

Since the differential equation (5.3a) is autonomous and since a solution w changes direc-
tion every time is reaches a point & with —Av(z) = F, the path can reach at most two distinct
points of these nature. In this case the solution oscillates between these points periodically.
Thus every solution of (5.3a) changes direction only a finite number of times before time ¢.

In order to find the path which minimises the rate function I; we need to keep track of the
different possible traces of the path. For the remaining part of this section we use the following

notation. The path (ws)o<s<: is said to have trace T' = (xg, z1,...,%,) When wy = g, wy =
Ty, and the path w moves monotonically in either direction from x; 1 to x; for i = 1,...,n in
order and changes direction only at the points x1,...,z,_1. We use the abbreviation

n
T = |z — zia]
=1
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Figure 5.1: This figure illustrates two types of solution for equation (5.3a). Here we only con-
sider the case A > 0. The curved line is the graph of the function x — —Mv(x). The bold part
of the lines corresponds to the points visited by the path w. The thick dots are (wo, —)\v(wo))
and (wt, —)\v(wt)). Both solutions start at z € K1, head towards a neighbourhood of the zero m,
and finally reach a point a € Ksy. The left hand image shows a free solution, i.e. one with
E > 0, the right hand tmage shows a bound solution, i.e. one with E < 0 where the path w
turns at the point b with —Av(b) = E.

for the length of the trace and sometimes identify 7" with the set (J!_; [z;_1,2;] of covered
points to write min7T, max T, v|, or infyer v(x). For positive functions f: R — R we use the

notation . _
/Tf(x) dx = ;’/xibl f(x) da|.

The absolute values are taken to make the integral positive even when x; < x;_;. If a solu-
tion w of (5.3a) has trace T = (o, 1, ..., Zy), this then implies that v(z1) = -+ = v(xp_1) =
—FE/X and each of the zy,...,x,_1 is either minT or max 7. Between the points z; the path
is strictly monotonic, i.e. after the start in z it oscillates zero or more times between min T
and max T before it reaches a at time t. Using this notation we can formulate the following
Lemma.

Lemma 5.6. Let \, E € R and a trace T = (xo, ..., x,) be given. Then the following two
conditions are equivalent.
(j) The unique solution w: [0;t] — R of

s = M\ (ws)  for all s € [0;]
with initial conditions wg = z and wy = sgn(x; — x0)v/2(E + M(0)) has trace T and
solves (5.3b) and (5.3c).

(i) We have zg = z, , = a, E = —Xv(z;) fori =1,...,n—1, as well as E > —Xv(zx) for
allminT < x < max T, and the pair (A, E) solves

G x = a
/T VE + Mv(z) do =8 (5.72)

and

dx = V/2t. (5.7b)

Proof. Assume the conditions from (j). Then w is a solution of (5.3a), there are times
to,t1,...,ty with wy, = x; for i = 0,...,n and between the times ¢; the process moves mono-
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tonically. For any integrable, positive function g: R — R substitution using (5.5) yields

[arn-5f
N Z/ sgn ; — xil)de(E + \v(z))

N /T \/Q(E ¥ )\u(x)) da

Applying (5.8) to the function g = v gives

t Gs) 1 " i
2/0 v(ws)ds = \/g/Tﬁ—f—)\v(x)d

This is equation (5.7a). Applying (5.8) to the constant function g = 1 gives

| (:3b) 1

¢
5.8 1 / 1
t :/ lds =" — —dx
0 V2 Jo E+ dv(z)
which is equation (5.7b).
Now assume condition (ij). For i = 1,...,n define the function F; by

1 ’ 1
S — 4
\/5’/,11 VE + M(x) ’
for all x between x;_; and x;. Then F; is finite because of (5.7b), strictly monotonic (increas-
ing if #; > 2,1 and decreasing else), and has F;(z;—1) = 0. Further define

k
i=1
Equation (5.7b) gives t,, = ¢. Because the functions F; are monotonic they have inverse func-
tions F; ! and we can define w: [0;¢] — R by
w(s)=F (s —t;_1) foralls€[t; 1,t].

We will prove, that w satisfies all the conditions from (j).

Because we have t; — t;_; = F;(x;) and thus Fi_l(ti —ti_1) = 3 = Fz+1( — t;) the
function w is well-defined on the connection points at times ¢; and is continuous. This also
shows wy, = x; for i = 0,1,...,n and especially wy = xg = z and w; = z,, = a.

Because the Fj; are differentiable at all points x strictly between x;_1 and x;, the function
w is differentiable on the intervals (¢;—1;t;) with derivative

1
Fi(ws)
Because w is continuous and the limits lim,_.¢, ws exist, we see that w is even differentiable on
[0;t] with wg = sgn(x; — 20)y/2(E 4+ M(0)) and wy, =0for i =1,...,n— 1.

Using the same kind of argument again, we find

ws =

=sgn(x; — xi—1)V2(E + M(ws)).

@S:2sgn(xi—xi_1) 20 (wg) - sgn(z; — wi—1)\V/2(E — Mv(ws))

2(E — \v(ws))

first between the ¢; and then on the whole interval [0;¢]. Thus w really solves the differential
equation from (j).
Using the substitution

;/Otv(ws)dSZ\}g/T\/mdx

as in the first part, we also get back (5.3b) from (5.7a). (qed)
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Figure 5.2: This figure illustrates the domain Hr of the functions f and g. The domain is un-
bounded in directions A — oo and E — oo. It is bounded from below by A — —inf,cr lv(x),
which is equal to —\sup,cpv(x) for X <0 and to —Xinfyer v(z) for A > 0.

Now we have reduced the problem of minimising I;(w) for solutions w of the system (5.3)
to the problem of minimising
L(E,\) = LE + 2)
for solutions (E, \) of the system (5.7).
For a trace T' define

Hp ={(E,\) | E > —ggpu(x)} C R?

and furthermore define the functions f, g: Hy — [0;00] by

1
F(E N :/T\/mdx

and

_ v(z) .
g(E,)\)—/T \/md .

Figure 5.2 illustrates the domain Hp. Both functions are finite in the interior of the domain,
but can be infinite at the boundary. The equations (5.7) are equivalent to f(Ey, \) = v/2t and
g(E,\) = /8. For paths which change direction at some point we will find solutions (E, \)
of (5.7), which lay on the boundary of Hy. For paths which go straight from z to a we will
find solutions (F, A) in the interior of Hyp.

Lemma 5.7. Lett > 0 and T be a trace from z € R to a € R such that v|, is not
constant. Then there is at most one solution (E,\) of (5.7).

Proof. For E > —inf,er Av(x) we can choose an E, between —inf,er Av(z) and E.
Then v(x)/(E. + Av(z))3/? is an integrable upper bound of v(x)/(e + Av(x))3/? for all e in a
(E — E.)-Neighbourhood of E. So we can use the theorem about interchanging the Lebesgue-
integral with derivatives to get

0 v(x)

87E9(E’ N = _g/T (E+ )\v(x))g/Q o0

So for every A the map E — g¢(F,\) is strictly decreasing and there can be at most one F)
with g(Ex, \) = V8.
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With the help of the implicit function theorem we can calculate the derivative of E.
Interchanging the integral with the derivative as above we get

>

0 —88 (Ex, \)
ﬁEA _7i)
—3) [p (@) (Ex + A —3/2
5) Jr \ v(:v)) dx
3) Jpv(@ (E,\—|—)\v(x))73/2 dx

_fT V() dyu(x)
Jr o) du(a)

where p is the probability measure, with density

/-\
Dj
¥
>

dp 1 —3/2
w7 (Ex+ \v(z))

and the normalisation constant is
—3/2
Z = / (Ex+ Mv(y)) " dy.
T

Furthermore for (E,\) € (Hr)° we have

;’E (B, \) = ;/T(E—&-)\U(x))_?’/zdx:—

and thus
D) = 2y S+ e
Z —fT du( ) — g v(x x
-2 fT - /T (2) dy(z)
_Z <x>f (Jyp v(@) dpu(2))?
2 fTv@:) du(z)
> 0.

Equality would only hold for the case of constant v|,. So the map A — f(Ex,\) is strictly
increasing and there can be at most one A with f (E)\, )\) = /2t. This finishes the proof.
(qed)

Lemma 5.8. Let T a trace withm € T and t > 2|T|/ [, v(x)dz. Then equation (5.7) has
a solution (E, ) with with E, X > 0.

Proof. Define \* = ([, /v(z) dz)?/8 and assume 0 < A < X*. Then we have

s0.0) = | W(L 0 [ Vi = V&

and the dominated convergence theorem gives

Jim_g(E,A) = 0.

Thus for all 0 < A < A* there exists an Ey > 0 with g(Ex, A) = V8.
Because of g(0, \*) = /8 we have E\- = 0. Fatou’s lemma then gives

hrrTunff Ey, )\

2 o
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Then by Taylor’s

Because v is positive and v(m) = 0 we have v'(m) = 0 and v”(m) > 0.
€ I C T, such that

theorem there exists a ¢ > 0 and a closed interval I C R with m
v(z) < c2(x —m)? for all € I. Therefore we find

dr = +00

1 1 1
—dx > / —dx 2/7
/T Vu(z) 1V 2(x—m)? 1 clz—m|
and thus A — f(Ey, ) is a continuous function with

Jiny J(Ex; A) = +oo.

On the other hand because of g(Ey,0) = v/8 we have Ey = ([ v(z) dz)?/8. So for A = 0 we

get
10 0) = [ o= fTv\(/scg)dx|T|'

Together this shows, that for all

ps AT
= Jrv(x)de
there exists a solution (Ejy, \) with f(Ejx, \) = V/2t. (qed)

Lemma 5.9. There are numbers €,c1,ca > 0, such that the following holds: For every
trace T starting in K1, ending in Ko, and visiting the ball Bc(m) there is a non-empty,
closed interval A C R, such that A C T, |A| = ¢ and we have ¢; < v(x) < ¢ for every x € A.

Proof. Because m ¢ K N K, either K7 or Ky has a positive distance from m. Let ¢ be one
third of this distance. Define A’ ={z € R |e < |z —m| < 2¢} and let ¢; = inf{v(x) | z € A"}
and ¢y = sup{v(z) | x € A'}.

Each trace starting in K7, ending in K5, and visiting the ball B.(m) either crosses [m —
2e;m — €] or [m + g;m + 2¢]. Let A be the crossed interval. Then clearly |A| = € and and
because of A C A’ the estimates for v on A hold. (qed)

Lemma 5.10. For every n > 0 there is a t1 > 0, such that whenevert > t1, T is a trace
from z € K1 to a € Ky withm € [z;a], and (E,\) solves (5.7), then we have

nEN -1 ([ Vil@an) | <o

Proof. This case is illustrated in the left hand image of figure 5.1. Because m € [z;a] any
path from z to a must visit m and thus we find £ > —Av(m) = 0. Thus the only possible trace
in this case is T = (z,a), because the process could only turn at points & where —A\v(z) = E.

Now let 77 > 0. Define L = sup{|a — 2| ‘ z € Ki,a € Ko}. Then we get

1 | L
ﬁtﬁmd“l N

and thus

So we can find a t; > 0 with
E-t<n (5.9)

whenever ¢t > t;.
Choosing A, c1, and ¢ as in lemma 5.9 we get

G [ [ oy el
T\/E+)\’U({E) 7A\/E+>\62 \/E+)\Cg
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and thus
c%|A|2 - F S c%|A|2 - L2/2t2.

A=

8cy 8ca

So we can choose a small ¢3 > 0 and increase t; to achieve A > c¢3 whenever ¢t > ¢;.
Because of

i ’ v(z) = ’ v(x) dx
i), Ve, VO

we can find a ¢4 > 0 with

/ \/ﬁdx>\/l—n/Jza/ V()

for all E < ¢4. Increase t; until

and thus
¢ (o)

V= o VE+ Mz )

- 7/ L2/2t2>\+v( TR o)

27/ C4+v dm
> = /T= /TG, /¢v

for all ¢ > ¢;. Solving this for A we get

2A > (1 —n/J(z,a))J(z,a) = J(z,a) —n. (5.10)

Because E is positive we also find

= aiy(m) XL L ’ v\ XL
vi= NCESvrk <5 Vi

and thus
2X < J(z,a). (5.11)

For the rate function I; equation (5.10) gives
L(E\)=E-t4+2X> J(z,a) — 1
and equations (5.9) and (5.11) give
L(EN)=E-t+2X< J(z,a)+n
for all £ > ;. (qed)

Lemma 5.11. For every n > 0 there is a ta > 0, such that whenevert > ta, T is a trace
from z € Ky to a € Ky withm ¢ [z;a], and (E,\) solves (5.7), then we have

I(E,\) — /\/ d:z: ’<n
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Proof. This case is illustrated in the right hand image of figure 5.1. Because the path
has to change direction we will have £ < 0 in this case. Without loss of generality we can
assume that m < a,z. We call a value b € R admissible if it lies in the interval (m;min(a, 2))
and if additionally v(x) > v(b) for all x > b holds. For admissible values b consider the trace
T = (z,b,a) and define

1
f(zyb,a) v(x)—v(b) dv

hz’a(b) =2 f v(z) dx

(2:0,0) \ /v(z)—v(b)
Using Taylor approximation as in lemma 5.8, one sees that for b — m the numerator converges
to +00 and by dominated convergence the denominator converges to f(o moa) vo(z)dz. So h is
a continuous function with h, ,(b) — oo for b — m.

Let €, ¢1, and ¢3 and A be as in lemma 5.9. We would like to find a b € B.(m) with
hz.q(b) =t, so we need an upper bound on

inf ha. - (b 5.12
be(%l;lm-i-a) ’ ( ) ( )

which is uniform in a and z. We find

1
SUPzcK;,acK> f(z,b,a) oz —o(b) dx
ha (b) < 2 v(x)—v(b) .

, - (5.13)
I4 T dx

Because v(m) > 0 and liminf|; o v(z) > 0 we can decrease ¢ to ensure that v'(z) >
v"(m)(x —m)/2 for all z € [m;m + €] and v(z) > v(m + ¢) for all x > m + €. Using Taylor’s
theorem again we get

v (m)(b —m)

(@) —v(b) =" () (z —b) > 5 (z —b)
for some & € [b; x| for all x € [m;m + £]. Thus we can conclude
/ 1
——dx
(z:b,a) V() — v(b)
m+e 1
< 2/ dx
" b—
b \/v (m)(b=m) ()
i 1 @ 1
+/ dx +/ dx (5.14)
m+e Vu(m+e) —v(b) mie \V/v(m+¢e) —v(b)
2
<) ——— —_b
B I R
1
+2 sup{|z —m| | # € K1 U K»}.

v(m+e) —v(b)

The right hand side of (5.14) is independent of a and z. So we can take the infimum over all
b e (m;m+¢) and use (5.13) to get the uniform upper bound on (5.12). Call this bound ¢s.

Now let ¢ > to. Then for every z € K; and a € Ky we can find a b € (m;m + &) with
h..q(b) = t. Further define A > 0 by

v(z)

——dx

N
V8 Jizpa) Vu(x) —v(b)

and E by
E = —)u(b).
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Then for the trace T = (z,b, a) these values FE and A solve
E+ Mv(b) =0,

/ % dr = L % de =38
(z0.0) VE + v(z) VA by Volz) —o(b)

and

1 1 1
—dr = — Y dz = V2t
/(z,bm VE + do(z) VA ba) Vo(z) = v(b)

For t — oo we have b — m uniformly in a and z,

! S CO NN L v(z) dz ’
A s(/@,m,@ 7m0 =5, V)

and again F — 0 (this time from below). This gives
1 1 2
L(EB, ) = f/ V2E+ 2o(@) de — 7(/ Vo) de)
2 T 4 (z,m,a)
which proves the lemma. (qed)

With all these preparations in place we are now ready to calculate the asymptotic lower
bound from lemma 5.1.

Proof (of lemma 5.1). Because of lemma 5.5 we can restrict ourselves to the case § = 1,

i.e. we have to prove
tlim inf{I;(w) |w € Mta’z’l} = J(a,z)

locally uniformly in a, z € R.

Let K1, Ko C R be compact with 0 ¢ K; N K5 and > 0. Furthermore let z € K; and
a € Ks.

Assume first the case m € [z;a]. From lemma 5.10 we get a tg > 0, such that for every ¢ >
to there exists a solution (E, \) of (5.7) for the trace T = (z,a) with |[,(E,\) — J(a,z)| < 7.
This to only depends on K7 and K5, but not on z and a.

Now assume the case m ¢ [z;a]. From lemma 5.11 we again get a ¢ty > 0, such that for
every t > to there exists a solution (E,\) of (5.7) for a trace T = (2,1, a) with |It(E,)\) -
J(a, z)’ < 1 and ¢y only depends on K; and K3, but not on z and a.

In either case we can use lemma 5.6 to conclude, that there exists an w, which solves
(5.3a), (5.3b), and (5.3c). Because of (5.6) this path has

I (w) — J(a,z)’ <n.

Let ¢ = inf{f;(w) | w € M{*'}. Because the path w constructed just now is both, in
M**' and absolutely continuous, we have ¢ < co. Let M, = M**' n{w | L;(w) < ¢+1/n}.
Because M} 15 closed and I is a good rate function, the sets M,, are compact, non-empty,
and satisfy M,, 2O M, ;1 for every n € N. So the intersection M = ﬂneN M, is again non-
empty. Because every @ € M has I;(©) = ¢, we see, that there in fact exists a path & for
which the infimum is attained. From the Euler-Lagrange method we know, that @ also solves
equations (5.3a), (5.3b), and (5.3c). From lemmas 5.6 and 5.7 we know, that the solution is
unique, so w must coincide with our path w constructed above and we get

inf{;(w) | w € Mta’z’l} — J(a,z)‘ <n

for all z € K1, a € Ky and t > ty. Since 7 > 0 was arbitrary this completes the proof. (qed)
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5.2 Staying Near the Equilibrium

In this section we want to study the event that for some drift function b: R — R the integral
% f; b%(Bs) ds is small. In contrast to the previous section here we are considering long time
intervals, but have no conditions on the final point.

The proof uses Taylor approximation around the zeros of b to reduce the problem to the
case of linear b which was already studied in Corollary 4.3. In order to make the Taylor ap-
proximation work we have need upper bounds on the probability that the process leaves a
neighbourhood of the zero of b. This is given by the following lemma.

Lemma 5.12. Let B be a Brownian motion, a,t > 0, and v: R — R be a function with
v(z) > 2% Aa? for every x € R. Then we have

t

1 1 2

lim sup ¢ log sup P, (/ v(Bs)ds < e, sup |Bg| > a) < 77(t+ faQ) .
€10 z€R 0 0<s<t 8 2

In the following lemmas we will only need the fact that the limsup from the lemma is
strictly smaller than —¢2/8. At a first glance it seems clear that this is true: because we are

considering small values of ¢, the event { fot v(Bs) ds < e} forces the process to spend most of
the time near 0 and so the event should typically occur together with {supy<s<;|Bs| < a} but
not with {supg<,<;|Bs| > a}. So recalling corollary 4.3 one would guess that that

t
lim supalogP(/ v(Bs) ds < 5)
€lo 0

t
= limsupelogP(/ v(Bs)ds < e, sup |Bs| < a)
elo 0 0<s<t

t
< limsupelogP(/ Bf ds < s)
€l0 0

and that the condition supy«,«; |Bs| > a will cause an additional cost which makes this rate
smaller than —t2/8. Converting this idea into a formal proof turns out to be cumbersome and
we defer the proof to the end of this section.

A first consequence of lemma 5.12 is the following statement.

Lemma 5.13. For every a > 0 and every x € (—a/\/2;+a/v/2) we have
¢
limelog P, (/ B2ds <e, sup |B,| < a)
el0 0 0<s<t
t t+ 2\2
= limelong</ des < 5) = —u.
€l0 0 8

Proof. The second equality is proved in corollary 4.3. Applying lemma 5.12 to the func-
tion v(r) = 2% we see that

t
limsupe log P, (/ B2?ds < e, sup |Bs| > a)
elo 0 0<s<t

< 1(t+12)2
=g\ T

t
< liminfelong(/ B?ds < 5).
€l0 0

Thus we can use lemma 2.3 to prove the first equality. (qed)



5.2. STAYING NEAR THE EQUILIBRIUM 53

When proving estimates about probabilities like the ones in lemma 5.13 coupling argu-
ments are a useful tool. The technique is based on the following lemma.

Lemma 5.14. Given z,y € R with |z| > |y| we can choose two Brownian motions B*
and BY with BY = x, B§ =y, and |Bf| > |B}| for allt > 0.

Proof. Let B* be any Brownian motion with start in x and B be another one with start
in y. Define the stopping time T by

T =inf{t > 0| [Bf| = B}

and the random variable ¢ by ¢ = 1 if B} = By and 0 = —1 else. Then the process BY
defined by

v ) Bt ift<T, and

" \Br+o(Bf —B&) ift>T

is a Brownian motion with |BY| < |Bf| for ¢ < T and either BY = Bf or BY = —Bf fort > T.
This proves the claim. (qed)

The main result of this section is the following generalisation of lemma 5.13.

Proposition 5.15. Let b: R — R be a differentiable function with b(0) =0, b'(0) # 0 and
lim inf || o [6(x)| > 0. Then for every n > 0 we have

1 t
lims-logP(f/ b*(B,)ds < e, sup |B,| < n)
el0 2 0

0<s<t

. 1 ¢ 2 |b/(0)|2t2
— . — < — .
IEIEJIE 10gP<2 /O b (BS) ds 5) 16

Proof. Choose some 0 < ¢ < |/(0)]. Using the Taylor formula b(z) = '(0) -  + o(x) we
find an a > 0 with

(16/(0)] + 6) %2 > b*(z) > (|'(0)| — 6)°2® for all & € [—a;al. (5.15)
Without loss of generality we may assume that a is smaller than 7 and also small enough to

permit [b(z)| > a(|b'(0)| — 6) for all z € R with |z| > a.
We have to calculate the exponential rates of

[, 1,
— < = — < <
P(2/0 b (Bs)ds_a) P(2/0 B(B,)ds < ¢, sup |BS\_a)

o o=t (5.16)
+ p(,/ b?(Bs)ds < ¢, sup |Bs| > a).

2 Jo 0<s<t
Whenever supg<,<, |Bs| < a we can approximate b(z) by ¢'(0)z as in (5.15). This gives

t
P(l/ (|b/(0)| +5)QB§ ds < e, sup |B5‘ < CL)
2 Jo 0<s<t

1t
SP(f/ b*(B,)ds < e, sup | Bs | Sa)
2 Jo

0<s<t

t
<P(; [ (MOl -0)’°Bas <= sup B <a).
0

0<s<t

Both bounds of this estimate can be handled using

t 2
t

limslogP(/ cB2ds <e, sup |Bs| < a) =—c-—,

€l0 0 0<s<t 8
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which is a consequence of lemma 5.13 and the scaling property 4.2.
For the lower bound this gives

1 t
liminfslogP<f/ b?(Bs)ds < s)
ELO 2 0

1 t
> HminfslogP(f/ V?*(B,)ds < ¢, sup |B,| < a)
€10 2 Jo 0<s<t
2

BUOED

- 16
whenever § > 0. For the upper bound we find
1 b (0) —8)°
limsupelogP<f/ b*(B,)ds < e, sup |B,| < a) < —Mt? (5.17)
€0 2 Jo 0<s<t 16

Define v(z) = b*(z)/(|'(0)] — 5)2. Then by our choice of a we have v(z) > 22 A a® and
lemma 5.12 together with 4.2 gives

1 st
limsupglogP(f/ b*(B,)ds < e, sup |B,| > 77)
€10 2 Jo 0<s<t

1 t
< 1imsupslogP(§/ b2 (B,)ds < ¢, sup |By| > a)
0

€10 , 0<s<t (5.18)
1 1 5.2 (]6'(0)] —0)
s —gltrge) % —
_(O1-9)",
16 '

Using only the last three lines of equation (5.18) we see that the upper bound for (5.16) is
dominated by (5.17) and using lemma 2.3 we get

! b (0)] — 4)°
1imsupslogP(%/ (B ds <) < _(OI=06)"
0

€]l0 16
for all 6 > 0. Letting § | O finishes the proof of
I b'(0)]%¢2
lime -1 P<f 2(B,)ds < ) _ POt
lime -log P( 5 /0 b*(Bs)ds < e 16

Using lemma 2.3 again, but this time with the full equation (5.18) also proves the first
equality of the proposition’s claim. (qed)

Using a coupling argument we can get the following refinement of proposition 5.15.

Lemma 5.16. Let b: R — R be a differentiable function with b(0) = 0, ¥'(0) # 0 and
lim inf || o [6(x)] > 0. Then for every n > 0 we have

1 t
limliminfe -log inf Pz(f/ bA(B,)ds < &, sup |B,| < )
¢lo elo g—c<z<c 2 Jo (B:) O§52t| | <n
b/ (0)
- 16

and
1 t
limsupe - log sup py(,/ b*(B,)ds < e, sup |B,| < 17)
€l0 yeR 2 Jo 0<s<t
_ (o))
B 16



5.2. STAYING NEAR THE EQUILIBRIUM

Proof. We start by proving the claim about the liminf. Using proposition 5.15 we find

1t
liminfe-log inf Pz(f/ b(B.)ds < e, sup |B,| < )
el0 g—(<z<( 2 0 ( ) 0§32t| | K
1 t
glima-logPo(f/ b?(Bs)ds < ¢, sup |By] §n)
el0 2 Jo 0<s<t
_ o)
B 16

for every ¢ > 0.
Now let x > 0 and choose a § > 0 with

2 (t +6%)? . 0 (0)]t*

~(1B(0)]+ )" T

As in the proof of proposition 5.15 we can use Taylor approximation to find an a > 0 with
b2 (x) < (|'(0)] + 6)°a?

for all x € [—a;a]. Without loss of generality we may assume a < min(24, ).
Let ¢ < a/2 and z € [—(;+(]. Then we can use lemma 5.14 to choose two Brownian
motions B¢ and B* with B§ = ¢, B¢ = z, and |B| > | Bf| for all t > 0. We find

1 t
p(f/ b*(BZ)ds <e, sup |BZ| < 77)
2 Jo 0<s<t
1 ¢ 2 z z
Zp(f b*(B;)ds <€, sup |Bs|§a)
2 Jo 0<s<t
1 t
ZPC/OWW+®%%waawPBﬂS@
2 0 0<s<t

1 t
> P(5 [ ((O)]+0)* (B9 ds < <, sup [B]] <)
2 0 0<s<t

for every z € [—(; +(], and thus

1 t
liminfe -log inf P, (f/ b*(Bs)ds < ¢, sup |Bs| < )
el0 & —(<z<(¢ 2 0 ( ) O§52t| | "

1 t
> liminf&rlogpc(f/ (16'(0)] + 6)°B2ds <, sup |Bs| < a>
€lo 2 Jo ) 0<s<t
1 t
= Z(I/(0)] + 6)° lim inf & - 10gP¢< B2ds <e, sup |Bs| < a).
2 €l0 0 0<s<t

Because ¢ < a/2 < § we can use lemma 5.13 to get

1 t
liml%nfg -log inf Pz(f/ b*(B,)ds < ¢, sup |B,| < n)
£ 0

—(<z<C 2 0<s<t
1 2 (t+¢%)?
> —— (|8 RN EAN
> =5 (VO] +6)
1 2 (t +6%)?
> —— (¥ ~
> 5 (V'(0)] +6)
)P
16

for all sufficiently small £ > 0. Letting ¢ | 0 completes the proof of the first claim.

55
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For the second claim first note that

1 t
limsup ¢ - log sup py(,/ b*(B,)ds < e, sup |B,| < n)
€10 yeR 2 Jo 0<s<t

1 t
> limsupe - logPO(f/ b?(B,)ds < ¢, sup |B,| < 77)
cl0 2 Jo 0<s<t
|b'(0)*¢?
B 6
again by proposition 5.15.
Let k > 0 and choose § > 0 with
t? v (0)%2
2 __ (0]

16 6 "

—(I¥'(0)] = 9)
Using Taylor approximation we can find an ¢ > 0 with
b*(z) > (|b'(0)] — 8)°a?

for all © € [—a;a] and by choosing a small enough we can find a smooth, monotone function
¢: R — R with |[b(x)| > |p(x)| for all x € R and ¢’'(0) = [b'(0)] — 6.
Using the coupling argument and proposition 5.15 again, we get

1 t
limsupe - log sup Py (5/ b*(B,)ds < e, sup |B,| < 17)
0

el0 yeR 0<s<t

1 st
< limsupe - log sup Py<f/ ©*(B,)ds < ¢, sup |B,| < 77)
cl0 yeR 2 Jo 0<s<t

1 t
< limsup€~10gPo(f/ ¢*(Bs)ds < e, sup |By| < 77)
€l0 2 Jo 0<s<t
2
(V0] - 8) ¢
16
)P
16

+ K

for all kK > 0. Taking the limit x | 0 completes the proof. (qed)
Everything left to do now, is to add the proof of lemma 5.12.

Proof (of lemma 5.12). We need to find an upper bound on the exponential rate for the
probability of the event

t
i )
0 0<s<t

which is uniform in the initial point By = z. First define two interlaced sequences of stopping
times (S;)en and (7)) en, by letting Tp = 0 and

Sj = 1nf{s > ijl ‘ ‘BS| > Cl}

T; = inf{s > S; | |Bs| = a/2}
for all j € N. If the initial point By = « has |z| > a we have Sy = 0 and |Bg,| > a. Except for

this we have |Bg,| = a. For s € [S;;T}] we have |B,| > a/2 and thus v(B,) > a?/4. Outside
these intervals we have |B| < a and thus v(Bs) > B2. Therefore we can conclude

{/ST v(B,)ds < e} C {/ST @/Ads sep = {T; -8, < defa’}
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Figure 5.3: Five paths of a Brownian motion on the interval [0; 1], conditioned on the event that

fol BZds < 0.05 and that we have supg<,<; Bs > 1. One can see that the typical path under
these conditions reaches its maximum near the end of the interval. This behaviour fits well with
the special réle of the endpoint in formula (4.3).

and for d > 0 also

{/S"’ o(By)ds < 2,8~ T; 1 2 d} C {/Sj Blds<e,8;—T; 1 > d}

Tj—1 Tj-1
Tj—1+d
C {/ B2ds < e}.
Tj—1

As an abbreviation define J = [2t/a?] + 1. We want to split the set A into the two parts
A = (A°n{Ty <t}) U (A°n{T; > t}).

The first part corresponds to the case that there are at least J excursions up to the level
|Bs| = a and then back to |Bs| = a/2 before time t. For this case we will get an upper
bound on the probability from the fact that the process has to move very fast during the
intervals [S;;T}]. The second part corresponds to the case that there is at least one but that
there are at most J — 1 such excursions. This case is more difficult, because we have to take
the intervals between the excursions into account.

First consider the case Ty < t. Here we have

J

A*n{T; <t} C {i/STJ v(Bs)ds < 5} C {Z(Tj -5;) < 45/a2}.
=175

Jj=1
Using the strong Markov property for Brownian motion and the reflection principle we find
Pz(Tj -5; < 5) < P( sup Bg > a/2)
0<s<e
=2P(B: > a/2)
= 2P(\@Bl > a/2)

for all z € R. The basic large deviation result for the standard normal distribution on R
(corollary 2.12) now gives

2
: 2 a
E%ﬁ'lOgSEEPQ(Tj—SjS&') < —=(a/2) =-5

N |
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In this situation we can apply proposition 2.7 to get

lim sup € log sup P, (AE N{T; < t})
€l0 zeER

J
< limsupelog P, (Z(Tj -5 < 46/&2)
el0

=1
2 J (5.19)
a” .
=7 hnslsoupglog P, (jg_l(Tj —8;) < 5)
a® (N a N2 N2
< ‘4(; ) =559

Now consider the case Ty > t. Choose n € N with n > 2J and € > 0 with 4¢/a® < t/n.
Define At = t/n, the intervals Iy = [0; At] and I}, = ((k — 1At kAt] for k = 2,...,n, the
index set

Q:{(kl,...,kg)eNl‘Ze{l,...,]},lgkl§~~~§kg§n},

and the event
?kl,...,k’z) = AN {S] € ij forj=1,...,¢ and Spy; > t}.

Then we have

AT {T; >ty = | 45

q€Q
Choose (k1,...,k¢) € Q. As we have seen above the condition | 57.;7 v(Bs)ds < e implies
T; — Sj < 4e/a® < At. Thus on AS we have
S; —Tj—1 > max((kj — kj—1 — 2)At,0) =: d;j_y (5.20)
for j = 1,...,£ — 1, where we use the convention kg = 0. If k; < n then we use 5.20 also for

j = ¢ and we have
t—"T, > max((n —kp — Q)At,O) =:d,.

For ky = n it will turn out that we need to treat the right endpoint of the interval specially,
here we define dy_1 = max((n —ke_1 — 3)At, 0).
Let § > 0 and define Dgul as in lemma 2.6. For a € Dgul further define
T

S1
?151,..‘,162) = {/ v(Bs)ds < 0415,/ v(Bs) ds < ase, S1 € Iy, ,
T() S1

S[ Te
/ v(Bs)ds < agg_ls,/ v(By) ds < age, Sy € I,,
Te—1 Se

t
/ v(Bs)ds < agpq18, Seq1 > t}

T

if ky < n and

51 T
A {/ v(Bs)ds < 0416,/ v(Bs)ds < e, S € I,
e To 51

Sy
/ ’U(Bs) ds < awp_1€,5¢ € Iy, Spv1 > t}
Te—1
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else. Then we have
An{T, >t =) A c Age.
q€Q 9€Q aeDy,
Assume first the case ky < n. Then we get

To+do
Pm( ((xki,...,kz)) S Pz(/ BS2 ds S algle - Sl < 40[26/0’2751 € Ikla

To

Te—1+de—1
/ B2ds < agg—16,Ty — Se < daee/a®, Sy € Iy,
Te_1

Te+dy
/ Bf ds < agpy1€,Sev1 > t).

T

Now we use the strong Markov property of Brownian motion for the stopping times S; and T}.

Because |Br,| = a/2 and |Bg,| = a are deterministic and the Brownian motion is symmetric
we get

To+do
P, (A((lksl,..,,ke)) < Pm</ B2ds < aie, Ty — S; < dase/a®, Sy € Ii,,

To

Te_1+de—1
/ B? ds < agp_16,Tp — S¢ < 40@45/@27 Sy € Ik:g)
Te—1

de
2
e (/ BS ds < 04254_16)
0

To+do
< Pl</ BEdSSOélS,Tl—S1S4a28/a2,5161k1,
To

Te—1+de—1
/ B?dSSOéQg_l&,SgEIkZ)
Te—1

-P0< sup B > a/2)
0<s<4aee/a?

dy
-Pa </0 B§ ds < 042£+1€>.

Repeating these two steps for j = ¢ —1,...,0 finally gives
do

Bf ds < a15>
0

14 dj
. H P% (/ B? ds < Oégj_HE)
j=1 0

¢
'jl:llpo( sup Bs>a/2>.

0<s<4agje/a?

In order to use lemma 2.5 we have to calculate the individual rates for the factors on the
right-hand side. Using corollary 4.5 we get

d
1
lime - log sup P, (/ B2ds < 5) = ——d*. (5.21)
el0 z€R 0 8
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Using the reflection principle and the basic scaling property of Brownian motion we find

PO( sup Bs > a/2) = 2P(B45/a2 > a/2)

0<s<4e/a?
=2P(\/4¢/a®B; > a/2) = 2P(VeB; > a°/4).

The large deviation principle for the standard normal distribution on R (corollary 2.12) now
gives

lime -1 P( B, > /2) L(a2))? 1(a2)2 (5.22)
ime - lo su s > a =——(a =—(=) . .
€l0 810 O§S§4Iz/a2 2 8\ 2
Now we can apply lemma 2.5 to get the combined rate. The result is
‘
1 1 a® a?\2

lim e log sup P, (A% <——f(g d; — 6—) ,

8%15 og;gg ( (kl,...,m)) = 714458 par G+ 1 1 + 5
where ny = |{j =1,...,¢ ‘ dj > 0}| Because each of the intervals [S;; T;] can have a non-

empty intersection with at most two of the n intervals I we have Zﬁ:o d; > n —2J and thus
n1 > 1. So we find

1 1<n—2Jt+a2+£a2>2
1+68 n 4 2

lim e log sup P, (Aﬁ“,fl kﬁ)) < (5.23)
zeR e

el0
for all o € Dg£+1 and all § > 0.

Now assume k; = n. This case is similar, but needs an additional argument to take care of
the case t € [Sp; Ty). Here we can no longer use (5.22) for the interval [Sg; Ty). To work around
this we define a stopping time R by

R =inf{s > max(Ty_1, (n — 2)At) ’ |Bs| = a/2}.
Given the event A% ) the process cannot have |Bs| > a/2 for a period of time of length
At and using the special definition of dy_; for this case we get Ty — 14+ dp—1 < R < Sp.
Similar to the other case we get then

To+do
Py (A%, k) < Pr(/ Blds < are,Ti — S < dase/a®, 81 € I,
To

Ty—2+de—2
/ Bg ds < agp_3€,
T2

Ty—1 — Se—1 < dagp_oe/a® Sp_y € Iy, _,,

To_1+de—1
/ Bg ds < agp_16,5r — R < 4()(2@6/0,2, Sy € In).
Te—1

Using the strong Markov property for the stopping time R first gives

To+do
Po(A%, k) < Px(/ B2ds < aie, Ty — S1 < dase/a®, 81 € I,

To

Ty_o+de_2
/ B2ds < agz¢,
To—2

Ty_1—Se1 <4 oe/a® Sp_1 €1y, |,

Te—1+de—1
/ Bf ds < agz,ls)
Toe—1

'PO( sup By > a/2).

0<s<4agee/a?
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Now we can continue splitting of terms as in the first case to get

.....

'HPO( sup Bs>a/2>.

0<s<4agje/a?

Using equations (5.21), (5.22) and lemma 2.5 as in the first case we get

1 — a a®\2
limelog sup Py (A%, 1) < —7<Zdj+n1—+é—)
clo” % 2eR wek) = T\ TR 52
1 1/mn-2J-1 a’\2
< — — t4f—
= 1+58( +5)

for all « € D3,,, and all § > 0. Note that in this case n; = 0 is possible; this occurs in the
case =1 and S; € I,,, because I,, was the interval we treated specially.

To estimate the upper exponential rate of A° N {T; > t} with lemma 2.2 we need to
compare all the rates from 5.23 and 5.24. We get

limsupelog sup P, (A N {T; > t})
10 zeR

=max max limsupelogP, (Agg)

9€Q aeD3, .,  ¢l0
< 1 1(n—2J71t+a2>2
- 14468 n 2

for all § > 0 and large enough n, where the largest bound came from the case ¢/ = 1, k1 = n.
Letting first § | 0 and then n — oo shows

2

limsup e log P, (A N{T; > t}) < 1(t + a—)z. (5.25)
el0 8 2

Another application of lemma 2.2 gives the upper bound for P(A¢). Using the estim-
ates (5.19) and (5.25) we find

1
limsupe log sup P, (A%) < -
el0 zeR 8

This completes the proof of the lemma 5.12. (qed)
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5.3 The LDP for the Endpoint

In this section we use the results of the previous section to finally derive the LDP for the
endpoint X} of the solution of

dX? = 9b(X,)eds+dB, on [0;1]

5.26
X)=z2€R (5.26)

for ¥ — oo. The main result is theorem 5.19 at the end of this section.

We assume b = —®’ for a C?-function ®: R — R with bounded second derivative ®”. Then
the drift b is Lipschitz continuous and the SDE (5.26) has a unique solution X?.

Notation: To avoid complicated and hard to read expressions in small print we sometimes
write (A) for the indicator function of the event A during this section.

Lemma 5.17. Let ®: R — R be a C? function with bounded ®" and let b = —®'.
Assume there is an m € R with b(z) = 0 if and only if v = m and liminf ;| [b(z)] > 0.
Further assume that there is a rate function I: R — [0; 00] with

2

o1 0 [t .
lbrriloréfalogE(exp(—?/() b (ws) ds)lo(By)) > —;IE%I(:U)

for every open set O C R and

2 gt
limsupglogE(exp(—%/ b (ws) ds)1g(By)) < — inf I(z)
0

¥—00 zeK

for every compact set K C R. For 9 > 0 let XV be a solution of the SDE (5.26) with start
in X§ = 0. Then for 9 — oo the family (X}')y satisfies the weak LDP with rate function J,

where J is defined by

J(z) = B(z) — B(0) — % £ (m) + I(x).

Proof. From Lemma 1.5 we know the density of the distribution of this solution X}

P(XJ € A)= /1A(wt) exp(VF (w) — 9°G(w)) dW (w) (5.27)
where
F(w) = ®(wy) — ®(wy) + %/0 ®"(ws)ds and

(wo
Glw) = %/0 b (w,) ds.

First let O be open, € O and § > 0. Then we can find an n with 0 < n < 4, B,(z) C O,
and |®(y) — ®(x)| < 6 for all y € B, (z). Define

F*(2) = ®(0) — d(2) + %t‘b”(m).
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Then we find
N |
llﬁﬂ_l}gf 3 log P(X? € 0)
1
> liﬂminf 3 log P(X; € B,(x))

1
= liﬁm inf 3 log / 1p, (2)(wt) exp(VF (w) — 9 G(w)) dW (w)

V—00

> liminf % log / 15, (2) (we) exp (I(F* (x) — 20) — 9*G(w))
(|F(w) = F*(x)] < 26) dW(w)

= F"(x) = 26 + lim inf % log/ 1p, (2) (we) exp(—9*G(w))
(|F(w) = F*(2)] < 26) dW(w).

By definition of F*(x) we have

|F(w) — F*(2)| = |®(0) — ®(w;) + %/O " (wy) ds

—3(0) + B(x) — %tfb"(m)‘

< |<I>(:v)—<1>(wt)’+%/0 |®” (ws) — @ (m)| ds.

Thus whenever w; € By (x) and ’F(w) — F*(z)| > 26 we find

1

t
5/ | (ws) — ®"(m)|ds > 26 — 6 = 6.
0

Because ®” is bounded the above estimate implies that we can find an € > 0 with
‘{s € [0;t] | lws —m| > 5/t}’ >

for all paths w with w; € By(z) and |F(w) — F*(x)} > 26. Because m is the only zero of b and
because lim inf |, [b(z)| > 0 we have

inf{b(z) | |z —m| >6/t} >0,
i.e. we can find a g > 0 with G(w) > ¢ for all paths w with w; € B,(x) and ’F(w) - F*(x)‘ >
20. Together this gives

limsup%log / 1, (o) () exp(—02G(@)) (IF(w) — F*(z)| > 26) AW (w)

Y—00

< lim sup % log/exp(—ﬂQg) dW (w)
¥—00

= —0OQ.

So we can use lemma 2.3 to conclude

Y—00

lim inf % log/an(x) (wr) exp(—0?G(w)) AW (w)

= liﬁm inf 1 log/ 1B, () (wt) exp(—92G(w)) (|F(w) — F*(z)| < 26) dW (w)

—oo U
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and get
o1
hﬁrrigf 3 log P(X} € O)

> F*(x) — 20 4 lim inf — 1og/ 1B, () (wt) exp(—9>G(w)) dW (w)

P—oco 1

> F*(x) — 20 — tf I
> Fi(a) 20— inf ()

> F*(x) — 20 — I(x)

for all 6 > 0. Letting § | 0 gives
1
lim inf - log P(X € 0) > F*(z) — I(z)
— 00

and taking the supremum over all x € O on the right hand side proves the lower bound.

Now let K C R be compact and 6 > 0. For each x € K we can find an n > 0 with
|®(y) — ®(z)| < 6 whenever y € B, (z). Because I is lower semi-continuous we can assume
I(y) > I(xz) — ¢ for every y € B,(x) by choosing 1 small enough. Using the compactness
of K we can cover K with a finite number of such balls: there are x1,...,2, € K and 0 <

M,y M < 6 with
n
cyn
k=1

and the above assumption on ® and I hold for each k. For k = 1,...,n consider F*(xy) as
defined above. This time we find

1
lim sup 3 log P(X} € K)
V—00

< 11119n_)sol<1>p 3 log;P (X7 € By, (w1))

=, Inax lim sup — 3 log / 1p,, () (@) exp(VF (w) — 9°G(w)) dW (w).

M Y—o0

Because F is bounded on {w; € By, (zx)} we can use lemma 2.3 as above to conclude

lim sup % log/ 1, () (wt) exp(VF (w) — 9°G(w)) AW (w)

¥—00

. 1
= limsup 3 log/ g, (a) (W) exp(VF (w) — 9°G(w))

¥—o00

([F(w) = F* (k)| < 26) dW (w)

for k =1,...,n. This gives

lim sup % log P(X} € K)

Y—00

1
< max limsupglog/lgnk(mk) wy) exp(VF (w) — 192G(w))

k=1,...,n Yoo (
([F(w) = F* (2| < 26) dW (w)

1
< | max lim sup 3 log/ 1p, (o) (wt) exp(9(F* (k) + 26) — 9°G(w))
=L Y9500
(IF(w) — F* ()] < 2) dW(w)
<  max F*(z) +26

+ limsup = 9 log/ k(xk)(wt)exp(—ﬁQG(w)) dW (w).

¥—00
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Now we can use the upper bound on the rate of the integral and our choice of 1 to get

1
—log P(X} € K)

lim sup
Y¥— 00 Y
< max F*(zr)+20— inf I(y)
k=L,..., yeBs(zk)
<  max F*(xp) +25 — I(z) + 6.
and letting 0 | 0 finishes the proof for compact sets. (qed)

To get the upper bound for general closed sets we have to show exponential tightness of
the £(X}), i.e. we have to show that for every a € R there exists a compact set K., such that

lim sup % log P(X} ¢ K,) < —a.

¥—00

The upper bound for arbitrary closed sets would then follow from lemma 2.1.

Note that we can learn some properties of I from the fact that J is a rate function. As
a rate function .J is positive. So we can conclude that the function I from the lemma must
satisfy

I(z) > —®(z) + ®(0) + = - t- ®"(m)

5
for all x € R.

The following lemma is a generalisation of corollary 4.3. It helps to determine the rate
function I which is needed to apply lemma 5.17.

Lemma 5.18. Let m € R and b: R — R be a C?-function with b(z) = 0 if and only if
r=m, V' (m)#0, and liminf |, [b(x)| > 0. Then for any compact set K C R we have

t
hmsupslogP( /bQ(Bs)dsgs,BtEK)
e—0
<-= f | z)|d |+1\b/( )t + | a|b( )| d |)2
alélK z| + 5[b'(m - x)|dx
and for any open set O C R we have

1 t
1imi(1)1fslogp(§/ b*(B,)ds < ¢&,B; € O)

1 a 2
> ——(112}; ’/ )| dx| + §|b’(m)\t+ |/m |b($)\da:‘) .

Proof. As an abbreviation define v(z) = b*(z)/2 for all x € R. For the proof of the
upper bound choose a compact set K, let d,7,7 > 0 and choose Dg as in lemma 2.6. Then for
€ < t/27 we have

{/tv(Bs)ds<5,Bt GK}
0
t—eT

C U {/0 v(Bg) ds < als,/s v(Bs) ds < ase,

aEDg T

t
/ v(Bs)ds < aze, By € K}.
t—eT



66 CHAPTER 5. DIFFUSIONS WITH STRONG DRIFT

Writing (A) for the indicator function of A and using the strong Markov property of
Brownian motion this gives

P(/Otv(Bs)ds <e B e K)
<y E((fOET v(By) ds < ane) ([ v(By) ds < ane)
aEDg
B((J} ., o(B,)ds < ase, By € K) | Fi-.r))
- Z E((fOET v(B,)ds < als)(f;_ﬁ v(Bs) ds < age)
aEDg

Ep, .. ((J; v(Bs)ds < aze, Ber € K)))

=: Z p(a, €)

aEDg

Now let o € Dg be fixed and a > 0. We split the corresponding event further by distin-
guishing the two cases {sup.,<,<; ., |Bs —m| > a} and {sup.,<.<; ., |Bs —m| < a}. Since
omitting some conditions makes the probability only larger we get

p(av 5) <m (av 5) + P2 (017 6)
with

t—2eT
p1(a,e) = sup P, </ v(Bs)ds < aze, sup |Bs—m|> a)
yeR 0 0<s<t—2e1

and
ET
pe(a,e) = P(/ v(Bs)ds < aje, |Ber —ml| < a)
0

t—2eT
- sup P, (/ v(Bs)ds < aze, sup |Bs—m|< a)
0

yeR 0<s<t—2eT
ET
sup P, (/ v(Bs)ds < aze, B, € K)
|z—m|<a 0

To calculate the rate for the sum p;(a,e) + pa(a,€) we have to calculate the rates of the
individual terms. For p; we can use lemma 5.12 to get

limsup € log p1 (v, €)
e—0

t—n
<limsupelog sup P, (/ v(Bs)ds < age, sup |Bs—m|> a),
0

e—0 ly—m|<a/2 0<s<t—n
< 1(t T 2)2

—= — —-a .
=g\ Ty

Since for fixed 7 this rate become arbitrary small when a becomes large, we can choose a large
enough that the rate of p1(a, &) + pa2(«, €) is dominated by ps.

To treat the po-term we apply lemma 2.5 for the rate of a product. From proposition 5.3
we know the individual rates

e—0

<1 ([ ) 2

ET
limsupslogP(/ v(Bs)ds < &,|Ber —m| < a)
0
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and

ET
limsupelog sup PZ</ v(Bs )ds<5,BET€K)

e—0 |z—m|<a
<——1nf/|b )ldz) - 13(7)

where lim; o 71 (7) = lim; o 72(7) = 1, and lemma 5.16 gives

t—2eT
lim sup € log sup P, (/ v(Bs)ds <e, sup |Bs—m|< a)
0

e—0 yeR 0<s<t—2eT

t—n
<limsupelog sup P, (/ v(Bs)ds <e, sup |Bs—m|< a)
£—0 ly—m|<a/2 0 0<s<t—n

P mPE =)
- 16

Using lemma 2.5 we get the combined rate

lim sup € log p(a, €)
e—0
—71+6 7}/ #)lde - n(7)
/ 1. ¢ 2
gl (=) + 5 int] [ @)l de] - ra(r)

for all @ € DS.
The rate for the sum over all & € D§ can be estimated with lemma 2.2. The result is

t
limsupalogP(/ (B)ds<5,Bt€K>
e—0
By
/ L. ¢ 2
+jb@0MU*n%%5££Im%@ﬂmﬂwﬂﬂ)
for all n > 0, § > 0, and 7 > 0. Letting finally 7 — oo, § | 0, and n | 0 gives
t
hmsupelogP( /bz(BS)dsge,BtGK)
e—0
<27 @) dal + Ll + g | [ @) o)’
= g\l )y R R AT gkl ), PR

This proves the upper bound.

67

For the lower bound: Let {,n,7 > 0 and aj,as, a3 € R with a3 + as + ag = 1. Then for

€ < t/27 we have

{/tv(Bs)dsga,Bt GO}

ET
2 {/ v(Bs)ds < aje,|Ber —m| < C}
0

t—eT
N {/ v(Bs) ds < age,|Bi—er —m| < n}
€

T

N {/t:Tv(Bs)ds < aze,B; € O}
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and thus we get
t
P(/ v(By)ds < &, B; € 0)
0
ET
> E((/ v(Bs)ds < arg, |Ber —m| < C})
0

t—et
. (/ v(Bs)ds < ase, |Bi—er —m| < 77)
€

T

«E((/ttm v(Bs)ds < asze,B; € O) ’ ft_sT))
> E((/ET v(By)ds < ase, |Ber —m| < ()
0

.E((/t” v(By)ds < age,|Bi—er —m| < 1) ’ fer))

T

ET
inf P, (/ v(Bs) ds < aze, Ber € O)
0

m—n<y<m-+n

> PU(/OETU(BS)dS < e, B., € (m—C;m+§))

t—2eT
inf P, (/ v(Bs)ds < age, |Bi_ger — m| < 77)
m—_(<z<m—+¢ 0

inf P, (/ v(Bs)ds < aze, B, € O).
0

m—n<y<m+n

First take lower exponential rates for € | 0. The lower exponential rate of the left-hand side
is greater or equal to the sum of the lower rates of the right-hand side. This inequality holds
for all n,7 > 0 and a1, a9, a3 € R with a1 + as + a3 = 1.

Then let 7 — oco. We treat the three terms on the right hand side individually. First term:
from Lemma 5.1 we know

ET
lim lunlmf(slogPo(/ v(B )ds<oz16,BETe(m—C;m+C)>

11 @ 2
> _0711771 Ci2£m+< ‘/ )| dx| + ’/m |b(m)|dm‘)

N |/ 2)lda])" ()

Second term: we can make the probability smaller by replacing ¢ — 2e7 with ¢. Then the
term is no longer 7-dependent and using lemma 5.16 we get

where lim¢ g7 (¢) = 1.

m—(<z<m+(¢
1 |o'(m)[?
(6] 16

t—2eT
liml%)nfslog inf P, (/ v(Bs)ds < age, |Bi_ger —m| < 77))
€ 0

2 19(C)

where lim¢|g72(¢) = 1.
Third term: using corollary 5.4 we get

liminfelog  inf P (/ o(B,)ds < ase, B., € 0)
€10

m—n<y<m+n

2——71nf / |b(x |da: -1"3(77)

a3 4 acO

where lim, o r3(n) = 1.
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Combining the three rates we get

hmmfslogP(Bt €0 / s)ds < e)

>——— |/ |b(x |dx|

/ 2
s LS

f—falgg ’/ |b(x |dx| (n).
and letting first ¢ | 0 and then n | 0 yields

hmlnfslogP(BteO/ ds<€)
1 /1
>_ (=
Sy,
[b'(m)] )2
042< t)
*ll’lf/ |b(x |dx
2 a€0

for all a1, a9, a3 € R with a1 + as + a3 = 1.
Choosing optimal a1, ag, and ag as described in lemma 2.4 we get

lim 1nf510gP(Bt €0, = / b*(B,)ds < 5)

(31 ] + ek S | [ ool as])
i(|/0m |b(z)|dm|+|b,(2)|t+aigg|/m Ib(x)\dfvl) :

This completes the proof. (qed)

The main result of this chapter is the following theorem together with the corollaries 5.20
and 5.21.

Theorem 5.19. Let ®: R — R be a C3-function with bounded ®" and b = —®'. Assume
there is an m € R with b(x) = 0 if and only if x = m, b'(m) # 0, and liminf |, [b(z)| > 0.
Then for every t > 0 the solution XV of

dX? = 9b(X,)eds +dBs fors < [0;t], and
XV=z2€eR
satisfies the following weak LDP: for every compact set K C R we have
. 1 .
11£S£P@IOgP(X? €K)< —zlglf( Ji(z)

and for every open set O C R we have

hmlnfglogP(Xl9 €0)>— 1nf Ji(z),

where the rate function is

Ji(z) = V(D) — B(2) + t(D"(m))” + V2 (®) + D(x). (5.28)
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In the theorem V’(®) denotes the total variation of ® between a and b. It can be inter-
preted as the “cost” of the process going from a to b. Because b = —®’ we have

b
(@) = | / Ib(z)] de|

for any a,b € R. The notation (®”(m))~ denotes the negative part of ®”(m), i.e. (®"(m))” =
0 if ®”"(m) > 0 and (2" (m))” = |®”(m)| if ®”(m) < 0. This can be interpreted as the “cost”
of staying near m for a unit of time. This term only occurs, if the equilibrium point m is
unstable.

Proof. Since the rate function J; is invariant under space shifts we can without loss of
generality assume z = 0 by replacing ® with the shifted function ®(- + z) and starting the
SDE in 0. Since most of the work was already done in the previous section, the proof consists
only of three steps.

First define

@) =3 (1 wwld + gweies| [ pwla)

[m;a]
= (V@) e+ V(@)

and v(x) = b*(x)/2 for all y € R. From lemma 5.18 we know that for every compact set
K C R we have

¢
limsupslogP(/ v(Bs)ds <e,B; € K) < — inf H(a)
e—0 0 acK

and for every open set O C R we have

¢
im i < > — :
hgrl}glfelogP</0 v(Bs)ds <e,B; € O) > algg H(a)

Second, let
1
x) =2/H(z) =V (®) + §|b'(m)|t + V(D)

for all x € R. Then for every set A C R we find

-2 / inf H(z)| = -2, /inf H(z) = — inf I(x
z€A TEA €A

and corollary 4.8 allows us to conclude

1 t

limsupflogE(exp(fﬂz/ v(ws) ds)1x (By)) < — inf I(z)
900 U 0 zeEK

for every compact set K C R and

1 t
liﬁminf —logE(eXp(—ﬁQ/ v(ws) ds)lo(By)) = — ig(fj I(x)

for every open set O C R.

Finally we can use lemma 5.17 to conclude that the family (X/)go satisfies the weak LDP
with rate function

Ji(z) = ®(z) — ®(0) — % t-®"(m)+ I(x)

= @(z) — 2(0) + Vg™ (@) + t(2"(m))” + Vi (®).

This completes the proof. (qed)
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Given the sign of b’ (m) the rate function from the theorem can be simplified because the
drift b has only one zero. The following corollary describes the case of ¥'(m) < 0, which corres-
ponds to attracting drift. In this case the weak LDP from the theorem can be strengthend to
the full LDP.

Corollary 5.20. Let ®: R — R be a C3-function with bounded ®" and b = —d’.
Assume there is an m € R with b(z) = 0 if and only if x = m, V'(m) < 0, and
lim inf ;o0 [b(2)| > 0. Furthermore let XV be the solution of

dX? = 9b(X,) e dt + dB,,

5.29
XJ=z¢cR. (5.29)

Then the following claims hold:
a) For every t > 0 the family (X7 )g=o for 9 — oo satisfies the weak LDP on R with rate
function
Ji(z) =2(®(x) — ®(m)) for all z € R. (5.30)

b) If b is monotone, then the family (X )90 satisfies the full LDP with rate function J;.

Proof. a) Since we assume that m is the only zero of the drift b, for b'(m) < 0 the point m
is the minimum of ®. In this case we have V" (®) = ®(z) — &(m), VE(P) = &(z) — ®(m) and
®”(m) > 0, so the rate function simplifies to the expression given in formula (5.30).

b) To strengthen the weak LDP to the full LDP we have to check the exponential tightness
condition from lemma 2.1, i.e. we have to show that for every ¢ > 0 there is an a > 0 with

1
lim sup 3 log P(|1 X} —m| > a) < —c. (5.31)
Y—o00

We use a comparison argument to obtain this estimate.

Using the assumption liminf ;. [b(x)| > 0 and theorem 1.4 we find that the SDE (5.29)
has a stationary distribution with density exp(—20®(z)). Let X” be a solution of (5.29) with
start in z and Y be a stationary solution, both with respect to the same Brownian motion.
Then we get the deterministic differential equation

L0 v =0 (b(x]) o)

for the difference between the processes. First assume X — Y > 0. Because for X —Y,Y =0
the right hand side vanishes, the process X — Y;” can never change its sign and stays positive.
Since b is decreasing we have b(X/) — b(Y,”) < 0 and we can conclude

0<X) -Y)<Xxy -V
For the case X¢ — Y’ < 0 we can interchange the roles of X and Y to obtain the estimate
0<Y? - Xx?<vy - x¢.
Combining these two cases gives
V= X7 <Y = X9 =Yg — =l
Using

XY —m| < X7 =Y+ Y —ml
<z =Y+ 1Y = m]
<z —m| + Yy —m| + v, —m|
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Figure 5.4: This figure illustrates the potential use of a comparison theorem for solutions of the
SDE (5.29). The thick line is the original drift b. The thin line is the new drift ¢. The solution
for drift b should be closer to m than the solution for drift v.

we can conclude

P(|X) —m|>a) < P(IYy —m|+|Y —m|>a— |z —m)])
a—|z—m|)
2

+P@?—m>

sP@?—M>

a—|z—m\)
2
a—|z—m|)

:QPOKffnq> .

Now let ¢ > 0. Then using theorem 2.13 we can find an a > 0 with

.1 a—|z—m)|
191520 510gP(|Y0‘9 —m| > f) < —c

and using the above estimate we get
lim llogP(\Xl9 —m|>a) < —c
9—o00 ¥ ¢ - '

Since this is the exponential tightness condition (5.31) we can use lemma 2.1 to derive the full
LDP and to complete the proof. (qed)

Remarks. 1) Note that in this case the rate function is independent of the interval
length ¢. Because we have liminf|;|_ o |b(2)| > 0 the potential ® converges to +oo for |z| — oo
and J; is a good rate function. In fact the rate function coincides with the rate function of the
LDP for the stationary distribution from theorem 2.13. This makes sense, because for strong
drift we would expect the process to reach the equilibrium very quickly.

2) Using the assumptions on b we can find a monotonically decreasing, differentiable func-
tion ¢: R — R which satisfies

|b(x)| > |p(x)| for allz € R

and has ¢’(m) < 0. This is illustrated in figure 5.4.

Because the drift b pushes the process stronger towards m than the drift ¢ does, one
could guess that when YV is a solution of the SDE with drift ¥ instead of 9¥b we would have
P(|X? —m| > a) < P(]Y,Y —m| > a). This would show that for finding an upper bound on
P(|Xt19 —m| > a) we could without loss of generality assume b to be monotonically decreasing.
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Example 5.1. For the Ornstein-Uhlenbeck process we have ®(x) = az?/2. Thus, using
corollary (5.20) we get the rate function
Ji(x) = ax?

which coincides with the previous result from formula (3.4).

The case of repelling drift, i.e. of ' (m) > 0 is described in the following corollary.

Corollary 5.21. Let ®: R — R be a C3-function with bounded ®"' and b = —®'.
Assume there is an m € R with b(z) = 0 if and only if ¢ = m, ' (m) > 0, and
liminf|,| o0 [6(x)| > 0. Then for everyt > 0 the solution XY of

dX? = 9b(X,)eds+dBs fors c[0;t], and
XV=z2€eR
satisfies the weak LDP on R with constant rate function
Ji(z) = 2(®(m) — ®(z)) — t®"(m). (5.32)
Proof. In the case b'(m) > 0 the point m is the maximum of ® and because of V() =
®(m) — O(2), VE(P) = ®(m) — () and D" (m) < 0 we get
Ji(z) = (®(m) — ®(2)) — ®(2) — t®"(m) + ((m) — ®(x)) + (x)
=2(®(m) — ®(z)) — t®"(m)

for all z € R. (qed)

Remarks. The corollary shows that in the case of repelling drift the rate function does
not depend on x. In particular it is not a good rate function. Also in this case it is impossible
to strengthen the weak LDP to the full LDP because we have

Jim % g P(X) €R)=0 # 2(3(m)— (=) — (3" (m).

Example 5.2. For ¢ > 0 consider the solution of the SDE

dX? = 09X e dt + dBy,

5.33
XY =z¢cR. (5.33)

This time the equilibrium point 0 is unstable, as soon as the process leaves 0 the drift will
drive it further and further away. Here we have ®(z) = —x?/2 and using corollary 5.21 we can
determine the rate function for the large deviation behaviour of X as

Ji(x) =t + 22 (5.34)

As in the case of the Ornstein-Uhlenbeck process (see page 24) we can explicitly determine
the distribution of Xf and verify the somewhat surprising result 5.34 manually. Since the
derivation of formula (3.2) did not depend on the sign of the drift we get

t
X, ="z + / =) dB,. (5.35)
0

Because the SDE (5.33) is linear, we know that X} has a Gaussian distribution and from (5.35)
we find the expectation
p=FEXY)=¢e"2
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and the variance

o? = B((XY — p)?) = E((/t O (t—5) dBS)Z)

0
t
_ / 6219(1575) ds = i(eQﬂt . 1)
) 29

Thus for every measurable set A C R we have

P(X) € A) = \/21T7/Aexp(—($2_02u)) dx

—9t,. _ )2
— g(ezm_l)—l/z/exp(_ﬁu) dx.
A

T 1 — e 20t

Now we can calculate the exponential rates of this expression for 19 — oo. For the normal-
ising constant we find

. O 20t -2 1,
If A C R is bounded, then
(e7z — 2)? 2
sup| S =+ — 0

for ¥ — oo and thus for compact sets K C R we find
.1 9
lim —log P(X; € K)
P—00

1
=—t+ ﬂlim = log/ exp(—2%)dx = —(t + 2°).
K

HOO/I.9

For open sets O C R we can choose any bounded subset A C O with non-zero Lebesgue
measure, to get

o1
hﬁnigf g log P(X? € O)
1
> liﬁminf 3 log P(X} € A)
1
=—t+ ﬁlim — log/ exp(—2%)dx = —(t + 2?).
—00 A

This reproduces the result from the corollary.



Chapter 6

Asymptotic Separation of Processes

One application of large deviation results is to determine the exponential decay rate of the
Bayes risk for the separation of two processes which are observed over long intervals of time.
This rate is a measure of how easy it is to distinguish between two processes while only look-
ing at the paths.

6.1 The Bayes Risk

We consider two mechanisms to generate a stochastic process, e.g. two different drift fields,
which are indexed by a parameter ¥ € © = {0,1}. For ¥ € © let P = £(X)’ft be the law of

the corresponding process X? observed up to time t.
The Bayes risk B(\,t) with a priory distribution A € Prob(0) is defined by

Y
BD = [ min =5

dP,

where P, = A\ P! + \gP?. Assuming that the distribution E(Xt)‘]__f on the path space has a

density ¢? with respect to Wiener measure W we find
B\ 1) = M P (Agr < Xow)) + Mo P (Miw; 2> dogy)- (6.1)

Thus B(A,t) can be seen as the total probability of error for a likelihood ratio test for the
parameter ¢, where ¢ is chosen randomly according to the distribution A. Figure 6.1 gives a
geometric interpretation of the Bayes risk in this situation.

We want to calculate the exponential decay rates

lim 1log B(A,t) (6.2)
t—oo
of the Bayes risk. This rate is measure of how fast the Bayes risk decays when the observation
time ¢ tends to infinity. Thus it is a measure of how easy the two processes can be separated
by looking only at the paths. A very negative Bayes risk indicates, that the processes are very
different and thus easy to distinguish, a Bayes risk that is close to zero indicates processes
which are similar.

In corollary 5.6 of [KW97] is is shown that if the limit in (6.2) exists, then it does not
depend on A (except for the pathologic cases \g = 0 or A\; = 0). So we can choose for ex-
ample A = (1/2,1/2) to calculate the rate, which gives

B(#) = B((1/2,1/2),1) = P&} < @}) + 3 Al > o)

(0]
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Figure 6.1: This figure illustrates the geometric interpretation of the Bayes risk. The two curves
are the weighted densities of the distributions on the probability space ). The Bayes risk is the
size of the hatched area. It is large if the distributions are similar.

and using lemma 2.2 we get
1 1 0,0 1
thm n log B(\,t) = max(thm n log Py’ (p; < 1),

1
lim —log P! (¢ > w%))

t—o0

for all A € Prob(¥).

Here we consider two reversible diffusions with different drift fields. For 9 € © = {0,1} let
®Y: R? — R be two time continuously differentiable, b’ = — grad ®’, and X” be a solution of
the SDE

dX? =b%(X?) e dt + dB

6.4
Xy =o. (64

From lemma 1.5 we know the explicit form of the densities ¢?. They can be defined by

SDf(W) = exp(—q)ﬂ(wt) + <I>19(0) - /Ot vﬁ(ws) ds)

for all w € C([0;00), R?) where v? = ((V®?)2 — A®?) /2. Because the exponential function is
monotonically increasing, the event ¢?(XY) < p!(XY) in equation (6.3) can be expressed as

t t
—0%(XY) + @°(XY) —/vo(Xg)ds < —@M(XY) + '(X) —/vl(Xg)ds
0 0
or equivalently as

1/(:(1,1 - UO)(XE) ds + %(q)l _ @O)(Xto) _ %(@1 _ CI)O)(XS) <o0. (6.52)

The opposite event ¢?(X1) > i (X1) becomes

I 1 1
2/ (vh =) (X)) ds + g(qﬂ — %) (X}) - g(qﬂ — %) (X}) > 0. (6.5b)
0
In order to calculate the rate for the Bayes risk we have to consider large deviations for
the events (6.5a) and (6.5b). In general this is a difficult problem. The following example
illustrates the procedure for a very simple case.

Example 6.1 (Constant drift). Assume that we have fixed vectors b°,b' € R¢ with
b (x) = b” for all z € R?. From example 1.1 we know that we have ®’(z) = —b” - z and
v?(z) = [b?|2/2 here. Thus the densities ¢ only depend on the endpoint X of the path and
we get
b +0°
T

1
i (X7) < 0 (X°) (b7 —8%) — = X7 (b = b") <.
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Because the drift is constant b” the value X! is N(¢-b°,t)-distributed, thus X?/t is N'(b°, 1/t)-
distributed and the above condition means that X/t is contained in the half-plane with
normal vector b! — b° which does not contain the vector b°. Corollary 2.12 gives

.1 0( 0 100 1ot +92 bt —b°?
Jim —log P(¢)(X°) < ¢ (X7)) = —5|—; ‘ =——3
and a very similar calculation also shows

. 0(y1 1yl bt — %P
Jim S log P(¢f(X1) > ph(xX1) =~
Thus both rates from the right hand side of (6.3) coincide and we get the result

) 1 |b1 _b0|2
tll)rgozlogB()\,t) =-——s

Details about this can be found in [Vo97].

6.2 Asymptotic Separation of OU Processes

In this section we determine the exponential rate for the decay of the Bayes risk when distin-
guishing two Ornstein-Uhlenbeck processes with different parameters ay and «;.

As we have seen in chapter 3 the density of a d-dimensional Ornstein-Uhlenbeck process
with parameter ay on the path space is

w1t
Ol (w) = exp(—aﬁ—t - f/ aw? — ay ds).
2 2,

The representation of the event ¢?(X%) < ! (X?) from (6.5a) becomes

2_a21 t _
& “‘L/ (X02ds — 2% 4 (0 — )
2t/ 2

X7)?

<0
2t

and assuming o > a; > 0 we can divide by a3 — ap < 0 to get the condition

011+0401 ¢ 072 d (X?)2
- X, - = > 0. .
5 /O( s — 5+ 0 (6.6a)

t 2t

The distribution of the process X converges to a d-dimensional Gaussian distribution with
expectation 0 and covariance matrix ild. Almost surely we have

I X¢)?
7/ (X,)?ds — a4 and (Xe) —0
t Jo 2a t

for t — o0, so the left hand side of (6.6a) a.s. converges to

and we can see that the probability of the event (6.6a) at least converges to 0.
Similarly we find that for ag > a1 > 0 the event ¢?(X1) > ¢} (X1) is equivalent to

artagl [T, d , (X{)*
- X;)"ds — = . .6b
: t/o( Drds— 5+ 5 <o (6.6b)

The following theorem states the main result of the section.
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Figure 6.2: This figure sketches the rate function I. for Y;/t from formula (6.7). The process
converges to —(c-1/2a+1/2) = (ap — 1) /4ay. We will consider the event Y/t < 0.

Theorem 6.1. The exponential decay rate of the Bayes risk B(\,t) for the distinction
between two one-dimensional Ornstein- Uhlenbeck processes with parameters ag, a1 > 0 is
1 _ 2
lim L log B\ £) = — AL =00)"
t—oo t 8(0(1 + Oéo)
for every a priory distribution \ € Prob({O, 1}) with A\g # 0 and A # 0.

Proof. We calculate the two rates R; and Ry in the maximum from formula (6.3) separ-
ately. Without loss of generality we may assume «g > a3 > 0 and using equation (6.6b) we
get

1
Ry := tlirgo n log P} (<p§3 > 90%)

1 ar+agl ¢ 1 X?
— Jim -1 P1< f/de—f —t<0)
oot BN 2 t), " SRT

1 xX? 1 [ 1
= lim ElogP}(—tff/ fa1+a0X§+§ds<0)
0

The large deviation behaviour of the random variables Y;(c)/t with
1o, (Moo, 1
Yi(e) = =X{ — | ¢XZ+ =ds
2 0 2

where X is an Ornstein Uhlenbeck process is examined by Florens-Landais and Pham in
[FLP99]. We use the first case of theorem 2.2 from their article: Let X be an Ornstein-
Uhlenbeck process with parameter «. Then for every ¢ < —a/2 the family Y;(c)/t satisfies
the large deviation principle on R with the good rate function I. defined by

2 cta\2
4 &ra
> M if y > _%, and

Ly) =3 ¢ 2y+1 (6.7)
+00 else.
The rate function for this case is sketched in figure 6.2.
Since in our situation we have o = a; and ¢ = — (@ 4+ p)/2 the rate function is decreasing

to the left of —(¢ + a)/2a = (ap — a1)/4a; > 0 and is increasing to the right of this point.
Because (—o0;0) is a continuity set of I. we get

T 1 1 Yt(c)
e D ()
(c+)? (o — ay)?

= L(0) =~ ic C8(ap+ 1)’
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Now we have to calculate the other rate from formula (6.3). Assuming g > ay > 0 again,
we get

o1
RO = tll’m — IOgPtO(QOg S QD%)

= lim - logPO( Yi(e) >0)
t—oo t t
but this time with o = ag and ¢ = —(a1 + ap)/2. The rate function is decreasing to the left of
—(c+ a)/2a = (a1 — ap)/4ap < 0 and is increasing to the right of this point. So we get again
the result
(o0 — a1)?

Ro= ~1(0) = —grb =505

This proves that both terms in the maximum on the right hand side of formula (6.3), and
thus the maximum itself, are equal to the rate from our claim. (qed)

6.3 Asymptotic Separation of Continuous Time Markov
Chains

In this section we determine the exponential decay rate for the Bayes risk when separating
two continuous time Markov chains. These processes are no diffusion processes in the sense
of chapter 1, but the concept of the Bayes risk of course also makes sense here. We will see,
that the exponential rate of the Bayes risk is €” — 1, where r is the rate for separation of the
embedded Markov chains.

Let X be a continuous time Markov chain with finite state space S and generator ¢ €
R5*S. For the technical details about continuous time Markov chains and their generators we
refer to [Law95|. Because ¢ is a generator we have ¢;; > 0 for ¢ # j and ¢;; = — Zj# gi; <0
for all 1 € S. The process X can be described with the help of an embedded Markov chain Y:
whenever X reaches a state ¢ € S, the process stays there for an Exp(—g;;)-distributed time
and then jumps into a randomly chosen new state. The new state is j # ¢ with probabil-
1y Gij/ D gz dik-

Here we restrict ourselves to the case g;; = —1 for all ¢ € S, i.e. to the case of equal and
homogeneous jump rates. Let T'(¢t) be the number of jumps up to time ¢ and Y,, for n € Ny be
the state of X after the nth jump. Then T'(¢) is Poisson distributed with parameter ¢ and Y is
a Markov chain with transition matrix

{qz'j, if ¢ # j, and
7rij =

0 else.

Now consider two irreducible Markov chains X° and X! with different transition rates ¢°
and ¢'. Our task is to observe one path and to determine which transition mechanism gener-
ated this path.

Distinguishing two non-equivalent Markov chains is easy: as soon as a transition occurs,
which is only possible for one chain but not for the other, we have identified the transition
mechanism with probability one. So here we assume that the processes are equivalent, i.e. we
consider the case q?j >0& qz-lj > 0.

Again we consider the Bayes risk

dP} dP}
B(t 7P0( >1 ) P1< <1), 6.8
0 = 5P (G50 2 T < (65)
where PY is the distribution of the path Xf|0 <4<y We want to calculate the exponential

decay rate lim;_.o 7 log B(t). Using lemma 2.2 we can reduce this problem to calculation the
rates for the individual terms in the sum (6.8), as we did in (6.3).
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Because the processes have coinciding jump rates, the whole information about ¥ is con-
tained in the transition frequencies between the different states. Thus define the empirical pair
measure Mm" by m;; = %22:1 L)y (Ye—1,Yy) for all 4,5 € S. Then we have

dpP} Vs ™Y T -1 Yarco - H T\ N @)
0~ -0 0 0 = 0. ,

AP Ty TV T Y Y ijes i

where we use the convention (0/0)° = 1. Defining
Al ={ae R5*S | Zaij log(ﬁj/ﬂ'?j) <0}
2%
we can express the probabilities from (6.8) as
PO dPt >1 PO AN(tl Z] >0 ~ N(t) Al
PP = 2 08 0 P (™" e A).

i,jeS ”
Because the jumps of the embedded Markov chain Y are independent of the jumping
times, and because N (¢) is Poisson distributed, we find

oo

PO(dPtO > 1) ZP ) =n)P (" € A') = Ze—tgpo(m” e AY).
n=0

From Peter Scheffel’s thesis [Sch97| we know the exponential rate for the separation of two
Markov chains. It can be expressed by the spectral radius p (i.e. by the maximum of the

absolute values of the eigenvalues) of the matrices 7(*) with 7T()\J) = (m)M#d) Y for all

A € [0;1]. For irreducible, equivalent Markov chains the following result holds true:

1
lim = log P°(mm" € A') =log inf My,
im —log P°(m" € A') =log ,Jnf (M)

n—oo n

With the help of the following elementary lemma we can transfer this result to our situation.

Lemma 6.2. Let (a,,) be a sequence of positive real numbers. Then

t"
liminf — log Z e t— an > exp (hm 1nf — log an) -1

t—o0 n—oo N

and

1 tm
lim sup - log Z e t— an < exp (hm sup — log an) —1.
t—oo el n! n—oo N

Proof. According to Stirling’s formula we have

nn+1/2
n! ~ V2r ,
e'n,

where ~ indicates, that the quotient of both sides converges to 1 as n — oco. Thus we get

. tn e—ttnen
e *'G/n ~ 7,”‘ —
n! n 2mn

an

an
:exp(—t—nlogn—l—nlogt—i—n—i—logi)
V2mn
n n . n n
—eop(t(-1- 1og "+ 4 " ey) |
exp(t( tOgt+t+tC) (6.9)
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where
an,

2mn
Here the quotient of both sides does not depend on ¢, i.e. the convergence for n — oo is
uniform in ¢.

Now I want to express the right hand side as a function of n/t. In order to do so define the
function g by
ge(x) = =1 —zlogx+ax+a-c

for all x > 0. This function is monotonically increasing in ¢. We will use it to get bounds
on (6.9) in the situation when the sequence (¢, )nen is bounded. Since

gi(z) = —logx—g—&—l—l—c = c—logz,
T

the derivative ¢/, is strictly decreasing with a zero at © = e°. Thus g. attains its global max-
imum at the point €. The value of the maximum is

ge(e€) = -1 —€‘loge® + e+ € c=¢€°— 1.
Now let a = liminf,,_, o }Llog an and € > 0. Then there is an N € N with

an
V2mn

Because lemma 2.2 only applies to finite sums, we will split the infinite sum from the claim
into the summands for n =1,2,..., N — 1 and the remaining tail. For n < N we find

1
— log >a—¢ foralln> N.
n

.1 et ..n .1 an _
tlir(r)lo?loge aan——1+tli>rglo?logt+t£rgogloga——1+0—|—0——1
and with n; = [€*7¢ - t| we conclude for the tail

1 SN
liminf — log Z e*ta an,
n=N

t—oo t

1 tn
> liminf - log (e*t— am)
t—oo ¢ nt! :
! ng Tt Ny ng 1
:hmlnf;(lf(—l — —~log— +—+4+——1o

t

>l
> lim inf go—c (ne/1)
= YJa—e (ea—e)
=€ °—1 foralle >0
ie.
1 =t
. . — a
hggf;log Z e Ean >e* —1.
n=N
Lemma 2.2 gives now the result. Because of e*—1 > —1 the first N—1 terms are not important

and the rate is determined by the tail.
Now let b = limsup,,_, %log an and € > 0. Then there is an N € N with

1 ann?

— log <b+e foralln> N.
n

2mn

For the upper bound we have to consider all terms in the tail: multiplying the numerator and
denominator of equation (6.9) with n? shows, that one can choose N large to obtain

t" 1 n n n nl anpn?
g, < — t(—1——log— 4+ —+ ——1 n )-1
e n!an_nQCXp(( - log +t +t ~log Tﬂ'n) (1+¢)
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for all n > N. (Instead of 1/n? we could have chosen any other summable sequence.) Then we
have

1 o "
. —t
h?iigp n log E e ] an
n=N

_ 1, 1
< lim sup 7 log Z 3 exp(tgpre(n/t))(1+¢)

t—oo =N
_ 1 — 1
< hfiff.fp . log(( Z ﬁ) exp (tgpre (")) (1 + 5))

=™ -1 foralle >0,

ie. X - "
. —t b
h{rlsolipgloch mangc—l.
n=N
Using lemma 2.2 again, we also get the second part of the claim. (qed)

With the help of the lemma we get the main result of this section.

Theorem 6.3. Let X°, X' be two irreducible, equivalent continuous time Markov chains
with finite state space S and generators ¢°,q* € R5*°. Further assume qZ— = —1 for all
i € 8. For \ € [0;1] let the matriz 7™ be defined as above and let p denote the spectral
radius. Then the Bayes risk B(t) for the separation of X° and X' has exponential decay rate

1
lim -1 = i Ay —1.
v t og B(#) 0<H>\1f<1'0(7r )

Proof. Substituting Peter Scheffel’s result for Markov chains into lemma 6.2 gives

o1 o( 4P} i A
o o (224 21) i)

— inf My 1.
o p(m )

Analogous one also gets

lim 1log p} (d—Ptl < 1) = exp(log inf p(7r()‘))) -1
t—oo t P\dp? = 0<A<1

— inf Ny 1.
)

Using lemma 2.2 finished the proof. (qed)

First notice that, in contrast to the Markov chain case, the rate cannot drop below —1. On
a closer look this is not surprising. As we saw in the proof of lemma 6.2, the value —1 is just
the exponential rate for the event, that the process has no jump (or at most N jumps) up to
time ¢. In this case of course we cannot gather any information to distinguish between the two
processes.

Thus the situation is as follows: when the processes are very similar, then the rate p for the
separation of the embedded Markov chains is close to 0 and the rate for the continuous time
case is e — 1 & p, i.e. it is mostly determined by the transition mechanism. In the case of very
different Markov chains, on the other hand, p is significantly smaller then 0 and for continuous
time we get the rate e — 1 =~ —1. Here the rate is mainly determined by the jump mechanism.
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Figure 6.3: The diagram shows one path of a continuous time Markov chain, generated by the

transition mechanism from example 6.2. The question is, whether the process has generator ¢°
1

orq-.

Example 6.2. This example demonstrates, that given the transition matrices it is easy
to explicitly calculate the exponential decay rates for the Bayes risk. Consider the transition
matrices

0 1/3 2/3
=1 2/3 0 1/3
1/3 2/3 0
and
0 2/3 1/3
=113 0 2/3
2/3 1/3 0

Defining 7 as above we get the spectral radius p(7(M) = (21=* + 2*)/3 and consequently
infocrc1 p(r™) = p(x'/?) = /8/3. From Peter Scheffel’s result we get the decay rate of the
Bayes risk for the separation of the two corresponding discrete time Markov chains:

1
lim —log B(\,n) = log(V8/3) ~ —0.059.

n—oo N

The generators for the corresponding continuous time Markov chains are ¢’ = 7% — I for
¥ € {0,1}. Figure 6.3 illustrates one instantiation of this process. From theorem 6.3 we know
the rate for the separation of the continuous time Markov chains. It is

1
lim —log B(t) = inf p(x™)—1=+v8/3 -1~ —0.057.
t—oo t 0<A<1
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Chapter 7

Computational Experiments

In the process of understanding complicated stochastic mechanisms computer simulations can
be a useful tool. The area of large deviation problems places special challenges here. Because
the whole point of large deviation problems is to handle extremely small probabilities, naive
approaches tend to fail here. Some solutions to the resulting problems are illustrated in the
following examples.

The easy way to estimate the probability of an event is to generate many random samples,
to count the number of occurrences of the event in question, and finally to use the law of
large numbers to estimate the probability with the relative frequency. This works well if the
probability is reasonably large. But if n is the maximum number of samples the computer will
generate in the time we are willing to wait, this method won’t work for probabilities smaller
than 1/n, because typically we would observe no occurrences of the event.

Another problem occurs when one tries to sample according to a conditional distribution.
The easy way to do this is to just sample from the full distribution, and to reject every value
which does not meet the condition. But then, again, this will only work if the probability is
not too small, because otherwise we will just have to reject every sample and get no values
which meet the condition.

This chapter presents some methods which are useful to overcome these problems.

7.1 The Euler-Maruyama Method

The basic method to numerically solve stochastic differential equations is the Euler-Maruyama_method
or stochastic_Euler __method. The method is, for example, described in [KP99]. We can use
this method to generate random paths from the solution of a SDE. The results of the sub-
sequent sections can then be used to estimate probabilities or to sample from conditional
distributions.

Consider the stochastic Differential equation

dXt :b(Xt,t)Odt+U(Xt,t)°dBt for 0 <t§T (7].)
Xo=z€RY,

where B is a d-dimensional Brownian motion, b: R¢ x R, — R? is some drift function, and
o: R% x R, — R¥™ is the diffusion coefficient.

Solutions to this method can be approximated as follows: let N € N and At = T/N. Then
define

X() =z
and iteratively

Xp=Xno1 +0(Xo1, (n = 1)AL) - At + (X1, (n — 1)AL)E, - VAL

85
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forn=1,...,N, where &, ...,&y are d-dimensional, i.i.d. standard normal random variables.
Then the distribution of Xy, X1, ..., Xu is an approximation for the distribution of the values
Xo, X1.at, o, XN.A¢-

One of the basic results about this method is the following theorem, which is a direct
consequence of theorem 10.2.2 from [KP99].

Theorem 7.1. Let X be a solution of (7.1) for a Brownian motion B. Define &, =
(Bnat — Bin—1yat)/ VAt and let X, n=0,..., N be defined by the Euler-Maruyama method
with step size At = T/N as above. Furthermore assume that

|b(,t) = by, )| + |o(z,t) — oy, t)| < Kilx —y]
|b(z, t)| + |o(x,t)] < Ka(1+ |2])
b(z, 5) — bz, )| + |o(z,s) — oz, t)| < K3(1+ |2])]s — ¢/

for all z,y € R? and all s,t € [0;T], where the constants K1, K, and K3 do not depend
on N. Then there is a constant K4, which is also independent of N, such that the Euler

approximation X satisfies ~
E(| X7 — Xy|) < KuAtY2.

The theorem shows, that the Euler-Maruyama method gives a pathwise approximation to
the solution. The expected error goes to zero with order 0.5.

Example 7.1. For the Ornstein-Uhlenbeck process with parameter o we have b(z,t) =
—az and o(z,t) = 1 for all x € R, t > 0. The conditions of the theorem are satisfied for
K; = a, K5 = max(1,«) and K3 = 0, so the Euler-Maruyama method will converge pathwise.

The result of a numerical simulation with A¢ = 0.005 is shown in figure 3.1 (page 24).

7.2 Importance Sampling

Importance Sampling is a variation of Monte-Carlo sampling, where we use some knowledge
about the integrated function to reduce the variance of the estimate. This is useful, because
small variance means small errors in the estimate. The basics of this method are explained
in [KW86].
Assume that X, X7, Xo,... is an i.i.d. sequence of random variables and f is a measurable
function. Basic Monte-Carlo integration uses the law of large numbers in the form of
1 n
=~ (X)) — B(f(X)). (7:2)
k=1
The sum of the left hand side is used as an approximation for the expectation on the right
hand side. The speed of convergence is determined by the variance of the left-hand side:

1< 1
\ (f X ) =~ Var(f(X)). 7.3
(5 20 100) = £ Var(7(x) (73)
Now let Y7,Y5, ... be another sequence of i.i.d. random variables, such that the distribution

of Y, has a density g with respect to the distribution of X:

dL(Yy)

= for all N.
g AL(X) or all k €
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Then the law of large numbers gives

1 (V) f(¥h)

g 5(5wm)) (4
-/ %my)dcm(m
= E(f(X)) (7.5)

for n — oo. Again, the sum of the left hand side can be used as an approximation for the
expectation on the right hand side. The variance of f(Y%)/g(Yk) is small, if f and g are ap-
proximately proportional to each other. The boundary case is

_ [
Then all the information about F ( f(X )) is already contained in g and
f(Ye)
9(Ye) B(£(X))

is constant for all k£ € N.
Of course this trick does not change the order of the method. The variance of the estimate

Var(% ; gg’;;) = iVar(ﬁEQi), (7.6)

i.e. the method is still of order 1/4/n, but sometimes one can choose a function g to obtain a
much better constant in the variance.

We are interested in estimating the probability of the event {X € A} for a measurable
set A, i.e. in the case f = 14. Here the Monte-Carlo method (7.2) becomes

n

S 1a(Xs) — P(X € 4)
k=1

1
n
and the variance (7.3) for this estimate is
I 1
odie = Var(= 3" 1a(X0)) = — (P(4) = P(4)?).
k=1

To make importance sampling useful for P(X € A) = 0, we choose random variables Y
with P(Yy € A) > P(X € A). The importance sampling method (7.4) is

The ratio of the variances for the importance sampling method and the Monte-Carlo
method is

1a(X) 2
UIQmp _ E( &X) ) _P(A)

ol | P(A)- P(A?
If g is large on A this ratio becomes small, i.e. in these cases the estimate from the importance
sampling method has a better variance.
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Figure 7.1: This figure illustrates the variance reduction, which can be achieved by deploying
importance sampling. In the upper pictures we estimate the probability that a Brownian motion
exceeds the level 3 before time 1 by generating a sample of 10000 Brownian paths, sampled with
a step size of DT = 0.001, and counting how many of these reach a value greater than 3. The
upper picture gives the histogram for the distribution of 2500 estimates generated in this way.
The lower picture gives the histogram for 2500 estimates obtained by the importance sampling
method from example 7.2. Again each estimate is calculated from a sample of 10000 paths, but
one can see that the estimates obtained by importance sampling are much better concentrated
around the theoretical value 2.69 - 1073,

Example 7.2. To test the importance sampling method we try to use it to estimate the
probability, that a Brownian motion exceeds the level 3 before time 1. We define

A={w:[0;1] = R| sup w; > 3}.
0<t<1
From the reflection principle for a Brownian Motion X we know the exact value of this prob-
ability:
P(XeA)= P( sup X; > 3) =2P(X; > 3) = 0.00269....
0<t<1
For the process Y we can use Brownian Motion with a constant drift, i.e. Y; = X; + bt.

From chapter 1 we know the density

_dL(y)

(w) = exp(b-w; — b*/2).

The result of a numerical simulation is displayed in figure 7.1.

7.3 The Rejection Method

The rejection method is a technique, which can be used to generate samples according to a
distribution where the density with respect to some original measure is given. Further details
can be found in [Knu81]. The book [PTV92] contains a sample implementation.
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Theorem 7.2 (rejection method). Let f, g be probability densities on some measurable
space (X, F,pu) and A > 1 be a number with A\f > g. Let (X, )nen be an i.i.d. sequence of
random variables with values in X and density f, and let (Up)nen be an i.i.d. sequence of
random variables, uniformly distributed on the interval [0;1], independently of the (X,,).
Define N = min{n € N | AU, f(X,) < g(X,) }.Then the distribution of Xy has density g
on (X, F, pn).

Thus the algorithm works as follows. Assume that we want to generate random values
according to a probability density g. We first have to find another density f and a number
A > 1 with Af > g, where we can already generate random values according to the probability
density f. To sample for the density g one has to perform the following steps.

step 1: generate a random value X according to f
step 2: generate a random value U, uniformly distributed on [0; 1]
step 3: if U - Af(X) > g(X) go back to step 1
step 4: emit X
Because it gives some insights I reproduce the proof of the theorem here.

Proof. Given the value of X,,, it is accepted with probability g(X,,)/Af(X,). So the total
probability that X, is accepted, is

POV 1Y) < 0(X,) = [ 22 @y duta) = 1

The value N is geometrically distributed with parameter 1/XA and for every set A € F and
n € N we get

P(X, € AN = n) = /A(1 - i)“;’;z)f(x) du(x)

= (1 - %)k_li . /Ag(x) du(x).

Summation over n gives

P(Xy€eA) = Z P(X,€AN=n)= / g(x) du(x).

neN A

This proves the claim. (qed)

If we want to use this method to simulate a conditional distribution P(- | A) we proceed
as follows. We choose some density ¢ where A has a high enough probability wrt. ¢ and where
we can generate random values which are distributed according to ¢. For the algorithm we
choose the densities f and g with

_ v@)lax) _ La(2)
flx) = W and g(z) = P(A)

Because A has a high enough probability wrt. ¢ we can get samples according to f from the
naive algorithm. The density ¢ is the density of the conditional distribution which we are
interested in. For A we can choose

) B [, pdP
A= esg?es;lp g(z)/ f(x) = P(A)essinf,ca o(z)

One good thing about the algorithm is, that we do not need to know the probabilities P(A)
and [ 4 #dP in order to apply it: the condition

AU f(X) < g(X)
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for accepting a value becomes
Up(X) < esseig‘lf o(x) (7.7)

here.

To generate one random value which is distributed according to f, we need in the mean
1/ [ 4 ¢ dP values which are distributed according to . From the proof above we know that in
the theorem the number N of necessary input sample values is geometrically distributed with
parameter 1/X. The mean value is E(N) = A. So in the mean we have to generate

1 1

"= J,pdP A= P(A)essinfyea () (78)

values distributed according to ¢ in order to get one value distributed according to g. If ¢ is
concentrated near A this can be much better than the value 1/P(A) from the naive algorithm.

Example 7.3. We can use the rejection method to simulate a Brownian Motion on the
time interval [0;¢] conditioned on the event that fot B2ds < ¢ for a small value of & and
|Bt| < ¢ for some ¢ > 0.

Because the integral condition is only satisfied for paths which stay most of the time near
the origin, we use an Ornstein-Uhlenbeck process to sample the original random paths. From
formula (3.3) we know that the density of an one-dimensional Ornstein-Uhlenbeck process
with parameter a > 0 is

2 ot
_ Qo oy 7 2
@t(w)—exp<2(t w;i) 5 /Owsds)
for all w € C([0;¢t],R). On the set

A = {w e 0([0;1], R) ] /twgds <ol < c}
0

we find
2

o o
inf = (— t—c?) — — )
ess in vi(z) = exp 2( ) 5 €

Thus from condition (7.7) we conclude, that we should accept a path of the Ornstein-Uhlen-
beck process, if it is in A. and additionally satisfies

a o2 [t N o2
Uexp(a(t—Xf)—7/0 des) Sexp(i(t_c2)_7€>

or equivalently

2 t
USexp(—%(cQ—Xf)—%(s—/ des)).
0

We want to keep the mean number of samples used from equation 7.8 small. Assume ¢? <
t, now. Because of

1
" T P(A) essinfaen. ()
1 o? o 9
= P4 exp( e - 5t=)

= P(ilg) exp((a\/?— (t— 02)/@)2 —(t— 02)2/85)

we will then choose

\/8¢ Ve 2e
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Figure 7.2: Sample path of a Brownian motion on the interval [0;1], conditioned on the event

that fol B2ds < 0.01 and |B1| < 0.5. This figure was created with the rejection method described
in example 7.3.

to get the optimal mean number of samples used to produce one path from the conditioned
Brownian motion, which is
exp(—(t — c?)?/8¢)

mE) = T h)

Using lemma 4.3 we can conclude

t2 _ (t _ 02)2

. * _ ) 2 BT _
lelﬁ)lelogm (e)=—(t—c*)"/8 18%1510%1[’(145) 3

So the number of necessary samples still grows exponentially for ¢ | 0, but with a better
exponential rate than the original ¢ /8.

To illustrate the effect we can try this with ¢ = 1, ¢ = 0.5, and ¢ = 0.01. I simulated
1000000 path with step size At = 10~° each. The results are summarised in the following
table. One of the resulting paths is shown in figure 7.2.

‘ naive method rejection method

input samples 1000000 1000000
samples according to f — 130813
accepted samples 0 914

So this is one of the cases where the rejection method works quite well, but the naive ap-
proach fails.

7.4 Sampling Bridges

Using the Euler-Maruyama from section 7.1 works well for ordinary stochastic differential
equations, but it does not allow to sample a process conditioned on a given value for the end
point. In order to simulate the process conditioned on the end point (a bridge), we need more
sophisticated methods. This section describes such a method.

The basic principle used here is the Langevin_method. Given a probability distribution pu
with density ¢ on R?, we consider the stochastic differential equation

dZ, = gradlog o(Z;) « dt + /2 « dB,. (7.9)

From theorem 1.4 we know, that this process has a stationary distribution g. Assuming er-
godicity for Z we can approximate the distribution p by simulating a solution of (7.9) and



92 CHAPTER 7. COMPUTATIONAL EXPERIMENTS

taking Z; for large ¢, and we can approximate expectations [ fdu by numerically evaluating
fg f(Zs) ds for large t.

For constants ¢ € R we have gradlog(cy) = grad(logc + log¢) = gradlog ¢, i.e. we can
determine the drift for the SDE (7.9) even if we only know the density ¢ up to a constant.

Now assume we want to simulate solutions of

dXt:f(Xt)Cdt+dBt fOI'O<tST

(7.10)
Xo=a€eR,

where B is a 1-dimensional Brownian motion and f: R — R is some drift function, but
conditioned on X7 = b € R. We can get an approximation (X0, X1,...,XN) € RN+ of the

unconditioned solution via Euler method. X = (Xj,..., Xy) is a random vector in R with
density
N 2
(x TN) = 71 ex (— Z (xn —Tn-1 f(l‘n,l)At) )
<)0 13-y LN (zﬂ_At)N/Q p —~ 2At
where we use xg = a as an abbreviation. The conditional density of the vector ()~(1, X N-1),

conditioned on X N = b is then

(xn —Tp—-1— f(mn—l)At)2)
2A¢

] =

o(x1,...,en_1lzy =b) = CeXp(—

Il
_

n

where on the right hand side xy = a, xty = b, and ¢ is the normalising constant, which
makes the function a probability density again. We want to apply the Langevin method to this
probability density.

Define N )
(zn —Tpn—1 — f(xn—l)At)
I e 1) =
(T1,...,2N-1) ; oAt )
then the drift for the Langevin equation is gradlog (- |zy = b) = —grad I and we get the

Langevin equation ~ ~ ~

dZ, = —VI(Z) s ds + V2dB,.
For a (N — 1)-dimensional Brownian motion B. I use s for the time in the Langevin equation
here to distinguish it from the time ¢ in the SDE (7.10).

Because here we are only interested in the stationary distribution of this SDE, we can
freely rescale time in the Langevin equation. After the s-time transformation Z; = Z;/A; and

B, = Bs/At we get the SDE

1 2
A7y = 5 VI(Zy) + ds+ | 1 dBx. (7.11)

where B is another (N — 1)-dimensional Brownian motion. A direct calculation gives

1 _ Tpy1 — 2Ty, + Tp—1
Tl = T
- f(xn)f/(zn)
f(xn) - f(‘rnfl) / Tpn+1 — Tn
- At +f (IEn)T (7.12)

where we again use the abbreviations xg = a and xny = b. The reason for rescaling the s-
time is, that now the first term on the right hand side is a discretized version of the Laplace
operator and one could hope that for N — oo the (N — 1)-dimensional SDE (7.11) converges
to a stochastic partial differential equation on R, x [0; 7.

The method to simulate a solution X of the SDE (7.9) conditioned on the end point
X7 works now as follows. First calculate the corresponding drift for the Langevin equation
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Figure 7.3: This figure shows a path of an Ornstein-Uhlenbeck process with parameter « = 5
and start in 2, conditioned on X1 = 5. The simulation was done using the Langevin method
from example 7.4. The simulation parameters are N = 1000, At = 0.001, and As =5-107".

using formula (7.12). Then use this drift to simulate a solution (Z) of (7.11) using the
Euler-Maruyama method. The initial value Zj is arbitrary. One could, for example, use lin-
ear interpolation between the a and b. Now get Z, for a large time s. Then the components
Zs1,.--5Zs,N—1 are an approximation for Xi.a¢,..., X(n—1).pr. Of course the problem with
this method is to find good values of s.

Note that quite a small step size in s-direction is necessary, in order to keep the method
stable. If the running time of the program is an important factor, then methods like the impli-
cit Euler-Maruyama method or the Crank-Nicholson scheme, which allow greater step sizes in
s-direction might be advantageous.

Example 7.4 (Ornstein-Uhlenbeck bridges). We can use the method described in this
section to simulate paths from the Ornstein-Uhlenbeck process with given initial and final
values.

Consider the SDE
dX; = —aXiedt+dB; forO0<t<1

with o > 0 and boundary conditions Xo = a and X; = b. Then we have f(x) = —ax and
equation (7.12) becomes

1 anr] — 2',1:7’7, + Tn—1
—— I (x) =
Al @) At2
— Oé2$n
—Tnp41 + an — Tp—1
e At
o anrl - 21'77. + Tp—1 2
= (1 — aAt) A —ax,.

Figure 7.3 shows the result of a numerical simulation, using this method.
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List of Symbols

14 the indicator function of the set A, i.e. 14(x) =1if v € A and 14(z) =0 else
(A) the indicator function of the set A, used if A is an complicated expression (page 62)
Bj(x) the open ball with radius ¢ around x

B(\,t) the Bayes risk for the separation of two processes, observed until time ¢, for a priory
distribution A (p. 75)
B(R%) the Borel-o-algebra on R¢
Co([0;t], R?) the space of all continuous functions from the interval [0;¢] into R (page 20)
Exp(A) the exponential distribution with parameter A
Iy the d x d identity matrix
K, the closed ball with radius r around the origin: K, = {z | |z| <7 }.
A? the d-dimensional Lebesgue measure (p. 16)
N the natural numbers 1,2,3,...

No the natural numbers including the zero: 0,1,2, ...
N (p,0?) the Gaussian distribution with expectation y and variance o2
Prob(R?) the space of all probability measures on R?

R, the positive real numbers, i.e. R, = [0;00)
p(A) the spectral radius of the matrix A, i.e. the maximum of the absolute values of the ei-

genvalues of A

s At the minimum of the numbers s and ¢
sVt the maximum of the numbers s and ¢
VY(f) the total variation of the function f between a and b (p. 69)

W the Wiener measure on the path space

W. the law of scaled down Brownian motion (p. 20)

|| the largest integer smaller or equal to the real number

[2] the smallest integer greater or equal to the real number z

+

¥, 2~ the positive part resp. negative part of z € R. This is defined as ™ = max(0,z) and

x~ = max(0, —x).
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Index

Anderson’s inequality 31

Bayes risk 75

— for constant drift 76
— for Markov chains 82
— for OU processes 78

beautiful proof 14
bridges 91

Cameron-Martin-Formula 25
continuity set 19
contraction principle 15
diffusion coefficient 7
diffusion process 7
—, density of 9

drift function 7

—, constant 9, 76

empirical distribution 19
Euler-Lagrange equations 42
Euler-Maruyama method 85

Freidlin-Wentzell Theory 22
Girsanov-Formula 8
importance sampling 86

Langevin method 91

Laplace principle 16

Laplace transform 27

LDP 11

—, weak 11

— for empirical distributions 19
— for paths with small L2-norm 31
— for sample paths 20, 22

— for stationary distributions 18
— for strong drift 25, 69, 71, 73
Lipschitz condition 7

occupation measure, empirical 19
Ornstein-Uhlenbeck process 10, 23
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—, separation of 77

— conditioned on the endpoint 93
— with strong drift 24

projective limit 16
rate function 11
—, good 11

rejection method 89
reversible diffusion 8

small noise 20, 22
stationary distribution 8, 16
— of the OU process 23
stochastic Euler method 85
strong drift 16, 24, 37

theorem, Tauberian 27

— of Dawson-Gértner 16
— — de Bruijn 27

— — Kolmogorov 8

— — Schilder 20
tightness, exponential 12

trace of a path 43
ugly calculation 50

Varadhan Lemma 16
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