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Preface

This collection of papers on stochastic analysis is dedicated to Profes-
sor Heinrich von Weizsécker on the occasion of his 60th birthday. The
papers, written by a group of his students, coauthors, friends and col-
leagues, capture various important trends in the field, providing overviews
of recent developments and often new results. They also give a hint of
many of Heinrich’s interests, and the profound influence he has, both
within the field and on his collaborators. All papers have been peer-
reviewed.

Heinrich von Weizsécker began his research in mathematics as a grad-
uate student in the early seventies. At the time, his focus was on real
analysis and measure theory. He obtained his Doctorate at the Ludwig-
Maximilian-Universtat Miinchen in 1973 under the supervision of Pro-
fessor Hans Richter, for a thesis entitled ‘Vektorverbénde und mefibare
Funktionen’ (Vector lattices and measurable functions). In 1977 he de-
fended his habilitation with a thesis entitled ‘Einige mafltheoretische
Formen der Sétze von Krein-Milman und Choquet’ (Some measure the-
oretic variants of the theorems of Krein-Milman and Choquet) and after
brief spells at the universities of Regensburg and Marburg, he moved to
a chair at Universitdt Kaiserslautern.

In Kaiserslautern he built a strong research group, focusing more and
more on stochastic analysis. He supervised a total of 11 PhDs and two
habilitations; six of his former students remain in academia today. His
current PhD students are Richard Kiefer, Martin Kolb and Yang Zou.



2 Preface

On the occasion of his 60th birthday, in April 2007, many of his former
students, collaborators and friends met for an international conference
on Real and Stochastic Analysis at the University of Kaiserslautern.
Some of the contributions to this volume were inspired by presentations
given at this conference, but most of them are specially written sur-
vey papers, chosen to reflect some of the important modern trends in
stochastic analysis and neighbouring fields.

We hope that this book is not only a valuable guide to some modern
trends in stochastic analysis for the research community, but also a show-
case for the diversity of research activities in which Heinrich’s former
students and colleagues endulge. As such it is the best evidence of the
lasting mathematical and personal influence of Heinrich von Weizsacker.

Jochen Blath
Peter Morters
Michael Scheutzow
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Random variables — without basic space

Gotz Kersting

Fachbereich Informatik und Mathematik
Universitat Frankfurt
D-60054 Frankfurt am Main, Germany

Abstract

The common definition of a random variable as a measurable function
works well ‘in practice’, but has conceptual shortcomings, as was pointed
out by several authors. Here we treat random variables not as derived
quantities but as mathematical objects, whose basic properties are given
by intuitive axioms. This requires that their target spaces fulfil a mini-
mal regularity condition saying that the diagonal in the product space is
measurable. From the axioms we deduce the basic properties of random
variables and events.

1.1 Introduction

In this paper we define the concept of a stochastic ensemble. It is our
intention thereby to give an intuitive axiomatic approach to the con-
cept of a random variable. The primary ingredient is a sufficiently rich
collection of random variables (with ‘good’ target spaces). The set of
observable events will be derived from it.

Among the notions of probability it is the random wvariable which in
our view constitutes the fundamental object of modern probability the-
ory. Albeit in the history of mathematical probability events came first,
random variables are closer to the roots of understanding nondetermin-
istic phenomena. Nowadays events typically refer to random variables
and are no longer studied for their own sake, and for distributions the sit-
uation is not much different. Moreover, random variables turn out to be
flexible mathematical objects. They can be handled in other ways than
events or distributions (think of couplings), and these ways often con-
form to intuition. ‘Probabilistic’, ‘pathwise’ methods gain importance
and combinatorial constructions with random variables can substitute
(or nicely prepare) analytic methods. It was a common belief that first

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
Published by Cambridge University Press. (©Cambridge University Press 2008.
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of all the distributions of random variables matter in probability, but
this belief is outdated.

Today it is customary to adapt random variables to a context from
measure theory. Yet the feeling has persisted that random variables are
objects in their own right. This was manifest, when measure theory
took over in probability: According to J. Doob (interviewed by Snell
[9]) ‘it was a shock for probabilists to realize that a function is glorified
into a random variable as soon as its domain is assigned a probability
distribution with respect to which the function is measurable’. Later the
experts insisted that it is the idea of random variables which conforms to
intuition. Legendary is L. Breiman’s [2] statement: ‘Probability theory
has a right and a left hand. On the right is the rigorous foundational
work using the tools of measure theory. The left hand “thinks proba-
bilistically,” reduces problems to gambling situations, coin-tossing, and
motions of a physical particle’. In applications of probability the concept
of a random variable never lost its appeal. We may quote D. Mumford
[8]: ‘There are two approaches to developing the basic theory of proba-
bility. One is to use wherever possible the reduction to measure theory,
eliminating the probabilistical language ... The other is to put the con-
cept of “random variable” on center stage and work with manipulations
of random variables wherever possible’. And, ‘for my part, I find the
second way ...infinitely clearer’.

Example To illustrate this assertion let us consider different proofs of
the central limit theorem saying that (X; + ...+ X,,)/v/n is asymp-
totically normal for iid random variables X7, Xs,... with mean 0 and
variance 1. There is the established analytic approach via characteristic
functions. In contrast let us recall a coupling method taken from [2],
which essentially consists in replacing X;,..., X,, one after the other by
independent standard normal random variables Yi,...,Y,. In more de-
tail this looks as follows: Let f : R — R be thrice differentiable, bounded
and with bounded derivatives. Then it is sufficient to show that

B[p(FE) - ()]

converges to zero. The integrand may be expanded into

3 [1(Z) (%)
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with Z;, = X3 +---+ X; + Y41 +---+Y,. By means of two Taylor
expansions around U; := X1+ -4+ X;_1+ Y11+ - +Y, the summands
turn into

v 2 _y2
S U + S ) + 0p (07

2n
Taking expectations the first two terms vanish because of independence,
and a closer look at the remainder gives the assertion (see [2], page 168).
O

From an architectural point of view these considerations and statements
suggest that we try to start from random variables in the presentation of
probability theory and therewith to bring intuition and methods closer
together — rather than to gain random variables as derived quantities
in the accustomed measure-theoretic manner. We like to show that this
can be accomplished without much technical effort. For this purpose we
may leave aside distributions in this paper.

Let us comment on the difference of our approach to the customary one
of choosing a certain o-field £ on some basic set {2 as a starting point
and then indentifying events and random variables with measurable sets
and measurable functions. In our view this is a set-theoretic model of
the probabilistic notions.

To explain this first by analogy let us recall how natural numbers are
treated in mathematics. There are two ways: Either one starts from the
well-known Peano axioms. Then the set of natural numbers is the object
of study, and a natural number is nothing more than an element of this
structured set. Or natural numbers are introduced by a set-theoretic
construction, e.g. 0:= 0,1 := {0},...,n+1:=nU{n},... (see [7]).
This setting exhibits aspects which are completely irrelevant for natural
numbers (such as n € n+1 and n C n+1) and which stress that we are
dealing with a model of the natural numbers. Different models may each
have additional properties and structures which are actually irrelevant
(and to some extent misleading) for the study of natural numbers. It is
not important that they are ‘isomorphic’ in any respect.

Analoguous observations can be made in our context, if events and
random variables are represented by a measure space (2,€) and asso-
ciated measurable functions. Note the following: There are subsets of
{2 not belonging to &£, which are totally irrelevant. To some extent this
is also true for the elements w of 2 (as also Mumford [8] pointed out;
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already Caratheodory considered integration on spaces without points
in his theory of soma [3]). The ‘small omegas’ do not show up in any
relevant result of probability theory, and one could do without them, if
they were not needed to define measurable functions. Next the notion
of a random variable is ambiguous: There are random variables and
a.s. defined random variables, represented by measurable functions and
equivalence classes of measurable functions. This distinction, though un-
avoidable in the traditional setting, is somewhat annoying. Finally note
that probabilists leave aside the question of isomorphy of measurable
spaces.

All these observations indicate that measurable spaces and mappings
indeed make up a model of events and random variables. This is not
to say that such models should be avoided, but one should not overlook
that they might mislead. Aspects like the construction of non-Borel-sets
are of no relevance in probability and may distract beginners. Also one
should be cautious in giving the elements of {2 some undue relevance
(‘state of the world’), which may create misconceptions.

Example This example of possible misconception is taken from the
textbook [1] (Example 4.6 and 33.11). Let §2 = [0, 1], endowed with the
Borel-o-field and Lebesgue-measure A. Let F be the sub-o-field of sets
B with A(B) =0 or 1. Then F presents an observer, who lacks informa-
tion. It is mistaken to argue that F presents full information, because
it contains all one-point sets such that the observer can recognize which
event {w} takes place and which ‘state’ w is valid. Therefore for any
Borel-set E C {2 the conditional probability A(E|F) is A(E) a.s., and in
general not 1p a.s. O

The eminent geometer H. Coxeter pinpoints such delusion due to mod-
els in stating: ‘When using models, it is desirable to have two rather
than one, so as to avoid the temptation to give either of them undue
prominence. Our ...reasoning should all depend on the axioms. The
models, having served their purpose of establishing relative consistency,
are no more essential than diagrams’ (see Section 16.2 in [4]). Coxeter
has the circle and halfplane models of hyperbolic geometry in mind, but
certainly his remark applies more generally.

An axiomatic concept of random variables should avoid the asserted
flaws. The reader may judge our approach from this viewpoint. This
paper owes a lot to discussions with Hermann Dinges, who put forward
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related ideas already in [5] (jointly with H. Rost). For further discussion
we refer to H. Dinges [6] and D. Mumford [8].

The paper is organized as follows. In Section 1.2 we have a look
at those properties of events and random variables independent of a
measure-theoretic representation (this section may be skipped). In Sec-
tion 1.3 we discuss the class of measurable spaces which are suitable
to serve as target spaces of random variables. Section 1.4 contains the
axioms for general systems of random variables, which we call stochastic
ensembles. In Section 1.5 we derive events and deduce their properties
from these axioms. In Section 1.6 we discuss equality and a.s. equality
of random variables. In Section 1.7 we address convergence of random
variables in order to exemplify how to work within our framework of
axioms.

1.2 Events and random variables — an outline

Random variables and events rely on each other. Random variables can
be examined from the perspective of events, and vice versa. In this
introductionary section we describe this interplay in an non-systematic
manner and detached from the measure-theoretic model.

The field £ of events is a o-complete Boolean lattice. In particular:

e Each event E possesses a complementary event E°.

e For any finite or infinite sequence F1, Fs, ... of events there exists its
union |J,, £, and its intersection (), E,.

e There are the sure and the impossible events Ey. and Eiyp.

Also Ey C Es, iff E1N Ey; = E4. Since events are no longer considered as
subsets of some space, unions and intersections have to be interpreted
here in the lattice-theoretic manner.

A random variable X first of all has a target space S equipped with a o-
field B. Intuitively S is the set, where X may take its values. Collections
of random variables obey the following simple rules:

e To each random variable X with target space S and to each measur-
able ¢ : S — S’ a random variable with target space S’ is uniquely
associated, denoted by ¢(X).

e To each sequence X, Xy,... of random variables with target spaces
S1, 52, ... arandom variable with target space S; x Sy X - -+ equipped
with the product-o-field is uniquely associated, denoted by (X1, Xo, . ..).
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The corresponding calculation rules are obvious; we will come back to
them. We point out that not every measurable space is suitable as a
target space — a minimal condition will be given in the next section.
Uncountable products ®;¢;7(S;, B;) of measurable spaces are in general
not admissible target spaces. This conforms to the fact that in prob-
ability an uncountable family of random variables (X;);c; is at most
provisionally considered as a single random variable with values in the
product space, before proceeding to a better suited target space.

The connection between random variables and events is established by
the remark that to any random variable X and to any measurable subset
B of its target space S an event

{X € B}

is uniquely associated. The events {X € B} uniquely determine X,
where B runs through the measurable subsets of S. The calculation
rules are

{xeUsn.} = Utxe B}, {xeNB.} = NiXeB.},
{XEB:} = {X enB}“, {Xes} = E:m.e, {X e%} = Finp,

where B, Bi, Bs, ... are measurable subsets of the target space of X.
If these properties hold, the mapping B — {X € B} is called a o-
homomorphism. Moreover

{o(X) € B’} = {X € B}, where B=p (B')
{(Xl,XQ,...) € B X By X } = ﬂ{X" S B”}.

From the perspective of events the connection to random variables is as
follows: For any event E there is a random variable Iy with values in
{0,1}, the indicator variable of E, fulfilling

(I =1} = B, {Iy =0} = E".

For any infinite sequence E1, F», ... of disjoint events there is a random
variable N = min{n : E, occurs} with values in {1,2,...,00} such
that

{N=n} = B, {N=oc} = [E;.

For any infinite sequence E7, F, ... of events (disjoint or not) there is a
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random variable X and measurable subsets By, Bs, . .. of its target space
such that

{X S Bn} = En

for all n (see Section 1.5).

This is roughly all that mathematically can be stated about events and
random variables. A systematic treatment requires an axiomatic ap-
proach. There are two possibilities, namely to start from events or to
start from random variables.

Either the starting point is the field of events, which is assumed to
be a o-complete Boolean lattice £. Then a random variable X with
target space (S, B) is nothing else but a o-homomorphism from B to
E. Tt is convenient to denote it as B — {X € B} again. In this
approach some technical efforts are required to show that any sequence
X1, Xs,... of random variables may be combined to a single random
variable (X7, Xs,...).

Starting from random variables instead is closer to intuition in our
view. Also it circumvents the technical efforts just mentioned. This
approach will be put forward in the following sections.

1.3 Spaces with denumerable separation

Not every measurable space qualifies as a possible target space. We
require that there exists a denumerable system of measurable sets sep-
arating points.

Definition A measurable space (S, B) is called a measurable space with
denumerable separation (mSdS), if there is a denumerable C C B such
that for any pair x # y of elements in S there is a C € C such that
xeCandy &C.

Examples

(i) Any separable metric space together with its Borel-o-algebra is
an mSdS. This includes the case of denumerable S and in fact
any relevant target space of random variables considered in prob-
ability.

(i) If (S1, By), (S2,Ba), . .. is a sequence of mSdS, then also the prod-
uct space ®,(S,,B,) is an mSdS. Indeed, if C;,Cy,... are the
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separating systems, then

C o= (JSx - x8GaxCy xSy x- 1 Cy€Cy}

is denumerable and separating in the product space.

(iii) An uncountable product of measurable spaces is not an mSdS (up
to trivial cases). The reason is that this product-o-field does not
contain one-point sets (see below). O

An mSdS (5, B) has two important properties. Firstly one point subsets
{z} are measurable, since

z}= (1 ¢
CceC,zeC
for all x € S. Secondly the ‘diagonal’
D = {(z,y) €S : z=y}
is measurable in the product space (5%, B?), since
D= [CxCuCxC. (1.1)
cec

These properties are crucial for target spaces of random variables. Re-
markably the second one is characteristic for mSdS.

Proposition 1.1 A measurable space (S, B) is an mSdS, if and only if
D e B.

Proof. It remains to prove that D € B? implies the existence of a
denumerable separating system C. Let

F = U o(C)®a(C),
C

where o(C) is the o-field generated by C and the union is taken over all
denumerable C C B. F is a sub-o-field of B ® B containing all By x Bs
with By, By € B, thus

BeB = JoC)@a(C)
C

By assumption it follows that D € ¢(C) ® o(C) for some denumerable
C C B. We show that C U{C*® : C € C} is a separating system. Let
x,y € S,z #y. Then D does not belong to the o-field

G = {BeolC)®al) : {(z,x),(y,z)} C Bor {(z,x),(y,z)} C B}.
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It follows that G # o(C) ® o(C), thus there are By, By € o(C) such that
B; x By ¢ G. Thus By contains z or y, but not both, and consequently
is not an element of the o-field

H = {Be€o(C):{x,y} C Bor{ry} C B}

Thus H # o(C), therefore there is a C' € C such that x or y are elements
of C, but not both. This finishes the proof. |

The property of denumerable separation proves useful also in the study
of o-homomorphisms between measurable spaces.

Proposition 1.2 Let (S, B) be a mSdS, let (£2,€) be a measurable space
and let h : B — & be a o-homomorphism. Then there is a unique mea-

surable function n: 2 — S such that n=*(B) = h(B) for all B € B.

Proof. First we prove that h is not only a og-homomorphism but a
T-homomorphism, that is

nB) = |J h({z}) (1.2)
reB

for all B € B. For the proof let {C,C,,...} be a separating system of
B. Because h is a o-homomorphism,

h(B) = [MBNC,)Uh(BNCE).

Since we consider sets here, this expression may be further transformed
by general distributivity: Denoting C;f := C, and C, := C¢

B = UNwBne®) = Jn(Bncx),

where the union is taken over all mappings x : N — {+,—}. Since
{C1,C5, ...} is a separating system, [, CX™ contains at most one el-
ement, and for each z € S there is exactly one x such that {z} =
N, X" Therefore (1.2) follows.

In particular 2 = J, g M({z}). This enables us to define 7 by means
of

nw)=z &= weh({x}),

that is n=1({z}) = h({x}). From (1.2)

hB) = |Jn'(z}) = n7'(B).

r€EB
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In particular 7 is measurable. g

1.4 The axioms for random variables

In this section we introduce the concept of a stochastic ensemble Rg,
S € T. We require the following properties:

T is a collection of elements, which we call target spaces. They are
assumed to be measurable spaces (5, B) with denumerable separation.
Since in concrete cases it is always clear which o-field B is used within
S, we often take the liberty to call S the target space and to suppress
B.

Rs is a set for each S € 7. Its elements are called random variables,
more precisely random variables with target space S. For X € Rg we
also say "X takes values in S’ and write

XS

X, Y ~ S means X,Y € Rg.

Four axioms are needed to make this concept work. The first two en-
sure that stochastic ensembles are sufficiently rich. (Of course products
of target spaces are always endowed with the product-o-field.)

Axiom 1 {0,1}* € T forn=1,2,...,00. Moreover, if Si,...,S, € T,
then also S} x ---x S, € T.

This axiom contains the minimal assumptions needed for our purposes.
In view of Axiom 3 below one might prefer to require that also countably
infinite products of target spaces always belong to 7. This is a matter
of taste — then 7 will be enlarged dramatically.

Axiom 2 There are S € T and X, Y ~ S such that X #Y.

The other two axioms describe how to build new random variables from
given ones. The next axiom states that random variables transform like
ordinary variables.

Axiom 3 To each random wvariable X ~ S and to each measurable
mapping @ : S — S’ with S’ € T a random variable X' ~ S’ is uniquely
associated denoted X' = ¢(X). These random variables fulfil

d(X) = X
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and
(Yop)(X) = P(p(X)),

whenever such expressions may be formed.

In the next axiom 7; : S; X S9 X -+ — S; denotes the projection mapping
to the ith coordinate,

7T7;(£L’1,£L'2, .. ) = ;.

m; is measurable.

Axiom 4 Let S1,Ss,... be a finite or infinite sequence of target spaces
such that also S x Sy X ... belongs to T. Then to any X1 ~ S1, X9
So, ... a random wvariable X ~ S; X Sy X --- is uniquely associated
characterized by the property

for alli. It is denoted X = (X1, X, ...) and called the product variable
Ole,XQ, “oes

Axioms 3 and 4 can be summarized as follows: If X1 ~ S1, Xo ~ Sy, ...
and if ¢ : S1 xSy -+ - x — § is measurable, then we may form the random
variable

<,0(le XQ, .. ) = ¢(X)
with X = (X1, X, ...), provided the product space belongs to 7. Also
7/1(@1(X1,X2, . ')7 @Q(XlaX% o ')7 s ) = (w © (<)017 (2 '))(X17X27 o )
(1.3)
for suitable measurable mappings ¥, ¢1, ¥s, ... Indeed: From Axiom 3
we obtain

Wf((<ﬂ1,8027~--)(X)) = pi(X),

thus (1, pa,.. )(X) = (p1(X), p2(X),...) from Axiom 4 and (1.3) fol-
lows from Axiom 3.

Examples

(i) Real-valued random variables. As to a concrete example let
us look at real-valued random variables. Then 7 has to contain
R? for d = 1,2,.... The ordinary operations within R transfer to



24

(if)

(iii)

Gotz Kersting

random variables without difficulties. For example, for X7, X5 ~
R we may define X; + Xy := (X3, X5) using the measurable
mapping ¢(x1, z3) := x1 +x2. The calculation rules transfer from
the real numbers to random variables by means of (1.3), i.e.

(X1 +X2) + X3 = (@o(po(m,m),m3)) (X1, Xa, X3)
= (po(m,po(m,m))) (X1, X, X3) = X1+ (X2 + X3)

Other operations such as |X| and max(X7, X3) are introduced in
much the same way.

Random variables with constant value. Each element ¢ of
some target space S may be considered as a random variable: Let
¢+ S’ — S be any mapping taking only the value ¢ and choose

’ is measurable. It is easy to

any random variable X’ ~ S’. ¢
show that ¢’ (X”) only depends on ¢: If ¢/ (X”) is another choice,
then by Axioms 3 and 4 ¢/'(X') = (¢ o @/} (X', X") = (¢" o
7N X', X") = ¢"(X"). Tt is consistent to denote this random
variable by ¢ again. Indeed a measurable mapping ¢ may now
be applied to ¢ in two different meanings, but the result is the
same because of (¢ (X)) = (¢ o ¢')(X’) and the observation

that ¢ o ¢ takes the constant value ¢(c).

Measure-theoretic models. For any collection 7 of target
spaces we get examples of stochastic ensembles by choosing some
basic measurable space (£2,€) and then letting Rgs :={X : 2 —
S| X is measurable}, S € T, p(X) := po X and (X1, Xo,...) the
product mapping. These are the canonical models. If a prob-
ability measure is given on the basic space, then also the sets
R = {[X]| X € Rg} make up a stochastic ensemble, where
[X] denotes the equivalence class of measurable functions, which
are a.e. equal to X. Here @([Xl], [X2], .. ) = [<p(X1,X2, .. )],
([X1], [Xa],...) == [(X1,X5,...)]. The axioms are trivially ful-
filled. Note that such stochastic ensembles do not consist of mea-
surable functions in general. O

(1.3) says in short that ordinary variables may be replaced by random

variables in functional relations. The following proposition substantiates

this statement.
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Proposition 1.3 Let S, 5, Sy, S be target spaces and let p; : S1 X Sy —
S, ;2 S1 xSy — S, i =1,2 be measurable mappings fulfilling

er(z,y) = @a(ry) = Pulz,y) = va(z,y)
forallx € S1,y € Sy. Let also X ~S1, Y ~ S5. Then
e1(X,Y) =pa(X,Y) = i(X)Y)=1(X)Y).

The proposition comprises the possibility that ¢; and ¢; do not de-
pend on x or y. Note that e.g. ¢(z,y) = ¢'(z) for all z,y implies
o(X,Y) = (¢ om)(X,Y) = ¢'(X) by Axioms 3 and 4.

Proof. Let z = (z,y) and Z = (X,Y"). Consider § : SxSxS5" xS — 5,
given by
N v ifu=w,
6w, 0,0, 0) o= {v’ if u # v.

f is measurable, owing to the fact that the diagonal in S x S is measur-
able. Then
0(1(2), ¢1(2), ¥1(2),¥2(2)) = ¥1(2),

whereas by assumption

0(901(2)7 902(2)71/}1(2)71#2(2)) = ¢2(Z)

By means of (1.3) replace the variable z by the random variable Z in

these equations. Then by assumption the left-hand sides coincide, and
our claim follows. m|

1.5 Events

To each random variable X ~ S and to each measurable subset B C S
we associate now an event, written as

{X € B}.

In particular, since target spaces contain one point sets, we may form
the events

{X =2} = {Xe{z}}, z€S8.

In order to carry out calculations, we have to define equality of events.
Here we use that the characteristic function 15(-) of measurable B C S



26 Gotz Kersting

is a measurable mapping from S to {0, 1}, which allows us to apply Ax-
ioms 1 and 3.

Definition. Two events {X € B} and {X' € B'} are said to be equal,
{X e B} = {X'e B},

lf ]_B(X) == ]-B’(X/)'

In other words: In our approach an event is an equivalence class of pairs

(X, B). To each event E we may associate its indicator variable I, a
random variable with values in {0, 1}, given by

Ip :=15(X), if F={X € B}.
Two events with the same indicator variable are equal. The set of events
is denoted by £&.
Examples
(i) The equality
{p(X) e B} = {X €9 '(B)}

holds, since 1p(p(X)) = 1p o p(X) = 1,-1p)(X) in view of
Axiom 3.
(ii) For any event E the equality

{Ip=1} = E
holds, since 1(1y = id on {0,1}, thus 1;1y(Ig) = id(/g) = I[g. O

Next we introduce the basic operations with events.

Proposition 1.4 For any event E there exists a unique event, denoted
E°, such that

{X e B} = {X € B}

for any X ~ S and any measurable B C S.

Proof. For E = {X € B} we define E° := {X € B°}. We only have
to show that this definition is unambiguous. Note that 1z3c = no lp
with n(0) = 1,7(1) = 0. Thus {X € B} = {X’ € B’} and Axiom
3 imply 1p-(X) = n(1p(X)) = n(1p/(X’)) = L (X’). Therefore
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(X € B}y = {X' € (B')}. 0

Proposition 1.5 For any finite or infinite sequence of events Fy, Es, . ..
there exist two unique events, denoted as U77 E, and ﬂn E,, such that

JixeB.) = {XeUBn}, NiXeB,} = {XeﬂBn}

n n

for any X ~ S and any measurable By, By,... C S.

Proof. We proceed as in the last proof and define J, E, = {X €
U, Bn}, if E, = {X € B,}. Note that 1j p, = maxo(lp,,1p,,...)
with the measurable function max(z1,zs,...) := max, x, from {0,1}
to {0,1} (¢ being the length of the sequence). Thus {X € B, } = {X' €
B/} implies

1y, B, (X) = max(1p,(X),15,(X),...)
=max(1p,(X"),15,(X"),...) =1, 5, (X")
in view of Axioms 3 and 4. Therefore {X € |, B,} = {X' € U, B}, }
such that |, E, is well-defined. (), E, is obtained similarly.
It remains to show that each sequence FEp, Fs,... can be represented
as B, = {X € B,} with one random variable X. Letting X :=

(Ig,,Ig,,...) with target space S = {0,1}* and B, := {0,1}" 7! x {1} x
{0,1}~" we indeed obtain

(XeB,)} = {Xer, (1)} = {(m(X) =1} = {Ip, =1} = B,

This is the claim.

Proposition 1.6 There are two unique events Egye # Eimp such that
Egwe = {X € S}, Enyp ={X €0}

forany X ~ S.

Proof. Again define Eyye = {X € S}. Let also X’ ~ S’. Then
lgom = 1gs o7 on S x S' with projections m,n’. Axiom 3 implies
15(X) =15 07(X, X)) = 1g: o7/ (X, X') = 15/(X'), thus {X € S} =
{X" € §’}. Similarly {X € 0} = {X’ € 0}, therefore Egye and Ejy,;, are
well-defined.
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Now suppose that Egye = Eimp. Then all events are equal, as follows
from Proposition 5:

{XeB} = {XeB}n{XeS}
= {XeBin{X e} = {Xel} = Eip.

E

This implies that any two random variables X,Y with the same tar-
get space S are equal. Indeed, let Cy,Cy, ... be a separating system in
S and let ¢ := (1¢,,1¢,,...). Then ¢(X) = (I;xecy Iixecsys---) =
(Itveey, Itvecsy,--+) = @(Y). @ is injective, thus we may conclude
from Proposition 1.3 that X = Y. This contradicts Axiom 2, and our
claim follows. O

Thus we have introduced complementary events, unions and intersec-
tions of events as well as the sure and the impossible event. In view of
the above characterizations and (1.4) it is obvious that properties of sets
carry over to properties of events. Altogether we end up with a Boolean
o-lattice, equipped with the order relation

ECE &= E=FENF,

with maximal element Eg,. and minimal element Fi,,. It is a standard
procedure to obtain the other properties of fields of events.

Examples

(i) For X = (X1, Xs,...) we have from Proposition 1.5
(X € BixByx---} = {X € ﬂﬂ,;l(B,,,,)} = (X e, ' (B.)}

and from Axiom 4

{(X1,Xy,...) €Bix Byx -} = [{X, € B, }.

(i) Let ~ be any relation on S such that R := {(z,y) € S? : x ~ y}
is a measurable subset of S?. Then it is natural to define {X ~
Y} :={(X,Y) € R} and to write X ~ Y, if {X ~ Y} = Egye.
This is in accordance with Proposition 1.7 below. O

Remarks: o-homomorphisms in stochastic ensembles. From
Propositions 1.4 to 1.6 it is immediate that each random variable X
induces a o-homomorphism from B to £ given by B — h(B) := {X €
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B}. From Proposition 1.7 (see below) it follows that h determines X
uniquely. Therefore one may ask whether in a stochastic ensemble every
o-homomorphism h from the o-field B of some target space S into £
comes from a random variable. This is true in two cases.

The first case is the classical one that the random variables with target
space S are given as above by the system of measurable mappings from
some basic measurable space ({2, ) into S. Then Proposition 1.2 applies,
stating that there are no other o-homomorphisms.

In the other case we assume that S is a Polish space endowed with its
Borel-o-field. This case is more profound: Choose a separating sequence
C1,Cy, ... Define the measurable function ¢ := (1¢,,1¢,,...) from S
into {0,1}* and the random variable Y := (I}, (¢,), In(c,), - - -).- Then

(Y e B} = h(y™\(B))
for each Borel-set B’ C {0,1}°°. For the proof note that the system of
B’ fulfilling our claim is a o-field containing {0, 1}~ x {1} x {0, 1}*°.
Now ¢ is an injective measurable mapping from the Polish space S into
the Polish space {0,1}>°. A celebrated theorem of Kuratowski says that
then the image of each Borel-set is a Borel-set again. An immediate
consequence is that there is a measurable mapping ¢ : {0,1}*° — S

such that 1 o ¢ is the identity on S. Letting X := ¢ (Y") one obtains the
claim: For each Borel-set B C S

{XeB} = {Yev (B)} = MB).

1.6 Equality and a.s. equality

Recall from (1.1) that the diagonal D C S? is measurable in the case of
target spaces. Thus we may define for X, Y ~ §

{X=Y} = {(X,)Y)e D}, {X#Y} = {(X,Y) e D}
Proposition 1.7 For X, Y ~ S the following statements are equivalent:

(i) X =Y,
(”) {X = Y} = Esure;
(i1i) {X € B} ={Y € B} for all measurable B C S.

Proof. Assume that Ci,Cs,... separate the elements of S. Then
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o(x) = (1¢,,1c,,...) is an injective measurable function from S to
{0,1}*°. Thus for z,y € S

=y < 1Ip(x,y) =1lsxs(zy) & ¢@)=¢y).
Proposition 1.3 implies
X=Y < ]-D(va):]-SXS(va) e QO(X):SO(Y) :

Thus X =Y is equivalent to {X =Y} = {(X,Y) € S x S} = Ege as
well as to {X € C;} = {Y € C;} for all i. Since any measurable B C S
may be included into the sequence Cy, Cs, ..., our claim follows. O

Next we discuss the notion of almost sure equality in stochastic ensem-
bles. Shortly speaking this is any equivalence relation compatible with
our axioms. As we shall see, this conforms to the traditional definition
of a.s. equality. On the other hand it will become apparent that in our
setting it is no longer necessary to distinguish between random variables
and a.s. defined random variables as in the traditional approach. Both
give rise to stochastic ensembles.

Definition An equivalence relation ~ on the collection of random vari-
ables of a stochastic ensemble is called an a.s. equality, if

(i) X ~Y implies that X,Y have the same target space.
(ii) There exist X,Y m~ S such that X £ Y.
(iii) X ~Y = oX)~epl).

(’M}) XlN)/l7X2N}/2’... = (Xl,XQ’...)N(Yl,}/27...).

Let X~ denote the equivalence class of the a.s. equality ~ containing
X. Then we may associate to X~ a target space, namely that of X.
Also we may define

e(X™) = (X)), (Xf,XQN,...) = (X1, Xo,..)" .
Let
Ry = {XN:XERS}.

With these conventions the following result is obvious.
Proposition 1.8 Ry, S € T is a stochastic ensemble.

In what follows we show that our definition is intimately connected with
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the usual definition of a.s. equality. Let us recall the notion of a null-
system (a o-ideal). Tt is a system N C & of events fulfilling

E\,EBy,...eN = |JE.eN
EeN ,E'CFE = E eN
Eimp €N Eqwe ¢ N
An important example of a null-system is the system of events of prob-
ability zero in case £ is endowed with a probability measure.
Proposition 1.9 To each a.s. equality ~ the system of events
NY={{X#Y}: X ~Y}
is a null-system. It fulfils
X~Y & {X#£Y}eN™

for any X, Y ~ S. The mapping ~ — N~ establishes a one-to-one

correspondence between a.s. equality relations and null-systems.

Proof. From

U{Xn #Yn} = {(XlaX27~--) # (Yla}/Qa)}

and from condition (iv) of the definition it follows that A/~ fulfils the
first requirement of a null-system. Next let X, Y ~ S and

E C {X#Y}.

We have to show E € N™. Suppose E = {Z € B’} for a suitable

7Z ~ S’. Define the measurable function ¢ : S x S’ — S as
(2,2) = { x if ze B,
P = gy ifzg B,

for some xy € S. It follows that
[0(X,2) # 9V, Z}} = {Ze BYn{X #Y} = E.

From X ~ Y and conditions (iii) and (iv) of the definition we obtain
o(X,Z) ~ ¢o(Y,Z). Thus E € N™, which means that N~ fulfils the
second requirement of a null-system. In particular: If Ey,. € N, then
{X #Y} e N~ for all X, Y ~ S. This contradicts condition (ii) of the



32 Gotz Kersting

definition, thus we may conclude Egye ¢ N™. Finally Ei,, = {X #
X} € N~. Therefore N is a null-system.

We come to the second claim of the proposition. The implication
= is obvious, thus let us assume {X # Y} € N'™. Then there exist
XY~ Ssuchthat {X #Y} ={X'#Y’'} and X’ ~Y’. We have to
show that X ~ Y, too. For this purpose we use the measurable mapping
0, defined in the proof of Proposition 1.3. It fulfils

]-D (xay) = 1D/($/7y/) = o(x/7y/axa y) =Y,

where D and D’ are the diagonals in S? and (S”)2. By assumption
1p(X,Y) =1p/ (X', YY), therefore Proposition 3 implies (X', Y X, Y) =
Y. Moreover §(z',2',z,y) = z and consequently (X', X', X|Y) = X.
Since X’ ~ Y’ we obtain X ~ Y in view of (iii) and (iv) of the definition.
Thus also the second statement is proved.

In particular this implies that ~ — N is an injective mapping. It
remains to prove surjectivity. Thus let N be any null-system and define

X~Y & {X#£Y}eN,

whenever X and Y have the same target space. We have to show that ~
is an a.s. equality. Since {Ig. # Ig,,} = Eae, IEw. % 1E,,- Thus
condition (ii) of the definition holds. Condition (iii) follows from

{p(X) #p(Y)} C {(X#Y}

and condition (iv) follows from
{(X1,Xs,..) # (V1. Y, )} = (X # Y2}

This finishes the proof. a

Random variables X ~ S, X’ ~ S’ with different target spaces are
always unequal in our approach. It might be convenient to call them
indistinguishable, if S NS’ is a measurable subset of S and of S’ and if

{X eB} = {X'eB} forall measurable BC SNnJY,
{XesSnS} = {X'eSNnS'} = Ege.

In the same manner a.s. indistinguishability may be introduced.

1.7 Convergence of random variables

‘In practice’ the small omegas prove convenient in operating with ran-
dom variables within the traditional setting. In our approach such



Random wvariables — without basic space 33

manipulations may be reproduced without difficulties within the tar-
get spaces. This has been indicated already; here we like to exemplify
this briefly in the context of convergence of random variables.

Let d be a metric on the target space S. We require

e The mapping d : S? — R, is measurable.

e Let ¢1, 9, ... be mappings from some target space S’ to S converging
pointwise to ¢ : 8" — S with respect to d. If the ¢, are measurable,
then also ¢ is measurable.

These assumptions are satisfied if (.S, d) is a separable metric space and
B the corresponding Borel-o-field on S, as follows from

d(0,0)= |J U@ xU@w, e ®)=U/N &'F).

T,y €Q €,m E€Qy ecQr m n>m
e+n+d(z,y)<a

Here @ denotes a dense and countable subset of S, U.(x) the open -
neighbourhood of x and F a closed subset of S with open e-neighbourhood
F<. An example of a non-separable metric space of importance fulfilling
both requirements is the space of cadlag functions endowed with the
metric of locally uniform convergence (this metric is used in the theory
of stochastic integration).

Now we assume that besides S also S is a target space. Let us
consider the set of convergent sequences with given limit and the set of
Cauchy-sequences,

Bim = {(z,21,29,...) €S xS® : z=limx,},
Beawehy = {(z1,22,...) € 5% : (z,) is Cauchy}.
Since ma = m]:il U;)yle mzozm{(xaxl)x% .. ) : d(xnax) S Ek} and

BCauchy = ﬂ]?il szzl ﬂ:;o:m{(irla X2, .. ) : d(mm ) xn) < ek} for any
sequence € | 0, these are measurable subsets of S x §°° and S°°. Thus

for any random variables X, X1, Xs,... S we may define the events
{Xn —>X} = {(X,Xl,XQ,...) c Blim}7
{X, is Cauchy} = {(Xi1,Xs,...) € BCauchy}-

Proposition 1.10. For any X, X1, Xs,... S
{X, — X} C {X, is Cauchy}.

Moreover, if (S,d) is a complete metric space, then for any X1, Xa,...
S there is a X ~ S such that

{X, — X} = {X, is Cauchy}.
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Proof. Since By, C S x BCauchy
{X, = X} C {(X,X1,Xs,...) €S X Bcauchy} = {X,, is Cauchy}.

Moreover in the case of a complete metric space let ¢,,p : S* — S be

given by
© (1‘1 T ) — { T if ($17 o, .. ) S BCauchya
AT s z  otherwise,
(p(l‘ T ) — { lirnn T if (.’1/'17 T2, .. ) S BCauchya
b z otherwise

with some given z € S. ¢, is measurable and
o(z1,x9,...) = lign on(x1, T2, ...)

for all (1,9, . ..), thus ¢ is measurable too. Define X := o(X;, X, ...).
Because of completeness 1! (Biim) = Bauehy for the measurable map-
ping ¢ : §°° — S x §°° given by

(x1, za,...) = (p(x1, X2, ...), X1, T2, . . .).

Thus
{Xo =X} = {¢(X1,Xs,...) € Bim}
= {(Xi1,Xs,...) € Boauhy} = {X, is Cauchy},
which is the claim. O
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Abstract

We review several competing chaining methods to estimate the supre-
mum, the diameter of the range or the modulus of continuity of a stochas-
tic process in terms of tail bounds of their two-dimensional distributions.
Then we show how they can be applied to obtain upper bounds for the
growth of bounded sets under the action of a stochastic flow.

2.1 Introduction

Upper and lower bounds for the (linear) growth rates of the diameter
of the image of a bounded set in R? under the action of a stochastic
flow under various conditions have been shown in [4, 5, 6, 16, 17, 20]. In
this survey, we will discuss upper bounds only. A well-established class
of methods to obtain probability bounds for the supremum of a process
are chaining techniques. Typically they transform bounds for the one-
and two-dimensional distributions of the process into upper bounds of
the supremum (for a real-valued process) or the diameter of the range of
the process (for a process taking values in a metric space). In the next
section, we will present some of these techniques, the best-known being
Kolmogorov’s continuity theorem, which not only states the existence of
a continuous modification, but also provides explicit probabilistic upper
bounds for the modulus of continuity and the diameter of the range of
the process. We will also state a result which we call basic chaining.
Further we will briefly review some of the results from Ledoux and Tala-
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grand [15] and a rather general version of the GRR-Lemma named after
Garsia, Rodemich and Rumsey [12]. Except for the result of Ledoux
and Talagrand, we will provide proofs for the chaining lemmas in the
appendix (in order to keep the article reasonably self-contained but also
because we chose to formulate the chaining results slightly differently
compared with the literature). We wish to point out, however, that
nothing in that section is essentially new and that it is not meant to
be a complete survey about chaining. The reader who is interested in
learning more about chaining should consult the literature, for example
the monograph by Talagrand [21].

In order to obtain good upper bounds on the diameter of the image
of a bounded set X under a stochastic flow ¢ which is generated (say)
by a stochastic differential equation on R? with coefficients which are
bounded and Lipschitz continuous, one can try to apply the chaining
techniques directly to the process ¢or(x), + € X. This is what we
did in [6] using basic chaining. It worked, but it was a nightmare (for
the reader, the referee and us). The reason was that the two-point
motion of such a flow behaves quite differently depending on whether
the two points are very close (then the Lipschitz constants determine
the dynamics) or not (then the bounds on the coefficients do). This
requires a rather sophisticated choice of the parameters or functions in
the chaining lemmas. The papers [16, 17] provided somewhat simpler
proofs using the chaining methods of Ledoux-Talagrand and the GRR-
Lemma respectively. The approach presented here is (in our opinion)
much simpler and transparent than the previous ones. The reason is that
we strictly separate the local and the global behaviour in the following
sense: for a given (large) time T and a positive number v, we cover
the set X with balls (or cubes) of radius exp{—~T}. For each center
of such a ball, we estimate the probability that it leaves a ball with
radius kT around zero up to time T using large deviations estimates
(Proposition 2.8). This probability bound depends only on the bounds
on the coefficients and not on the Lipschitz constants. In addition, we
provide an upper bound for the probablity that a particular one of the
small balls achieves a diameter of 1 (or some other fixed positive number)
up to time T (Theorem 2.1). This bound only involves the Lipschitz
constants and not the bounds on the coefficients. To obtain such a
bound, we use chaining. We will allow ourselves the luxury of five proofs
of this result using each of the chaining methods — with two proofs even
using the GRR-Lemma. Since we are only interested in the behaviour of
the image of a very small ball up to the time its radius becomes 1, things
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become much easier compared with the approach in [6] mentioned above.
In fact, we can use a polynomial function ¥ when applying the GRR-
Lemma or the LT-Lemma and this is why Kolmogorov’s Theorem, which
also uses polynomial moment bounds, turns out to be just as efficient
as the other (more sophisticated) methods. The proof of Theorem 2.3,
which provides an explicit upper bound for the linear growth rate, now
becomes almost straightforward: the probability that the diameter of
the image of X under the flow up to time T exceeds T is bounded
from above by the number of small balls multiplied by the (maximal)
probability that a center reaches a modulus of KT' — 1 or the diameter
of a small ball exceeds 1. This bound — which is still a function of the
parameter v — turns out to be exponentially small in T provided « is
large enough and - is chosen appropriately. An application of the first
Borel-Cantelli Lemma then completes the proof.

We talk about stochastic flows above, but the results are true under
less restrictive conditions. For the upper bound of the growth of a small
ball (Theorem 2.1), it suffices that the underlying motion ¢; () is jointly
continuous and that (roughly speaking) the distance of two trajectories
does not grow faster than a geometric Brownian motion (this is hypoth-
esis (H) in Section 2.3). In the special case of a (spatially) differentiable
and translation invariant Brownian flow, Theorem 2.1 can be improved
slightly. This is shown in Theorem 2.2. Its proof is completely different
from that of Theorem 2.1: it does not use any chaining whatsoever.

2.2 The competitors

In the following, we will always assume that (E, p) is a complete, separa-
ble, metric space. Further, ¥ : [0,00) — [0, 00) will always be a strictly
increasing function which satisfies ¥(0) = 0. If — in addition — ¥ is
convex, then it is called a Young function. For a Young function ¥, one
defines the corresponding Orlicz norm of a real-valued random variable
Z by

1Zly = inf{c > 0 : BU(|Z|/c) < 1}.

We will also need a totally bounded metric space (0,d) with diameter
D > 0. The minimal number of closed balls of radius € needed to cover
© will be denoted by N(©,d;e) and will be called covering numbers. A
finite subset Oy of O is called an e-net, if d(x,0,) < € for each z € ©
(we use x rather than ¢, because in our application © will be a subset
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of the space R?). We will abbreviate
D
J = / TL(N(O, d;£)) de.
0

Further, let Z,, # € © be an E-valued process on some probability
space (Q,F,P). We will denote the Euclidean norm, the /j-norm and
the maximum norm on R? by |.|, |.|; and |.|« respectively. Whenever
a constant is denoted by ¢ with some index, then its value can change
from line to line. We start with the well-known continuity theorem of
Kolmogorov.

Lemma 2.1 (Kolmogorov) Let © = [0,1]? and assume that there exist
a,b,c >0 such that, for all z,y € [0,1]¢, we have

E ((p(Zs, Z,))") < el — y|i*0.

Then Z has a continuous modification (which we denote by the same
symbol). For each r € (0,b/a), there exists a random variable S such

that B(S*) < 2" and

sup {ﬁ(Zx(w),Zy(w)) cx,y €10, 1]“{7 |z — Yloo < 7’} < I 2d

el GOl

for each r € [0,1]. In particular, for all u > 0, we have

. 2d  \" ed2e"7b
P{ sup p(Za,,Zy)Zu}S(l_Q_K> =L (2.1)

z,y€[0,1)4

Lemma 2.2 (Basic chaining) Let Z have continuous paths. Fur-
ther, let 6;, 7 = 0,1,... be a sequence of positive real numbers such that
Z;io d; < oo and let ©; be a §;-net in (©,d), j =0,1,2,..., such that
©o = {x0} is a singleton.

Then, for any v > 0 and any sequence of positive €; with Z;O:O g; <1,

P{ sup p(Zs, Z,) > u} <> 10l sup P{p(Z., Z,) > eju/2}.
z,y€0 d(z,y)<d;

=0
The following lemma combines Theorems 11.1, 11.2, 11.6, and (11.3)
in [15] (observe the obvious typo in (11.3) of [15]: ¥ ~! should be replaced

by ).
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Lemma 2.3 (LT-chaining) Let ¥ be a Young function such that J <
00. Assume that there exists a constant ¢ > 0 such that for all z,y € ©

1(Z2, Z,)|lw < cd(z,y).

Then Z has a continuous modification (which we denote by the same
symbol). Further, for each set A € F, we have

D .
/ sup p(Zs, Z,) dP < 8P(A)c/ gL <W> de.
Az,y€0 ) 0 P(A)

If moreover there exists cy > 0 satisfying V= (aB) < cg ¥~ (a)¥~1(B)
for all o, B > 1, then for all u > 0, we have

-1
U

P<sup p(Z,,Zy) > up < | P .

{ar,yep(-)p( v) } ( (800\1“1))

The following version of the GRR-Lemma seems to be new. It is a
joint upgrade (up to constants) of [8], Theorem B.1.1 and [1], Theorem
1. Even though the version in [8] meets our demands, we present a more
general version below and prove it in the appendix.

Lemma 2.4 (GRR) Let (©,d) be an arbitrary metric space (not nec-
essarily totally bounded), m a measure on the Borel sets of © which is
finite on bounded subsets and let p : [0,00) — [0,00) be continuous and
strictly increasing and p(0) =0. If f : © — E is continuous such that

Ve [ L iy moino <

then we have

(i) p(f(x), F(y)) < Smax.c(yy “”\If (m,{m ) dp(s),
(ii) p(f (@), f(y)) < 8N max. g,y i (,,L(Ka/zz)) p(s),

where
=inf{x > 0: // ( xg;;”) dm(z)dm(y) <1}

and K,(z) denotes the closed ball with center z and radius s. In the
definition of V and N, 0/0 is interpreted as zero, while in the conclusions
V/0 and N x co are interpreted as oo even if V=0 or N = 0.

Remark  When applying one of the chaining methods above, one is
forced to choose the function ¥ (for LT-chaining and GRR) or other
parameters (in basic chaining and Kolmogorov’s Theorem). One might
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suspect that it is wise to choose ¥ in such a way that it increases as
quickly as possible subject to the constraint that J < oo (in LT-chaining)
because this will guarantee sharper tail estimates for the suprema in
question. It may therefore come as a surprise that we will be able to
obtain optimal estimates by choosing polynomial functions ¥ and that
Kolmogorov’s Theorem, which only allows for polynomial functions, will
be just as good as the much more sophisticated LT-chaining (for exam-
ple). The reason for this is that we will use chaining only to estimate
the probability that the diameter of the image of a small ball under a
flow (for example) exceeds a fixed value (for example 1) up to a given
time 7" and we do not care how large the diameter is if it exceeds this
value.

Remarks about the chaining literature The GRR-Lemma was first
published in [12] in the special case © = [0,1]. A version where ©
is an open bounded set in R? can be found in [8], Appendix B (with
m = Lebesgue measure). Walsh ([22], Theorem 1.1) requires © = [0, 1]%,
m = Lebesgue measure, ¥ convex and f real-valued but does not assume
that f is continuous. The GRR-Lemma in [1] is similar to ours but they
assume that p = identity. Dalang et al. [7] prove a version which is also
similar to ours. They assume that the function ¥ is convex (which we
don’t) and in turn obtain a smaller multiplicative constant. Like Walsh
[22], they do not need to assume that the function f is continuous.

Lemma 2.2 appeared (in a slightly different form) in [6], but even at
that time it was adequate to call it essentially well-known. Indeed, the
idea of choosing a sequence of finite d-nets with § — 0 is at the heart of
the chaining method (see e.g. [18]).

One can find more general anisotropic versions of Kolmogorov’s con-
tinuity theorem (Lemma 2.1) in which the right-hand side c|z — y|{*°
is replaced by CZ?:l |zi — yi|* where Z;l:l art < 1; see e.g. [14] or
[7]. We point out that Kolmogorov’s Theorem can be regarded as a
corollary (possibly up to multiplicative constants) of both LT-chaining
(Lemma 2.3) and certain variants of the GRR-Lemma; see [15] and [22]
respectively.

2.3 Chaining at work

Let (t,z) — ¢&:(x) be a continuous random field, (t,z) € [0,00) x R4
taking values in a separable complete metric space (E,p). We will al-
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ways assume that ¢ satisfies the following condition:

(H): There exist A > 0, ¢ > 0 and ¢ > 0 such that, for each z,y € R,
T >0, and g > 1, we have

1/q

_ 1

(B sup (oer(aar))) < clo =yl expl(A+ 300207},
0<t<T

A sufficient condition for (H) to hold (with ¢ = 2) is the following
condition (H').

(H'): There exist A > 0, ¢ > 0 such that, for each z,y € R?, there
exists a standard Brownian motion W such that

p(d:(z), ¢ (y)) < o — y| exp{At + W} }, (2.2)

where W} := sup< <, W(s).

We will verify in Lemma 2.6 that (H') and hence (H) is satisfied for
the solution flow of a stochastic differential equation on R? with global
Lipschitz coefficients.

If there exists some v > 0 such that (2.2) holds only for ¢ < inf{s >
0 : p(¢s(x), ¢s(y)) > v}, then (H') holds provided that p is replaced
by the metric p(x, z2) := p(x1,22) A v. Choosing v small allows us in
some cases to use smaller values of A and/or o and thus to improve the
asymptotic bounds in the following theorem.

In fact the application of Lemmas 2.1 or 2.3 below shows that the
existence of a continuous modification of ¢ with respect to x follows
from (H).

In the following theorem, we will provide an upper bound for the
probability that the image of a ball which is exponentially small in T
attains diameter 1 (say) up to time 7.

Theorem 2.1 Assume (H) and let v > 0. Define

%;7{2\)2 if v > A+ o%d,
I(y) =3 dy—-A—1i0%d) ifA+ic%d <~ <A+0%,
0 ify <A+ jo%d.

Then, for each u > 0, we have

. 1
limsup - suplog P{ sup  sup p(¢:(2), ¢1(y)) = u} < —I(7),
T—o0 Xr z,yE€Xy 0<t<T
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where supy, means that we take the supremum over all cubes Xt in R
with side length exp{—~T}.

We will first provide five different proofs of Theorem 2.1 by using
Lemmas 2.1, 2.2, 2.3, and 2.4 respectively. We will always use the space
E= C([0,T], E) equipped with the sup-norm p, where (FE, p) is a com-
plete separable metric space as above.

Proof of Theorem 2.1 using Lemma 2.1. Let 7' > 0. Without loss
of generality, we assume that X := X7 = [0,e77T]?. Define Z,(t) :=
¢i(e™Tz), z € R For ¢ > 1, (H) implies

1/q
(B s 202,00 ) < e Tla =gl bebee T,
0<t<T

i.e. the assumptions of Lemma 2.1 are satisfied with a = ¢, ¢ =
clexp{(A — v+ %qu)qT} and b = ¢ — d for any ¢ > d. Therefore
we get for k € (0,b/a):

P{ sup sup p(¢(v), ¢:(y)) > u}
z,yeX 0<t<T

2d 1 g1qoer—h 1 _
: < ) T —gan=p XP{A =7+ ~qo”)qThu™".

1—-2-+5 2

Taking logs, dividing by T, letting T — co and optimizing over ¢ > d
yields Theorem 2.1. a

Proof of Theorem 2.1 using Lemma 2.2. Let v > A and take a
cube © = Xr of side length exp{—~T}. Then we apply the Chaining
Lemma 2.2 to © with §; = exp{—T}Vd277~! and ¢; = C/(j + 1)?,
j =0,1,..., where the constant C' is chosen such that the ; sum up to
1. Then there exist subsets ©; of B with cardinality |©;] = 2/¢ such
that the assumptions of Lemma 2.2 are satisfied. In particular, zg is the
center of the cube ©. For ¢ > d, we get
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P{ sup sup p(6x(a),61(y)) > u}

z,y€0tel0,T]

2dz2dj sup P{ sup p(o¢(z), ¢t (y)) Zgju/Q}

=0 lz—y|<6; tel0,T]

- q
< 24 Z 9dj (eju/2)™7 sup E < sup p(oy(x), ¢y (y))>
j=0 |x—y|<4; 0<t<T
< 2130 T g o/ 2y =0 3 9l (2.3)
=0

The sum converges since ¢ > d and the €; decay polynomially. Taking
logs in (2.3), dividing by T, letting T — oo and optimizing over ¢ > d
yields Theorem 2.1. O

Proof of Theorem 2.1 using Lemma 2.3. Fix T" > 0 and ¢ > d.
We apply Lemma 2.3 with U(z) = 29 (then ¢y = 1). Inequality (H)
shows that the assumptions are satisfied with ¢ = exp{(A + 1qo?)T}.
Further, we have

Vde
J = / N([0,e T4, |]:e)de < caqge 1t
0
Therefore, we obtain

P{ sup sup p(¢¢(x), d:(y)) > u} < (8Jc)?u™1
z,yEX 0<t<T

1
< ¢%¢q,4 exp{(Aqg —vq + 2q o*)T}u~"

Taking logarithms, dividing by 7', letting T — oo and optimizing over
q > d yields the claim in Theorem 2.1. |

Proof of Theorem 2.1 using Lemma 2.4. Let p(s) := s(24+e)/a,

where € € (0,1) and ¢ > d + ¢. Define

/XT /XT )<t<T y)_QZ'( v)* dzx dy.
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Let m be Lebesgue measure restricted to Xr and ¥(z) = z?. By (H),

EV < qu<A+%”2q>qT/ / ly — 2|77~ da dy
Xr J Xr
< qu(AJr%an)qTe—vdT/ |y|q—2d—e dy
{ly|<Vde=T}

T
—q (A-L0%q)qT ,—~dT Ve q—d—1—¢
= g2 e T dr

0

_ —ytlg? 5
— Cqu,q,ge(A 1+30°0)qT el

Therefore, the assumptions of Lemma 2.4 are satisfied for almost all
w € Q and we obtain

P{ sup sup p(¢ (), ¢:(y)) > u}
z,ye€Xr 0<t<T

4/ de T B
< P{Vl/q(w)/ st tds > Cd,q,eu}
0

<EVe ey, cu™?

1.2
< éch,qﬁge(/\*’)”rgg a)aT =4

Taking logarithms, dividing by 7', letting T" — oo and then ¢ — 0 and
optimizing over ¢ > d yields the claim in Theorem 2.1. O

Occasionally, the GRR-Lemma is formulated only for p being the iden-
tity (e.g. in [1]). The following proof shows that we don’t lose anything
in this case but a few modifications are necessary.

Proof of Theorem 2.1 using Lemma 2.4 with p =id. Fix v > 0.
We start as in the previous proof except that we choose p(s) = s, ¢ > 2d,
Q€ (0,1), ¢Q > 1, and

Vi) = sup

/ V(z,y)dx dy.
Xr Xr

<p(¢t(x),¢t(y)) /\u)q

lz -yl
1%
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Using Chebychev’s inequality and (H), we get

(u/|z—yl)
EV(z,y) — /0 P{V(z,y) > s} ds

Q plu/lz—yl)
E sup (ﬂ(@(x),@(y)))q / e gs
0

0<t<T |$ - Z/|

IN

1 U q(1-Q)
< @0-Q ten((a+ grQuer ()
2 |z -yl
Hence Lemma 2.4 with p = id implies

P{ sup sup p(¢(x), di(y)) > u} (2.4)

oy €Xy 0<t<T

< P{V”q > Cq,due”’(_zqd“)T}
—qn(2d—gNT

< EVecgu el )

chQdéqu(A+%02qQ)qQT (2d—g)nT *qQ//|x Y|~ q(1-Q) dz dy.

Xr Xr

The double integral is finite if ¢(1 — Q) < d. Observe that for any £ > d
we can find ¢ > 2d and @ € (0,1) such that ¢Q = x and ¢(1 — Q) < d.
Therefore we obtain the same asymptotics for (2.4) as in the previous
proof. O

Theorem 2.1 can be improved in the case where ¢; is a homeomor-
phism on R for each ¢t > 0 and each w € €.

Corollary 2.5 Let ¢; be a homeomorphism on R?, d > 1 for eacht > 0
and w € Q. If ¢ satisfies (H) with respect to the Fuclidean norm p, then
the conclusion of Theorem 2.1 holds when, in the definition of I, d is
replaced by d — 1.

Proof. Owing to the homeomorphic property, the sup over Xy in The-
orem 2.1 is attained on one of the faces of X. Applying Theorem 2.1
to each of the faces (which have dimension d — 1), the assertion in the
corollary follows. a
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2.4 Examples and complements

Let us first show that a solution flow of a stochastic differential equation
on R? with Lipschitz coefficients satisfies hypothesis (H’) and therefore
also (H).

For each x € R?, let t — M(t,x) be an R?-valued continuous mar-
tingale with M (0, z) = 0 such that the joint quadratic variation can be
represented as

(M(,zw), M(.,y,w)) = /0 a(s,z,y,w)ds,

for a jointly measurable matrix-valued function a which is continuous in
(z,y) and predictable in (s,w). Defining

A(vaayaw) = a(&x,x,w) - a(s,y,aw) - G(S,.I?,y,W) + a(s,y,y,w),

we will require that a satisfies the following Lipschitz property: there
exists some constant a > 0 such that, for all z,y € R, all s > 0 and
almost all w, we have

‘IA(S"I7Z/7W)|‘ < azlx - y|2’

where ||| denotes the operator norm. Note that

d
= &<M(,x) —M(.,y)):-

Further, we assume that b : [0, 00) xRYxQ — R is a vector field which is
jointly measurable, predictable in (¢,w) and Lipschitz continuous with
constant b in the spatial variable uniformly in (¢,w). In addition, we
require that the functions a(.) and b(.) are bounded on each compact
subset of [0,00) x R resp. [0,00) x R¢ uniformly w.r.t. w € Q.
Under these assumptions, it is well known that the Kunita type stochastic
differential equation

Alt,z,y,w)

AX () = b(t, X () dt + M(dt, X (t)) (2.5)

generates a stochastic flow of homeomorphisms ¢ (see [14], Theorem
45.1), ie.

(i) t +— ¢s(x), t > s solves (2.5) with initial condition X (s) = z for
all:cERd,sZO.
(ii) ¢s(w) is a homeomorphism on R? for all 0 < s <t and all w € Q.
(1) ¢su = Gruo sy forall0 <s <t <wandall we .
(iv) (s,t,x) — ¢5 () is continuous.
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We will write ¢, (z) instead of ¢, (z).

For readers who are unfamiliar with Kunita type stochastic differen-
tial equations, we point out that if one replaces the term M (d¢, X (¢))
in equation (2.5) by >.i", 0;(X (t)) dW;(t), where W; are independent
scalar standard Brownian motions and the functions o; : R? — R? are
Lipschitz continuous, then the Lipschitz condition imposed above holds.
In fact

A(t,z,y,w) =Y (0i() = ai(y)) (o3 () — ai(y))"
i=1

The following lemma is identical with Lemma 5.1 in [6]. The proof
below is slightly more elementary since it avoids the use of a comparison
theorem by Ikeda and Watanabe.

Lemma 2.6 Under the assumptions above, (H') holds with o = a and
A=b+(d—1)a?/2.

Proof. Fix z, y € R?, x # y and define

Dy := ¢u(x) = ¢1(y), *10g(\Dt| )-

Therefore, Z, = f(D;) where f(z) := 1log(|z|?). Note that D, # 0 for
all ¢ > 0 by the homeomorphic property. Using It6’s formula, we get

4z, - D (M(dt i (x)) — M(dL, ¢ (y)))
' | Dy [?
Dy - (b(t, ¢ () —b(t: () o,
| Dy [?

11
+2|D 2 Tr (A(t, ér(2), ¢ (y), w)) di

i
_Z DDt ‘AZJ y 01 (), ¢ (y), w) dt

We define the local martingale N;,t > 0, by

|D IQ (M (ds, ¢s(x)) — M(ds, d5(y)))
and obtain

¢
Z; = Zy + N, —|—/ a(s,w)ds,
0
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where
sup sup esssup,, | (s, w)| < b+ (d —1)a?/2 =: A
Ty s
and
d(N); = Z (gDé A (t, 60 (), 1 (), w) dt < a® dt. (2.6)
Since N is a continuous local martingale with Ny = 0, there exists

a standard Brownian motion W (possibly on an enlarged probability
space) such that N; = aW,), t > 0 and (2.6) implies 7(t) < ¢ for all
t > 0. Hence

Z; <log |z —y| + a W/ + At. (2.7)

Exponentiating the last inequality completes the proof of the lemma. O

The following simple example shows that the upper bound in Theo-
rem 2.1 is sharp for v > A + o2d.

Example Consider the linear stochastic differential equation
1
dX(t) = (A + 502)X(zt) dt + o X (t)dW(t), X(0) =z € R,

where W (t), t > 0, is a one-dimensional Brownian motion, A > 0 and
o > 0. The solution (flow) ¢;(z) is given by

¢t (1,) — xeAtJraI/V (t)’

which satisfies (H') and hence (H). If X is a cube of side length e=7% in
R? for some v > A and u > 0, then

sup | () — ¢y (y)] = Vide 7T AW ®)

T, YyeEX
and
1
lim sup — logP{ sup - sup [¢r(x) — ¢i(y)| = u} = —5— (v = A)?,
T —o0 r,y€X 0<t<T o
for v > A and u > 0. O

Next, we provide an example which shows that the conclusion in The-
orem 2.1 is sharp also for v < A + o2d.

Example Let h : RY — [0,00) be Lipschitz continuous with Lipschitz
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constant 2 and support contained in [—~1/2,1/2]?. Further suppose that
h(0) = 1. Let W', i € Z? be independent standard Brownian motions
and let A > 0 and o > 0 be constants. For ¢ > 0, define

di(w) =Y o (5 )MV me R > 0.
A

Note that at most one term in the sum is nonzero. Therefore

1/q )
(B s, lore) = oxtlt ) < 2l = yleteioeT
0<t<T

for each ¢ > 1, so (H) is satisfied with ¢ = 2. Let T > 0, v > A,
X =[0,e777]? and 6§ = e~¢T, where ¢ > v will be optimized later. Since
the processes ¢;(i6), i € Z?, are independent and identically distributed,
we conclude

P{sup ¢r(z) < s’ +1}

TEX
<P i6) < 0l 41
- {z‘ezrdﬂ%;(exd)T(l ) s o0en }

< (P{¢T (0) < 5eAT + 1})exp{(£—7)dT}
1 (E—N)T exp{({—7)dT'}
= ]_ - P W > 10 1 + olé— .
( { ' oVT & )})

From this and the asymptotic behaviour of the last probability, it follows
that the last term will converge to 0 as T' — oo provided that

20%d(€ — ) > (£~ A),

which holds true in case £ = A + ¢°d and v € (A, A + 0%d/2). Since
the probability that the infimum of ¢r (), x € X, is at most 6 exp{AT}
converges to 1 as T — oo, we obtain for v < A + 02d/2

. 1
hmsupf logP{ sup sup |¢:(z) —e(y)] >1} =0
T —o0 z,yeX 0<t<T

(in fact we just showed that this is true even if the sup over t is replaced
by T'). Similarly, we obtain

1 1
limsup — log P{sup ¢ (z) > e’ 41} = (€ —~)d — == (6 — A)? (2.8)
T —o00 T reX 20‘2

in case the last expression is strictly negative, which holds true in case
ve(A+ %02d,A +0%d) and £ = A + o%d. Inserting this value for ¢ in
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(2.8) yields

limsup — log P{sup ¢ (x) > derT +1} = —I(v)
T —o00 zEX

for all v < A + o?d with I(v) defined as in Theorem 2.1.

The reader may complain that in this example the field ¢ actually
depends on T (via § = 6(T)), i.e. as we let T' — oo, we keep changing ¢.
It is easy to see, however, that we can define a single field ¢ by spatially
piecing together fields as above for an appropriate sequence T; — oo.

Remark  The previous example(s) show that the conclusion in The-
orem 2.1 is sharp, but in the last example ¢ is not a stochastic flow of
homeomorphisms. Can we do better in that case? The following the-
orem shows that we can, provided the flow is C'. More precisely, we
consider a stochastic flow of homeomorphisms ¢ as introduced at the
beginning of this section and require that it has — in addition — indepen-
dent and stationary increments and that its law is invariant under shifts
in R?. We will call such a flow a translation invariant Brownian flow.

Theorem 2.2 Let ¢ be a translation invariant Brownian flow on R?
such that the map (t,x) — D¢i(x) is continuous (for all w € Q). In
addition, we assume that there exist ¢ > 1,A > 0 and o > 0 and a
standard Wiener process such that, for each T > 0, we have

|Dor (0)|| < cexp{ S?ET(AS +oWy)}. (2.9)

Then, for each u > 0 and & > 0, we have

lim sup — logP sup sup ¢y (x) — ¢ (0)] > up < —2=.
T—oo T Jo| Sexp{—(A+6)T'} 0<I<T 20

Note that, owing to the fact that the flow is translation invariant and
stationary, the statement is invariant under a shift in space and time as
well. We mention that the hypotheses of the theorem are for example
fulfilled for isotropic Brownian flows; see [2].

Proof of Theorem 2.2. Fix¢§ > 0,¢ € (0,1), z > €+Eexp{—%2 log(1—
e)} and u > 0. We abbreviate D; := ||[D¢;(0)||. Let

T, = inf{tZO:AtJrthZlOgi}-
c
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Using the formula for the Laplace transform of the hitting time of Brow-
nian motion with drift ([3], page 223, formula 2.2.0.1), we get for A >0

1
B = o (0= VI A logle/e) . (210
g
For ¢ > 0, we define

TO) = inf{t > 0: sup |¢;(x) — ¢ (0)] > 5z}
jo|<s

Since the flow ¢ is C! and 7,_. < oo, there exists &y = dy(z,¢) > 0 such
that

— (0
P{ sup supM< sup Dt—i—a}zl—a
0<t<r._. |2|<s g 0<t<r. _.

for all § € (0,do]. Note that (2.9) implies supy<,<,. _ Di +¢ < z. Hence

Ee " < Be " 4¢ (2.11)

for § € (0,6] and all A > 0. Define @ := u A dy.

Let T > 0 such that exp{—(A + §{)T} < @. Further, let 77,75, ...
be independent random variables such that the laws of T and @)
coincide, where §; = exp{—(A + £)T'}27~!. Define

m:{(/\—&-ﬁ)T—&-logﬁJ.

2.12
log 2z ( )

Using the fact that ¢ has independent and stationary increments, and
Markov’s inequality, we obtain

m

P{ s sw lale)—a(0) 2 u} <P T < T}
|z|<exp{—(A+&)T} 0<t<T =

=Plexp{-A ) T;} > exp{-AT}}
j=1
< eXp{AT} 411113‘X (E exp{_)\]}})m
71=1...m
< exp{)\T}(E exp{—)ﬂ—zﬂ;} + 5)771, 7

where we used (2.11) and @ < ¢y in the last step. Using (2.10) and (2.12)
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and inserting \ := 515 ((A + €)% — A?), we get

202

Jo| Sexp{—(A+6)T'} 0<t<T

(A+¢)?—A°
ST 1

+ \‘WWLJ log (exp{—ilog Z_E} +s> .
log 2 o c

Dividing by T, and letting (in this order) T' — oo, € — 0 and z — oo,
the assertion follows. O

logP{ sup sup [ n(x) — ¢4 (0)] u}

2.5 Dispersion of sets: upper bounds

We will now formulate the dispersion result mentioned in the introduc-
tion and prove it using Theorem 2.1. In addition to hypothesis (H) we
require a growth condition for the one-point motion. In Proposition 2.8
we will provide explicit conditions on the coeflicients of a stochastic dif-
ferential equation which guarantee that the associated stochastic flow
fulfills that condition. The value of the linear bound K in Theorem 2.3
improves previous ones in [6, 16, 17] but the main improvement is its
simpler proof.

Theorem 2.3 Let ¢ : [0,00) x R? x Q — R? be a continuous random
field satisfying the following.
(i) (H).
(ii) There exist A > 0 and B > 0 such that, for each k > 0 and each
bounded set S C R?, we have
(k= B

1
limsuplogsupP{ sup |¢:(z)| > k:T} < - VPR

T—o0 zes 0<t<T
where ri. =1V 0 denotes the positive part of r € R.

Let X be a compact subset of R% with box (or upper entropy) dimension
A > 0. Then

1
limsup | sup sup =|¢:(2)| | < K a.s., (2.13)
T—oo \tef0,r)zex I’

where

B+ A28 (A+0°A + VoA +2AR07) if A> A
B+ A\/QAﬁ (A + %O’Qd) otherwise,

(2.14)
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o?d
Ao= "1 (2 ‘A>

Proof. Let N(X,r), r > 0, denote the minimal number of subsets of
R? of diameter at most  which cover X. By definition, we have
log N(X,r)

A = lim sup 1
rl0 log Py

where

Choose £ > 0 and ry > 0 such that log N(X,7) < (A +¢)log + for all
0 < r < rg. Further, let v, T > 0 satisfy e777 < ry. Then N(X, e 7T) <
exp{YT(A + ¢€)}. Let X;,i = 1,...,N(X,e"T), be compact sets of

diameter at most e~?7 which cover X and choose arbitrary points x; €

X;. Define
Xi={z;,i=1,...,NX,e T}

For k > 0, we have

P{sup sup_ |¢¢(x)] = KT} < Sy + 5,
reX 0<t<

where

S1 = exp{VT(A + &)} max P{ sup |¢(z)| > kT — 1}
zEX 0<t<T

and

Sy := exp{yT(A + 5)}maxP{ sup diam(¢¢(X;)) > 1}.
0<t<T

Using (ii) in the theorem, we get

1 — B)?
limsup 77 log $1 < 7(A +¢) - T
Further, Theorem 2.1 implies
hmsup T log Sy < (A +¢)—I(7). (2.15)
T—o0
Therefore,
C(y,k) := limsup = log P{sup sup |¢:(z)| > KT}
Tooo 1 2EX 0<t<T

IN

- (B2 0 r0).
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Let vy be the unique positive solution of I(y) = YA, where I(y) is
defined in Theorem 2.1. Then

[ s bt A< (4-0)
A+ 2A + V2A02A + 02 A2 otherwise

and ((v, k) < 0 whenever v > 79 and k > ko(y), where

ko(y) := B + Ay/29A.

Therefore, for any v > 7 we have

ZP{lsup sup ¢ ()] ZB+A\/27A} < o0.

n
n—1 rzeX 0<t<n

Using the Borel-Cantelli Lemma, we obtain

1
limsup = sup sup |¢:(x)] < K := B+ Ay/27%A as.,

T —o00 TEX 0<t<T

which proves the theorem. O

Corollary 2.7 Assume in addition to the hypotheses in Theorem 2.3
that ¢, is a (random) homeomorphism on R? for each t > 0. Then
(2.13) holds with A replaced by AN (d —1).

Proof. Let X be compact and have box dimension > (d — 1) and let
X be a compact set which contains X such that AX has box dimension
d — 1. We then apply Theorem 2.3 to X instead of X. By the home-
omorphic property, we know that sup, ¢ ¢ ()| < sup, 55 |¢: ()| and
the assertion of the corollary follows. O

Remark If ¢ is a flow which satisfies the assumptions of Theorem
2.2, then the upper bound for K in Theorem 2.3 can be improved by
changing I(~) in (2.15) accordingly. In this case the upper formula for
K in (2.14) holds for all values of A.

Now we provide a class of stochastic differential equations for which
the assumptions of the previous theorem are satisfied. For simplicity we
will assume that the drift b is autonomous and deterministic (if it is not,
but the bound on b in the proposition is uniform with respect to (¢,w),
then the proposition and its proof remain true without further change).
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Proposition 2.8 Let the assumptions of Lemma 2.6 be satisfied and
assume in addition (for simplicity) that a(.) and b(.) are deterministic
and autonomous. Further, we require that there exists A > 0 such that
la(z,z)|| < A% for all x and that

lim sup L -b(z) < BeR.

Then for each compact set S and each k > 0

1 _(k=B)} . B
limsuplogsupP{ sup | (z)] > kT} < e if k> . B
T —o0 zes 0<t<T 2Bk otherwise.

Proof. Let S be a compact subset of R? and k > B (otherwise there is
nothing to show). Fix 0 < ¢ < k — B and let ry > 1 be such that
d—1

ib(yc) + ——A*< B+e forall |z| >rg

|| 2|
and such that S is contained in a ball around 0 of radius ry. Let h be
an even, smooth function from R to R such that h(y) = |y| for |y| > 1
and |h/(y)| <1 for all y € R and define p;(x) = h(|¢:(x)]). Applying
[t6’s formula, we get

dpi(z) = ANy + f(¢(x))dt,

where

R $i(x)
Noo= S [ Wip@) 2T M (ds, 6o (w))  and

iz Jo ( ps(x)
flx) = L b(x) + iTr a(z,z) — LQUTOL(QU z)x
IE] 2| 2 ’
x

d—1
< —b(@)+ =—A* < B+e on {|z|>r}.
|z 2||

For the quadratic variation of IV, we have the following bound:

t

(NY, — (N), < /

s

d 2(t — S).

The continuous local martingale N can be represented (possibly on an
enriched probability space) in the form N; = AW, ), where W is a
standard Brownian motion and the family of stopping times 7(s) satisfies
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7(t) — 7(s) <t — s whenever s < t. For |z| < ry < kT we get

p{ sup o) > k7

0<t<T
<P {EIO <s<t<T:p(z)—ps(x) > kT — 7, inf<tpu(x) > ro}
s<u<t

<SP{30<s<t<T: AW, — Wrs) + (B+e)(t—s) > kT —ro}
=P

Now we distinguish between two cases:

Case 1: B > 0. Then

_ . k—B—¢ 70
< o > T — )
P<P {02132(1 W 0S5 <1 Ws 2 A T A\/T}

The density of the range R := maxo<s<1 W, — ming<s<1 W equals

82 ]12 )

n [0,00) (see [11]), where ¢ denotes the density of a standard normal
law. Therefore, for all u > 0,

= 1 1 u?
>l < i R EIV R = v
P{Ru}8]§1]26xp{ 2ju} 4exp{ 2}
Hence

(k- B)%

hmsup logsup P ¢ sup |[¢y(z)| > kT p < ——F——
T o0 zeS 0<t<T 2A

Case 2: B < 0. We may assume that ¢ > 0 is so small that also

—B:=(B+¢)/A <0. We have

1 ~
PgP{EIOgsgtgl:(Wt—WS)—B(t—s)>k;/A—

JT AT
(2.16)

To estimate this term, we use large deviations estimates for the standard
Wiener process. Let

M:={feC0,1]: 30<s<t<1:f —f,—B(t—s)>k/A}.
The set M is closed in C[0,1] and therefore Schilder’s Theorem [9] im-
plies

—1/2 <_
h;n_}solip T logP{T We M} flg{[ I(f), (2.17)
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where

2 u
+00 otherwise.

I(f) = { ! ()1( "Y2du if f is abs. cont. with L? derivative

The infimum in (2.17) can be computed explicitly. Let

N2 _
I = %(%JFB) if B<4
23% otherwise.

For f, = (B+ BV (k/A)t on [0,k/((AB) V k)] and f constant on
[k/((AB) V k), 1], we have f € M and I(f) = I. On the other hand,
if f € M with I(f) < oo, then there exist 0 < s < ¢ < 1 such that

fi — fs — B(t — s) > k/A. Tt follows that

f/)2du>1 ! /tf/du
u “9t_g i u

1 11 [k = 2
- arz g (S Be-9) 21

2

Therefore, using (2.16) and (2.17), we obtain

1
limsuplogsupP{ sup |¢s ()| > kT} <-I

T—o0 zes 0<t<T

and the proof of the proposition is complete. O

Remark One can modify Theorem 2.3 in such a way that it also applies
to solution flows generated by stochastic differential equations like in
the previous proposition with negative B. In this case condition (ii) in
Theorem 2.3 has to be changed accordingly. The corresponding linear
upper bound will still be strictly positive no matter how small B < 0
is (namely yAA?/(—2B) as long as this number is at most —B). In
reality however, the linear growth rate turns out to be zero when B is
sufficiently small. This is shown in [10].

2.6 Appendix: Proofs of the chaining lemmas

In this section, we provide proofs of those chaining lemmas which are
not available in the literature in the form presented here.
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Proof of Lemma 2.1. We skip the proof of the existence of a continu-
ous modification which can be found in many textbooks (e.g. [13]) and
only show the estimates, assuming continuity of Z.

For n € N define

D, = {(ki,...,kq)-27"; ky,... kg€ {1,...,2"}}
§n(w) = max{p(Z;(w),Z,(w)) : ,y € Dy, |z —y|=27"}.
The &,,n € N are measurable since (E’, p) is separable. Further,
{z,ye D, :|lx —yl=2""} <d-2".
Hence, for x € (0, g),

B Sever) - S eme

n=1 n=1

< ZQMG’E Z (ﬁ(Zar(w)7Zy(w))a

n=1 (z.y)eD], le—y|=27"

< Z grna g, 2dn cc- 27n(d+b)
n=1

o0 i—b
_ —n(b—ar) _ cd2”
—cdg 2 —1i2%ib<oo.
n=1

Hence, there exists y € F, P(£y) = 1 such that

S(w) :=sup(2""¢, (w)) < oo for all w € .
n>1

Further,
a - KN a Cd2a/{7b
E(S)<E<§ (2 §”)><1_2m—b‘

n=1

o0

Let z,y € U D, such that | — y|eo <7 < 27™, where m € N. There
n=1

exists a sequence

T=T1,22...,0] =Y

oo
in |J D,, such that for each i = 1,...1 — 1 there exists n(i) > m+1
n=m+1

which satisfies 2;, 211 € Dy () and |2; — 2441] = 2= and

Hie{l,....1 =1} :n(i) =k}| <2d forall k >m+1.
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Forw € Qpyand 0 < r < 1with 27! <pr<27™ we get

sup{p(Z:(w), Zy(w)); z,y € U Dy, |z —yloo <7}

n=1

<2d Z &(w) <2dS(w) > 278"
n=m-+1 n=m-+1
) 2d 2d
_ 2—H(771+1) S < S K
oo W) = 7Sl

The statement in the lemma now follows by the continuity of Z. The
final statement follows by an application of Chebychev’s inequality. O

Proof of Lemma 2.2. For each j € Ny and each z € ©;4,, define
gj(z) € ©; such that d(x,g;(x)) < §; (such a g;(x) exists due to the
assumptions in the lemma). We will show that for each z € © there
exists a sequence xg, 1, ... such that = lim; . z;,z; € ©; and z; =
g;j (l‘]url) for allj € Ny.

To see this, let 67 = > 7 ¢; and O;(z):={y €0, :dy,z) < 61} for
z € ©. Then 0;(x) # 0 and i € ©;41(2) implies g; (&) € ©;(x). There-
fore, there exists a sequence xy,x1,x2,... which satisfies z; € éj (2)
and z; = gj(z;j41) for all j € No. Since limj o 07 = 0, we have
z =lim;_ . z;. We will write z;(x) instead of z;.

Fix x € ©. The continuity of Z implies

Zva¢0 SZ ‘LJ+1 j<L))
Therefore,
SUp A(Zs, Zag) < SUD D> (2, @) 2oy (@)
€0 €0 =0

Tj+19 ZQ; (ZJH)) :

IN
M

g

o

P

e
~N
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Hence,
P{ sup p(Z:, Zy) >u} < P{sup P Zy, Zy,) > uf2}
z,y€O x
U o0
< P{Z max p(Ze, 2y, ) = 5 > et
J+ =0
< Z Y P{(Ze,Zy,10)) 2 ju/2)
§=0 €6, 4
< Z ©5i1] sup P{p(Z.,2,) > ju/2}.
d(z,y)<d;
This completes the proof of the lemma. O

Proof of Lemma 2.4. The proof is essentially a combination of those
of [1] and [8]. The case V' = 0 is clear (by our conventions about V/0),
so we assume V > 0. We abbreviate

AU (@), [ (y)) :
\ij(z, y) = v ( p(d(z,y)) ) if ¢ # Y,

Fix ¢ # y, x,y € © and define p := d(z,y) and

I(u) == /@(W)m(dz), u € 0.
)
If either m(K.(z)) = 0 or m(K.(y)) = 0 for some € > 0 or V = 0, then

there is nothing to show, so we will assume V > 0, m(K.(z)) > 0 and
m(K:(y)) > 0 for all ¢ > 0.

Let
U:={2€0:d(x,z) <pandd(y,z) < p}.

By the definition of I there exists x_; € U such that

|4
I(z_1) < ——. 2.18
Let p=r_1 > rg>r > ... be a sequence of strictly positive reals which

we will specify below. We will recursively define z, € K, (z),n € Ny
such that

Iz,) < ——— and (2.19)
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~ 2[(1'71_1)

U(zy,, 2n—1) < —————<, n €Ny, (2.20)
m(K;, (v))
For n € Ny define

Ay = {z € K, (z): I(2) > m(f?riv(x)) o 1z 20-1) > ﬂm}

Then

m<An)

IN

m(K., (x)) mk,, (1)) [
T/I(z)m(dz) 21 @) /\Il (z,2n—1)m(dz2)
) o

m(K,, (z))

IN

and the first inequality is strict if m(A,) > 0. In any case we have
m(4,) < m(K,, (z)). Now any =, € K, (x)\4, will satisfy (2.19) and
(2.20). Using the fact that K,(z) C U, it follows that

ﬁ(f('rnJrl)yf(.'L‘n)) S \I/_l (M

< 4v
m(Ky, ., (x)m(Ky, (z))

Now, we choose the sequence 7, recursively as follows:

)pwwmmﬂn

<yt

) p(d(@n; tni1)) ,n = —1.

1
p(2rn+1) = ip(rn + TnJrl)u r_1=2p.

It is easy to check that this defines the sequence uniquely and that it
decreases to zero as n — oo. If n > —1, then

p(d(xnaanrl)) < p(d(l‘m -T) + d(a?, anrl)) < p(rn + 7"n+1) < 2]7(27%“)
=4p(2rn+1) — 2p(2rn41) < 4p(2rp41) — 4p(2rp42).
Hence,

27 41
mﬂ%ﬂxﬂ%»g4lmzwl(QMkiL”y)wwy

The fact that f is continuous (at x) implies

2rg
I I = 40/\1’ (m(Ks/Q(x))2>dp()
<

40/ v (Gt ) )



62 Michael Scheutzow

The same estimate holds with = replaced by y (with y_; := 2_1). Using
the triangle inequality we get

R o 4V
p(f(x), f(y)) < SZg%?};}/O N4 <m(Ka/2(Z))2> dp(s).

showing (i) of the lemma. If N = 0, then there is nothing to show.
If N =1, then V < 1 and (ii) follows. The general case N > 0 can
be reduced to the case N = 1 by considering the metric p'(z,y) :=
N~ p(a,y). D

Bibliography

[1] L. Arnold and P. Imkeller, Stratonovich calculus with spatial parameters and
anticipative problems in multiplicative ergodic theory, Stoch. Proc. Appl.
62, 19-54 (1996).

[2] P.Baxendale and T. Harris, Isotropic stochastic flows, Ann. Probab. 14, 1155—
1179 (1986).

[3] A. Borodin and P. Salminen, Handbook of Brownian Motion — Facts and For-
mulae, Basel: Birkhauser, 1996.

[4] M. Cranston and M. Scheutzow, Dispersion rates under finite mode Kol-
mogorov flows, Ann. Appl. Probab., 12, 511-532 (2002).

[6] M. Cranston, M. Scheutzow, and D. Steinsaltz, Linear expansion of isotropic
Brownian flows, Electron. Commun. Probab. 4, 91-101 (1999).

[6] M. Cranston, M. Scheutzow, and D. Steinsaltz, Linear bounds for stochastic
dispersion, Ann. Probab. 28, 1852-1869 (2000).

[7] R.Dalang, D. Khoshnevisan, and E. Nualart, Hitting probabilities for systems
of non-linear stochastic heat equations with additive noise, Alea 3, 231-271
(2007).

[8] G. Da Prato and J. Zabczyk, Ergodicity for Infinite Dimensional Systems,
Cambridge University Press, 1996.

[9] A. Dembo and O. Zeitouni, Large Deviations Techniques and Applications,
2nd edition, New York: Springer, 1998.

[10] G. Dimitroff and M. Scheutzow, Attractors and expansion for Brownian
flows, submitted.

[11] W. Feller, The asymptotic distribution of the range of sums of independent
random variables, Ann. Math. Stat. 22. 427-432 (1951).

[12] A.M. Garsia, E. Rodemich, and H. Rumsey, A real variable lemma and the
continuity of paths of some Gaussian processes, Indiana Univ. Math. Jour-
nal 20, 565-578 (1970).

[13] O. Kallenberg, Foundations of Modern Probability, 2nd edition, Berlin:
Springer, 2002.

[14] H. Kunita, Stochastic Flows and Stochastic Differential Equations, Cam-
bridge University Press, 1990.

[15] M. Ledoux and M. Talagrand, Probability in Banach Spaces, Berlin:
Springer, 1991.

[16] H. Lisei and M. Scheutzow, Linear bounds and Gaussian tails in a stochastic
dispersion model, Stoch. Dynam. 1, 389-403 (2001).

[17] H. Lisei and M. Scheutzow, On the dispersion of sets under the action of an



Chaining techniques and their application to stochastic flows 63

isotropic Brownian flow, in: Proceedings of the Swansea 2002 Workshop
Probabilistic Methods in Fluids, ed. 1. Davies, 224-238, World Scientific,
2003.

[18] D. Pollard, Empirical Processes: Theory and Applications, IMS, 1990.

[19] M. Scheutzow, Attractors for Ergodic and Monotone Random Dynamical
Systems, in: Seminar on Stochastic Analysis, Random Fields and Applica-
tions V, ed. R. Dalang, M. Dozzi, and F. Russo, 331-344, Basel: Birkhauser,
2007.

[20] M. Scheutzow and D. Steinsaltz, Chasing balls through martingale fields,
Ann. Probab. 30, 2046-2080 (2002).

[21] M. Talagrand, The Generic Chaining, Berlin: Springer, 2005.

[22] J. Walsh, An introduction to stochastic partial differential equations, in:
Ecole d’été de probabilités de Saint-Flour XIV — 1984, Lect. Notes Math.
1180, 265-437, Berlin: Springer, 1986.






3

Ergodic properties of a class of
non-Markovian processes

Martin Hairer
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Abstract

We study a fairly general class of time-homogeneous stochastic evolu-
tions driven by noises that are not white in time. As a consequence, the
resulting processes do not have the Markov property. In this setting,
we obtain constructive criteria for the uniqueness of stationary solutions
that are very close in spirit to the existing criteria for Markov processes.

In the case of discrete time, where the driving noise consists of a
stationary sequence of Gaussian random variables, we give optimal con-
ditions on the spectral measure for our criteria to be applicable. In
particular, we show that, under a certain assumption on the spectral
density, our assumptions can be checked in virtually the same way as
one would check that the Markov process obtained by replacing the driv-
ing sequence by a sequence of independent identically distributed Gaus-
sian random variables is strong Feller and topologically irreducible. The
results of the present paper are based on those obtained previously in
the continuous time context of diffusions driven by fractional Brownian
motion.

3.1 Introduction

Stochastic processes have been used as a powerful modelling tool for
decades in situations where the evolution of a system has some random
component, be it intrinsic or to model the interaction with a complex
environment. In its most general form, a stochastic process describes

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
Published by Cambridge University Press. (©Cambridge University Press 2008.
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the evolution X (¢,w) of a system, where t denotes the time parameter
and w takes values in some probability space and abstracts the ‘element
of chance’ describing the randomness of the process.

In many situations of interest, the evolution of the system can be
described (at least informally) by the solutions of an evolution equation
of the type

% = F(l’,f), (31&)
where £ is the ‘noise’ responsible for the randomness in the evolution.
In the present paper, we will not be interested in the technical subtleties
arising from the fact that the time parameter ¢ in (3.1a) takes continuous
values. We will therefore consider its discrete analogue

Tn+l = F(l‘,fn), (31b)

were &, describes the noise acting on the system between times n and
n + 1. Note that (3.1a) can always be reduced to (3.1b) by allowing x,
to represent not just the state of the system at time n, but its evolution
over the whole time interval [n—1,n]. We were intentionally vague about
the precise meaning of the symbol z in the right-hand side of (3.1) in
order to suggest that there are situations where it makes sense to let the
right-hand side depend not only on the current state of the system, but
on the whole collection of its past states as well.

The process x, defined by a recursion of the type (3.1b) has the
Markov property if both of the following properties hold:

a. The noises {&, }necz are mutually independent.
b. For a fixed value of &, the function x — F(z,£) depends only on the
last state of the system.

In this paper, we will be interested in the study of recursion relations of
the type (3.1b) when condition b still holds, but the Markov property is
lost because condition a fails to hold. Our main focus will be on the er-
godic properties of (3.1b), with the aim of providing concrete conditions
that ensure the uniqueness (in law) of a stationary sequence of random
variables z;, satisfying a given recursion of the type (3.1b).

Many such criteria exist for Markov processes and we refer to Meyn
and Tweedie [17] for a comprehensive overview of the techniques devel-
oped in this regard over the past seven decades. The aim of the present
paper will be to present a framework in which recursions of the type
(3.1b) can be studied and such that several existing ergodicity results for



Ergodic properties of a class of non-Markovian processes 67

Markov processes have natural equivalents whose assumptions can also
be checked in similar ways. This framework (which should be considered
as nothing but a different way of looking at random dynamical systems,
together with some slightly more restrictive topological assumptions)
was developed in [9] and further studied in [11] in order to treat the
ergodicity of stochastic differential equations driven by fractional Brow-
nian motion. The main novelty of the present paper is to relax a number
of assumptions from the previous works and to include a detailed study
of the discrete-time case when the driving noise is Gaussian.

The remainder of this paper is organised as follows. After introducing
our notations at the end of this section, we will introduce in Section 3.2
the framework studied in the present paper. We then proceed in Sec-
tion 3.3 to a comparison of this framework with that of random dynam-
ical systems. In Section 3.4 we recall a few general ergodicity criteria for
Markov processes and give a very similar criterion that can be applied
in our framework. In Section 3.5 we finally study in detail the case of a
system driven by a (time-discrete) stationary sequence of Gaussian ran-
dom variables. We derive an explicit condition on the spectral measure
of the sequence that ensures that such a system behaves qualitatively
like the same system driven by an i.i.d. sequence of Gaussian random
variables.

3.1.1 Notation

The following notation will be used throughout this paper. Unless
stated otherwise, measures will always be Borel measures over Polish
(i.e. metrizable, complete, separable) spaces and they will always be
positive. We write .#(X') for the set of all such measures on the space
X and #(X) for the subset of all probability measures. We write
i =~ v to indicate that p and v are equivalent (i.e. they are mutually
absolutely continuous, that is they have the same negligible sets) and
L v to indicate that they are mutually singular.

Given a map f: X — ) and a measure y on X, we denote by f*u the
push-forward measure g o f~' on ). Given a product space X x ), we
will use the notation Ilx and IIy to denote the projections onto the two
factors. For infinite products like X%, X%~ or XN, we denote by II, the
projection onto the nth factor (n can be negative in the first two cases).

We will also make use of the concatenation operator LI from X%- x X"
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to XZ- defined in the natural way by

(w U ') = Wiin if k< —n,
wj,_, otherwise.

Finally, given a Markov transition probability P: X — .#;(X), we
will use the same symbol for the associated Markov operator acting on
observables ¢: X — R by (P¢)(z) = [, ¢(y) P(z,dy), and the dual op-
erator acting on probability measures pu by (Pu)(A) = [, P(x, A) p(dz).

3.2 Skew-products

Whatever stochastic process X one may wish to consider, it is always
possible to turn it into a Markov process by adding sufficiently many
‘hidden’ degrees of freedom to the state space. For example, one can
take the state space large enough to contain all possible information
about the past of X, as well as all possible information on the future
of the driving noise £&. The evolution (3.1) is then deterministic, with
all randomness injected once and for all by drawing £ initially according
to the appropriate distribution. This is the point of view of random
dynamical systems explained in more detail in Section 3.3 below.

On the other hand, one could take a somewhat smaller ‘noise space’
that contains only information about the past of the driving noise £.
In this case, the evolution is no longer deterministic, but it becomes
a skew-product between a Markovian evolution for the noise (with the
transition probabilities given informally by the conditional distribution
of the ‘future’ given the ‘past’) and a deterministic map that solves
(3.1). This is the viewpoint that was developed in [9] and [11] and will
be studied further in this paper.

The framework that will be considered here is the following. Let W
and X be two Polish spaces that will be called the ‘noise space WW’ and
the ‘state space &’ respectively, let P be a Markov transition kernel on
W, and let @: W x X — X be an ‘evolution map’. Throughout this
paper, we will make the following standing assumptions:

1. There exists a probability measure P on W which is invariant for
P and such that the law of the corresponding stationary process is
ergodic under the shift map.

2. The map ®: W x X — X is continuous in the product topology.

We will also occasionally impose some regularity of the kernel P(w,-)



Ergodic properties of a class of non-Markovian processes 69

as a function of w. We therefore state the following property which will
not always be assumed to hold:

3. The transition kernel P is Feller, that is the function P¢ defined by
(Po)(w) = f,,, d(w')P(w,dw’) is continuous as soon as ¢ is continu-
ous.

There are two objects that come with a construction such as the one
above. First, we can define a Markov transition operator Q@ on X x W
by

(Q6)(z, w) = /W $(@(, w'), w'YP(w, du). (3.2)

In words, we first draw an element w’ from the noise space according
to the law P(w,-) and we then update the state of the system with
that noise according to ®. We also introduce a ‘solution map’ §: X x
W — #1(XN) that takes as arguments an initial condition z € X and
an ‘initial noise’ w and returns the law of the corresponding solution
process, that is the marginal on X of the law of the Markov process
starting at (z,w) with transition probabilities Q.

The point of view that we take in this paper is that S encodes all the
‘physically relevant’ part of the evolution (3.1), and that the particular
choice of noise space is just a mathematical tool. This motivates the
introduction of an equivalence relation between probability measures on
X x W by

p~v & Spu=Sv (3.3)

(Here, we used the shorthand Sy = [ S(z,w) p(dz, dw).) In the remain-
der of this paper, when we will be looking for criteria that ensure the
uniqueness of the invariant measure for Q, this will always be understood
to hold up to the equivalence relation (3.3).

Remark 3.1 The word ‘skew-product’ is sometimes used in a slightly
different way in the literature. In our framework, given a realization of
the noise, that is a realization of a Markov process on W with transition
probabilities P, the evolution in X is purely deterministic. This is dif-
ferent from, for example, the skew-product decomposition of Brownian
motion where, given one realization of the evolution of the radial part,
the evolution of the angular part is still random.
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3.2.1 Admissible measures

We consider the invariant measure P for the noise process to be fixed.
Therefore, we will usually consider measures on X x W such that their
projections on W are equal to P. Let us call such probability measures
admissible and let us denote the set of admissible probability measures
by .#p(X). Obviously, the Markov operator Q maps the set of admis-
sible probability measures into itself. Since we assumed that W is a
Polish space, it is natural to endow .#p(X’) with the topology of weak
convergence. This topology is preserved by Q if we assume that P is
Feller:

Lemma 3.2 If ® is continuous and P is Feller, then the Markov tran-
sition operator Q is also Feller and therefore continuous in the topology
of weak convergence on X x W.

The proof of this result is straightforward and of no particular inter-
est, so we leave it as an exercise. O

There are, however, cases of interest in which we do not wish to assume
that P is Feller. In this case, a natural topology for the space .#p(X) is
given by the ‘narrow topology’; see [26] and [4]. In order to define this
topology, denote by Cp(X) the set of functions ¢: X x W — R such that
z — ¢(z,w) is bounded and continuous for every w € W, w +— ¢(z, w)
is measurable for every x € X, and [, sup, ¢y [¢(z, w)| P(dw) < oo.
The narrow topology on .Zp(X) is then the coarsest topology such that
the map p — [ ¢(z,w) p(dz,dw) is continuous for every ¢ € Cp(X).
Using Lebesgue’s dominated convergence theorem, it is straightforward
to show that Q is continuous in the narrow topology without requiring
any assumption besides the continuity of ®.

An admissible probability measure p is now called an invariant mea-
sure for the skew-product (W, P, P, X, ®) if it is an invariant measure
for Q, that is if Qu = u. We call it a stationary measure if Qu ~ pu,
that is if the law of the X'-component of the Markov process with tran-
sition probabilities Q starting from p is stationary. Using the standard
Krylov-Bogoliubov argument, one shows that:

Lemma 3.3 Given any stationary measure p as defined above, there
exists an invariant measure i such that i >~ p.

Proof. Define a sequence of probability measures uy on X x W by
UN = Ai Zflv:l Q" . Since, for every N, the marginal of uy on W is
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equal to P and the marginal on X is equal to the marginal of y on X
(by stationarity), this sequence is tight in the narrow topology [4]. It
therefore has at least one accumulation point i and the continuity of Q
in the narrow topology ensures that /i is indeed an invariant measure for

Q. O

The aim of this paper is to present some criteria that allow us to
show the uniqueness up to the equivalence relation (3.38) of the invariant
measure for a given skew-product. The philosophy that we will pursue
is not to apply existing criteria to the Markov semigroup Q. This is
because, in typical situations like a random differential equation driven
by some stationary Gaussian process, the noise space W is very ‘large’
and so the Markov operators P and Q typically do not have any of the
‘nice’ properties (strong Feller property, 1-irreducibility, etc.) that are
often required in the ergodic theory of Markov processes.

3.2.2 A simple example

In this section, we give a simple example that illustrates the fact that
it is possible in some situations to have non-uniqueness of the invariant
measure for Q, even though P is ergodic and one has uniqueness up
to the equivalence relation (3.3). Take W = {0,1}%- and define the
‘concatenation and shift’ map ©: W x {0,1} — W by

N | wyp formn <O,
0w, j)n = { j for n = 0.

Fix p € (0,1), let € be a random variable that takes the values 0 and
1 with probabilities p and 1 — p respectively, and define the transition
probabilities P by

We then take as our state space X = {0,1} and we define an evolution
® by

wo if v =w_q,

D, w) = { (3.4)

1—wy otherwise.
It is clear that there are two extremal invariant measures for this evolu-
tion. One of them charges the set of pairs (w,z) such that = wy, the
other one charges the set of pairs such that = 1 —wy. (The projection
of these measures onto W is Bernoulli with parameter p in both cases.)
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However, if p = %, both invariant measures give rise to the same sta-
tionary process in X', which is just a sequence of independent Bernoulli
random variables.

3.2.83 An important special case

In most of the remainder of this paper, we are going to focus on the fol-
lowing particular case of the setup described above. Suppose that there
exists a Polish space W, which carries all the information that is needed
in order to reconstruct the dynamic of the system from one time-step
to the next. We then take W of the form W = WUZ’ (with the product
topology) and we assume that @ is of the form ®(x,w) = ®y(z,wy) for
some jointly continuous function ®y: X x W, — X. Here, we use the
notation w = (..., w_1,wy) for elements of W. Concerning the transi-
tion probabilities P, we fix a Borel measure P on VW which is invariant
and ergodic for the shift mapt (Ow),, = w, _1, and we define a measur-
able map P: W — .#,(W,) as the regular conditional probabilities of
P under the splitting W =~ W x W.

The transition probabilities P(w, - ) are then constructed as the push-
forward of P(w, - ) under the concatenation map f,, : Wy — W given by
fw@') =wUw. Since we assumed that P is shift-invariant, it follows
from the construction that it is automatically invariant for P.

Many natural situations fall under this setup, even if they do not look
as if they do at first sight. For example, in the case of the example
from the previous section, one would be tempted to take W, = {0,1}.
This does not work since the function ¢ defined in (3.4) depends not
only on wy but also on w_;. However, one can choose Wy = {0,1}? and
identify W with the subset of all sequences {w;, }, <o in W()Z_ such that
=w) ., for every n < 0.

2
wy,

3.3 Skew-products of Markov processes versus random
dynamical systems

There already exists a mature theory which was developed precisely in
order to study systems like (3.1). The theory in question is of course
that of random dynamical systems (RDS hereafter), which was intro-
duced under this name in the nineties by Arnold and then developed

1 Recall that a probability measure u is ergodic for a map T leaving p invariant if all
T-invariant measurable sets are of p-measure 0 or 1.
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further by a number of authors, in particular Caraballo, Crauel, De-
bussche, Flandoli, Robinson, Schmalfuf}, and many others. Actually,
skew-products of flows had been considered by authors much earlier
(see for example [18], [19], or the monograph [14]), but previous au-
thors usually made very restrictive assumptions on the structure of the
noise, either having independent noises at each step or some periodic-
ity or quasi-periodicity. We refer to the monograph by Arnold [1] for a
thorough exposition of the theory but, for the sake of completeness, we
briefly recall the main framework here. For simplicity, and in order to
facilitate comparison with the alternative framework presented in this
paper, we restrict ourselves to the case of discrete time. An RDS con-
sists of a dynamical system (€, P,0) (here P is a probability on the
measurable space ) which is both invariant and ergodic for the map
0: Q — Q) together with a ‘state space’ X and a map ®: Q2 x X — X.
For every initial condition x € X, this allows us to construct a stochastic
process X,, over (Q,P), viewed as a probability space, by

Xow) =z, X,nw)=2(0"w,X,(w)).

Note the similarity with (3.2). The main difference is that the evolution
O on the ‘noise space’ ) is deterministic. This means that an element
of  must contain all possible information on the future of the noise
driving the system. In fact, one can consider an RDS as a dynamical
system d over the product space 2 x X via

d(x,w) = (Ow, ®(z,w)) .

The stochastic process X, is then nothing but the projection on X of
a ‘typical’ orbit of ®. An invariant measure for an RDS (Q,P,0,X,0)
is a probability measure g on  x X which is invariant under & and
such that its marginal on € is equal to P. It can be shown [1] that such
measures can be described by their ‘disintegration’ over (2, P), which is
a map w — , from €2 into the set of probability measures on &

Consider the example of an elliptic diffusion X; on a compact manifold
M. Let us be even more concrete and take for X; a simple Brownian
motion and for M the unit circle S'. When considered from the point of
view of the Markov semigroup P; generated by Xy, it is straightforward
to show that there exists a unique invariant probability measure for P;.
In our example, this invariant measure is of course simply the Lebesgue
measure on the circle.

Consider now X; as generated from a random dynamical system (since
we focus on the discrete time case, choose t to take integer values). At
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this stage, we realize that we have a huge freedom of choice when it
comes to finding an underlying dynamical system (2, P, ©) and a map
®: Q) x S' — 8! such that the corresponding stochastic process is equal
to our Brownian motion X;. The most immediate choice would be to
take for €2 the space of real-valued continuous functions vanishing at the
origin, P equal to the Wiener measure, © the shift map (@B) (s) = B(s+
1) — B(1), and ®(x, B) = x + B(1). In this case, it is possible to show
that there exists a unique invariant measure for this random dynamical
systems and that this invariant measure is equal to the product measure
of P with Lebesgue measure on S', so that p,, is equal to the Lebesgue
measure for every w.

However, we could also have considered X; as the solution to the
stochastic differential equation

dX (t) = sin(kX (t)) dB1(t) + cos(kX (t)) dBa(t),

where B; and By are two independent Wiener processes and k is an
arbitrary integer. In this case, it turns out (see [15], [3]) that there
are two invariant measures p and p~ for the corresponding random
dynamical system. Both of them are such that, for almost every w, p,
is equal to a sum of k& J-measures of weights 1/k. Furthermore, the map
w +— u_ is measurable with respect to the filtration generated by the
increments of B;(t) for negative ¢, whereas w +— 1 is measurable with
respect to the filtration generated by the increments of B; (t) for positive
t.

What this example makes clear is that, while the ergodic theory of X;
considered as a Markov process focuses on the long-time behaviour of
one instance of X; started at an arbitrary but fixed initial condition, the
theory of random dynamical systems instead focuses on the (potentially
much richer) simultaneous long-time behaviour of several instances of
X; driven by the same instance of the noise. Furthermore, it shows
that a random dynamical system may have invariant measures that are
‘unphysical’” in the sense that they can be realized only by initializing
the state of our system in some way that requires clairvoyant knowledge
of the entire future of its driving noise.

In the framework presented in the previous section, such unphysical
invariant measures never arise, since our noise space only contains in-
formation about the ‘past’ of the noise. Actually, given a skew-product
of Markov processes as before, one can construct in a canonical way a
random dynamical system by taking Q = W%, O the shift map, and
P the measure on = W?% corresponding to the law of the stationary
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Markov process with transition probabilities P and one-point distribu-
tion P. The map ® is then given by ®(z,w) = ®(x,wp). With this
correspondence, an invariant measure for the skew-product yields an in-
variant measure for the corresponding random dynamical system but,
as the example given above shows, the converse is not true in general.

3.4 Ergodicity criteria for Markov semigroups

Consider a Markov transition kernel P on some Polish space X. Recall
that an invariant measure p for P is said to be ergodic if the law of
the corresponding stationary process is ergodic for the shift map. It is
a well-known fact that if a Markov transition kernel has more than one
invariant measure then it must have at least two of them that are mutu-
ally singular. Therefore, the usual strategy for proving the uniqueness
of the invariant measure for P is to assume that P has two mutually
singular invariant measures p and v and to arrive at a contradiction.

This section is devoted to the presentation of some ergodicity criteria
for a Markov process on a general state space X and to their extension
to the framework presented in Section 3.2. If X happens to be countable
(or finite), the transition probabilities are given by a transition matrix
P = (P,;) (P;; being the probability of going from 7 to j in time 1) and
there is a very simple characterization of those transition probabilities
that can lead to at most one invariant probability measure. In a nut-
shell, ergodicity is implied by the existence of one point which cannot
be avoided by the dynamic:

Proposition 3.4 Let P be a transition matriz. If there exists a state j
such that, for every i, Y ~,(P");j > 0, then P can have at most one
invariant probability measure. Conversely, if P has exactly one invariant
probability measure, then there exists a state j with the above property.

There is no such clean criterion available in the case of general state
space, but the following comes relatively close. Recall that a Markov
transition operator P over a Polish space X' is said to be strong Feller
if it maps the space of bounded measurable functions into the space of
bounded continuous functions. This is equivalent to the continuity of
transition probabilities in the topology of strong convergence of mea-
sures. With this definition, one has the following criterion, of which a
proof can be found for example in [5]:
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Proposition 3.5 Let P be a strong Feller Markov transition operator
on a Polish space X. If i and v are two invariant measures for P that
are mutually singular, then supp N suppv = 0.

This is usually used together with some controllability argument in
the following way:

Corollary 3.6 Let P be strong Feller. If there exists x such that x
belongs to the support of every invariant measure for P, then P can
have at most one invariant measure.

Remark 3.7 The importance of the strong Feller property is that it al-
lows us to replace a measure-theoretical statement (1 and v are mutually
singular) by a stronger topological statement (the topological supports of
w and v are disjoint) which is then easier to invalidate by a controlla-
bility argument. If one further uses the fact that p and v are invari-
ant measures, one can actually replace the strong Feller property by the
weaker asymptotic strong Feller property [10], but we will not consider
this generalization here.

A version with slightly stronger assumptions that, however, leads to
a substantially stronger conclusion is usually attributed to Doob and
Khasminsk’ii:

Theorem 3.8 Let P be a strong Feller Markov transition operator on a
Polish space X. If there exists n > 1 such that, for every open set A C X
and every x € X, one has P"(x,A) > 0, then the measures P™ (x,-) and
P™(y,-) are equivalent for every pair (x,y) € X? and for every m > n.
In particular, P can have at most one invariant probability measure and,
if it exists, it is equivalent to P"(z,-) for every x.

These criteria suggest that we should look for a version of the strong
Feller property that is suitable for our context. Requiring Q to be strong
Feller is a very strong requirement which will not be fulfilled in many
cases of interest. On the one hand, since there is nothing like a semigroup
on X, it is not clear a priori how the strong Feller property should
be translated to our framework. On the other hand, the ultra Feller
property, that is the continuity of the transition probabilities in the total
variation topology, is easier to generalize to our setting. Even though
this property seems at first sight to be stronger than the strong Feller
property (the topology on probability measures induced by the total
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variation distance is strictly stronger than the one induced by strong
convergence), it turns out that the two are ‘almost’ equivalent. More
precisely, if two Markov transition operators P and @) are strong Feller,
then PQ is ultra Feller. Since this fact is not easy to find in the literature,
we will give a self-contained proof in Appendix A (Section 3.6).

One possible generalization, and this is the one that we will retain
here, is given by the following:

Definition 3.9 A skew-product (W, P, P, X, ®) is said to be strong
Feller if there exists a measurable map £: W x X* — [0,1] such that,
for P-almost every w one has {(w,z,x) =0 for every x, and such that

IS(z,w) — S(y, w)||rv < lw,z,y) , (3.5)

for every w € W and every z,y € X.

If we are furthermore in the setting of Section 3.2.3, we assume that,
for P-almost every w, the map (w',z,y) — L(wlUw', x,y) with w' € W,
1s jointly continuous.

If we are not in that setting, we impose the stronger condition that ¢
1s jointly continuous.

A natural generalization of the topological irreducibility used in Theo-
rem 3.8 is given by

Definition 3.10 A skew-product W, P, P, X, ®) is said to be topologi-
cally irreducible if there exists n > 1 such that

Q" (z,w; AXW) >0,
for every x € X, P-almost every w € W, and every open set A C X.

According to these definitions, the example given in Section 3.2.2 is both
strong Feller and topologically irreducible. If p # %, it does, however,
have two distinct (even up to the equivalence relation ~) invariant mea-
sures. The problem is that in the non-Markovian case it is of course
perfectly possible to have two distinct ergodic invariant measures for
Q that are such that their projections on X are not mutually singular.
This shows that, if we are aiming for an extension of a statement along
the lines of Theorem 3.8, we should impose some additional condition,
which ideally should always be satisfied for Markovian systems.
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3.4.1 Off-white noise systems

In order to proceed, we consider the measure P on WZ, which is the law
of the stationary process with transition probabilities P and fixed-time
law P. We define the coordinate maps II;: W% — W in the natural
way and the shift map O satisfying II;Qw = II;, . ;w. We also define two
natural o-fields on W%. The past, 2, is defined as the o-field generated
by the coordinate maps II; for i« < 0. The future, .%, is defined as the
o-field generated by all the maps of the form w — ®(z,I;w) for x € X
and ¢ > 0. With these definitions, we see that the process corresponding
to our skew-product is Markov (which is sometimes expressed by saying
that the system is a ‘white noise system’) if &2 and .% are independent

under P.
A natural weakening of the Markov property is therefore given by:

Definition 3.11 A skew-product (W,P, P, X, ®) is said to be an off-
white noise system if there exists a probability measure Py that is equiv-
alent to P and such that & and F are independent under Py.

Remark 3.12 The terminology “off-white noise system’ is used by anal-
ogy on the one hand with ’white noise systems’ in the theory of ran-
dom dynamical systems and on the other hand with ’off-white noise’ (or
slightly coloured noise’) as studied by Tsirelson ([24], [25]).

An off-white noise system behaves, as far as ergodic properties are
concerned, pretty much like a white noise (Markovian) system. This is
the content of the following proposition:

Theorem 3.13 Let (W, P, P, X, ®) be an off-white noise system and
let v and v be two stationary measures for Q such that Su L Sv. Then
their projections II% 1 and IT% v onto the state space X are also mutually
singular.

Proof. Denote by d: x x WZ — XN the solution map defined recur-
sively by

(ﬁ)(;mw))o =z, (@(3{:, w))n = (I>(((i>(x, w))nA, I, w). (3.6)

It follows from the construction that & is B(X) ® .Z-measurable, where
B(X) denotes the Borel o-algebra of X. Denote now by pu, and v, the
disintegrations of x and v over W, that is the only (up to P-negligible
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sets) measurable functions from W to .#;(X) such that
w(Ax B) = / pw (A)P(dw), A€ B(X), BeBW),
B

and similarly for v. Using this, we construct measures i and & on X x W2
by

(A x B) = /B pmw (A)P(dw), AeB(X), BeBW?%. (3.7)

With these constructions, one has Sy = P [ and similarly for v. We
also define fiy by the same expression as (3.7) with P replaced by P,.
Since 150 ~ f’7 one has i &~ fiy. However, since I is &-measurable and
since & and .% are independent under f’o, one has fiy = II%fip ® f’o
when restricted to the o-algebra B(X) ® .%. This implies in particular
that

Sp ="~ d*fig = &* (M1 ® Py) ~ & (Myp @ P)

which concludes the proof. O

Remark 3.14 Our definition of off-white noise is slightly more restric-
tive than the one in [25]. Translated to our present setting, Tsirelson
defined F, as the o-field generated by all the maps of the form w +—
O(z, ILw) for x € X and i > n and a noise was called ’off-white’ if
there exists n > 0 and Po ~ P such that 2 and G, are independent
under Py.

With this definition, one could expect to be able to obtain a statement
similar to Theorem 3.18 with the projection on X of u (and v) replaced
by the projection on the first n + 1 copies of X of the solution Spu.
Such a statement is wrong, as can be seen again by the example from
Section 3.2.2. It is, however, true if one defines %, as the (larger) o-
algebra generated by all maps of the form w — (@(x, w))l forx e X and
1> n.

A consequence of this theorem is the following equivalent of Proposi-
tion 3.5:

Proposition 3.15 Let (W, P, P, X, ®) be an off-white noise system
which is strong Feller in the sense of Definition 3.9. If there exists x € X
such that z € supp I1% p for every stationary measure pv of Q, then there
can be at most one such measure, up to the equivalence relation (3.3).
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Proof. Assume by contradiction that there exist two distinct invariant
measures £ and v. For simplicity, denote px = IT% 11 and similarly for v
and let « be an element from the intersection of their supports (such an
2 exists by assumption). We can assume furthermore without any loss
of generality that Sy L Sv.

Define, with the same notations as in the proof of Theorem 3.13,

S(z;-)=2*(5, ®P) = /WS(m,w;~)P(dw)

and note that one has, as before, Sy ~ [ S(;-) px(dz) and similarly for
v. Since Sy L Sv, this shows that there exists a measurable set A such
that S(z,w; A) = 0 for px ® P-almost every (z,w) and S(z,w; A) =1
for vy ® P-almost every (z,w). Define a function §: W — R, by

0(w) = inf{d : Tz with d(x,x) < § and S(zg, w; A) = 0},

were d is any metric generating the topology of . Since x belongs
to the support of py one must have 6(w) = 0 for P-almost every w.
Since we assumed that y — S(y,w;-) is continuous, this implies that
S(z,w; A) = 0 for P-almost every w. Reversing the roles of p and v, one
arrives at the fact that one also has S(x,w; A) = 1 for P-almost every
w, which is the contradiction we were looking for. O

Remark 3.16 It follows from the proof that it is sufficient to assume
that the map © — S(z,w) is continuous in the total variation norm for
P-almost every w.

3.4.2 Another quasi-Markov property

While the result in the previous section is satisfactory in the sense that
it shows a nice correspondence between results for Markov processes
and results for off-white noise systems, it covers only a very restrictive
class of systems. For example, in the case of continuous time, neither
fractional noise (the derivative of fractional Brownian motion) nor the
Ornstein—Uhlenbeck process fall into this class. It is therefore natural
to look for weaker conditions that still allow us to obtain statements
similar to Theorem 3.8. The key idea at this stage is to make use of the
topology of W which has not been used in the previous section. This
is also the main conceptual difference between the approach outlined in
this paper and the approach used by the theory of random dynamical
systems.
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In the previous section, we made use of the fact that, for off-white
noise systems, one has S(z,w;-) ~ S(z,w';-) for every = and every pair
(w,w') in a set of full P-measure. We now consider the set

A= {(w,w)eW?: S(x,w;-) =~ S(x,w;-)}, (3.8)

and we require that the dynamic on W is such that one can construct
couplings that hit A with positive probability. If we think of the driving
noise to be some Gaussian process, the set A typically consists of pairs
(w,w') such that the difference w — w’ is sufficiently ‘smooth’.

Recall that a coupling between two probability measures p and v is
a measure 7w on the product space such that its projections on the two
factors are equal to p and v respectively (the typical example is 7 = p®wv
but there exist in general many different couplings for the same pair of
measures). Given two positive measures p and v, we say that 7 is a
subcoupling for p and v if the projections on the two factors are smaller
than p and v respectively. With this definition at hand, we say that:

Definition 3.17 A skew-product (W,P,P,X,®) is said to be quasi-
Markovian if, for any two open sets U,V C W such that min{P(U),P(V)} >
0, there exists a measurable map w +— PV (w,-) € M (W?) such that:

(i) For P-almost every w, the measure PV-Y (w,-) is a subcoupling
for P(w, )|y and P(w,-)|y.

(ii) Given A as in (3.8), one has PUV (w,A) = PV (w,W?) for
P-almost every w.

Remark 3.18 If we are in the setting of Section 3.2.3, this is equiv-
alent to considering for U and V' open sets in Wy and replacing every
occurrence of P by P. The set A should then be replaced by the set

A = {(wo,wh) € W2 : S(z,w U wp;-) = S(x,wUwp;-) for P-a.e. w}

Remark 3.19 In general, the transition probabilities P only need to
be defined up to a P-negligible set. In this case, the set A is defined
up to a set which is negligible with respect to any coupling of P with
itself. In particular, this shows that the ‘quasi-Markov’ property from
Definition 3.17 does not depend on the particular choice of P.

With these definitions, we have the following result:

Theorem 3.20 Let (W, P, P, X, ®) be a quasi-Markovian skew-product
which is strong Feller in the sense of Definition 3.9 and topologically



82 Martin Hairer

irreducible in the sense of Definition 3.10. Then, it can have at most
one invariant measure, up to the equivalence relation (3.3).

Proof. Under slightly more restrictive assumptions, this is the content
of [11, Theorem 3.10]. It is a tedious but rather straightforward task to
go through the proof and to check that the arguments still hold under
the weaker assumptions stated here. O

3.4.3 Discussion

The insight that we would like to convey with the way of exposing the
previous two subsections is the following. If one wishes to obtain a
statement of the form ’strong Feller + irreducible 4+ quasi-Markov =
uniqueness of the stationary measure’, one should balance the regularity
of ¢, defined in (3.5), as a function of w, with the class of sets U and V'
used in Definition 3.17. This in turn is closely related to the size of the
set A from (3.8). The larger A is, the larger the admissible class of sets
in Definition 3.17, and the lower the regularity requirements on £.

The off-white noise case corresponds to the situation where A = W2,
This in turn shows that one could take for U and V' any two measurable
sets and PYV (w,-) = P(w,- )|y ® P(w,-)|v. Accordingly, there is no
regularity requirement (in w) on ¢, except for it being measurable.

In the case of Section 3.2.3, the transition probabilities P have a
special structure in the sense that P(w,A) = 1 for A = w U W),. This
implies that one can take for U and V any measurable set that is such
that, if we decompose W according to W ~ W x W), the ’slices’ of U and
V in W, are P-almost surely open sets. The corresponding regularity
requirement on £ is that the map (z,y,w’) — £(w U w',z,y) is jointly
continuous for P-almost every w.

Finally, if we do not assume any special structure on A or P, we take
for U and V arbitrary open sets in WW. In this case, the corresponding
regularity requirement on £ is that it is jointly continuous in all of its
arguments.

3.5 The Gaussian case

In this section, we study the important particular case of Gaussian noise.
We place ourselves in the framework of Section 3.2.3 and we choose
W, = R, so that W = R%-. We furthermore assume that the measure
P is centred, stationary, and Gaussian with covariance C and spectral
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measure g. In other words, we define u as the (unique) finite Borel
measure on [—, 7] such that

1 T
C, :/ Wi Wy, P(dw) = —/ e u(de), (3.9)
w 2

™ J—x

holds for every n > 0. A well-known result by Maruyama (see [16] or
the textbook [7], Section 3.9) states that P is ergodic for the shift map
if and only if the measure p has no atoms. As in Section 3.2.3, denote
by P: W — .#,(R) the corresponding regular conditional probabilities.

Since regular conditional probabilities of Gaussian measures are again
Gaussian [2], one has

Lemma 3.21 There exists o > 0 and a P-measurable linear functional
m: W — R such that, P-almost surely, the measure P(w,-) is Gaussian

with mean m(w) and variance o®.

This, however, does not rule out the case where 0 = 0. The answer to
the question of when o # 0 is given by the following classical result in
linear prediction theory [22], [12]:

Theorem 3.22 Decompose i as p(dz) = f(z)dx + ps(dz) with us
singular with respect to Lebesgue’s measure. Then, one has

o? = exp(%/log f(x) dﬂﬁ)7 (3.10)

if the expression on the right-hand side makes sense, and o = 0 other-
wise.

If o = 0, all the randomness is contained in the remote past of the noise
and no new randomness comes in as time evolves. We will therefore
always assume that g is non-atomic and that ¢? > 0. Since in that
case all elements of W with only finitely many non-zero entries belong
to the reproducing kernel of P (see Section 3.7 below for the definition
of the reproducing kernel of a Gaussian measure and for the notations
that follow), the linear functional m can be chosen such that, for every
n > 0, m(w) is jointly continuous in (w_,,...,wy) for P-almost every
(.., w_p_9,w_p_1); see [2], Section 2.10.

We will denote by P the Gaussian measure on W = RZ with cor-
relations given by the C,. We denote its covariance operator again by
C. The measure P is really the same as the measure P defined in Sec-
tion 3.4.1 if we make the necessary identification of W with a subset of
WX this is why we use the same notation without risking confusion.
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We also introduce the equivalents to the two o-algebras & and .%. We
interpret them as o-algebras on RZ%, so that &2 is the o-algebra gener-
ated by the II,, with n < 0 and .% is generated by the II, with n > 0.
(Actually, Z could be slightly smaller than that in general, but we do
not want to restrict ourselves to one particular skew-product, and so we
simply take for .% the smallest choice which contains all ‘futures’ for all
possible choices of ® as in Section 3.2.3.)

It is natural to split W as W = W_ @ W, where W_ ~ W is the
span of the images of the I, with n < 0 and similarly for W,. We
denote by H the reproducing kernel Hilbert space of P. Recall that
via the map W* 511, — ¢ and the inclusion W* C ‘H, one has the
isomorphism H = L*(u1) with p as in (3.9); see for example [7]. Following
the construction of Section 3.7, we see that H”_ is given by the closure
in H of the span of e for n < 0 and similarly for H” . Denote by Py
the orthogonal projection from H” to ﬂﬁ and by P the corresponding
operator from H” to H.

With all these preliminaries in place, an immediate consequence of
Proposition 3.42 is:

Proposition 3.23 Let P: W_ — W, be the P-measurable extension
of P. Then the set A is equal (up to a negligible set in the sense of

Remark 3.19) to {(w,w’) : P(w —w') € H}}. In particular, it always
contains the set {(w,w') : w—w € HNW_}.

Proof. The first statement follows from the fact that, by (3.17), HS is
the reproducing kernel space of the conditional probability of P, given
the past &, and P(w — w') yields the shift between the conditional
probability given w and the conditional probability given w’. The second
statement follows from the fact that P extends to a bounded operator
from HS to HS. O

3.5.1 The quasi-Markov property

We assume as above that Wy = R and that P is a stationary Gaussian
measure with spectral measure y. We also write as before u(dz) =
f(z)dx 4+ ps(dz). The main result of this section is that the quasi-
Markov property introduced in Section 3.4 can easily be read off from
the behaviour of the spectral measure p:



Ergodic properties of a class of non-Markovian processes 85

Theorem 3.24 A generic random dynamical system as above is quasi-
Markovian if and only if f is almost everywhere positive and ffﬂ ﬁ dz
is finite. (

Proof. Let e, be the ‘unit vectors’ defined by II,,e, = d,,,. Then the
condition of [ ﬁz) dz being finite is equivalent to e, belonging to the

reproducing kernel of P, a classical result dating back to Kolmogorov
(see also [8], p. 83).

To show that the condition is sufficient, denote by D, (x) the (Gaus-
sian) density of P(w,-) with respect to Lebesgue measure on R. Given
any two open sets U and V in R, we can find some z, y, and » > 0
such that B(z,r) C U and B(y,r) C V. Take then for P"V (w,-) the
push-forward under the map z — (z, 24y — z) of the measure with den-
sity z — min{D,, (z), Dy, (2 +y — x)} with respect to Lebesgue measure.
Since, by Proposition 3.23, A contains all pairs (w,w’) which differ by
an element of HNW_ and since the condition of the theorem is precisely
what is required for e; to belong to H, this shows the sufficiency of the
condition.

To show that the condition is necessary as well, suppose that it does
not hold and take for example U = (—00,0) and V = [0,00). Since
we have the standing assumption that o > 0 with o2 as in (3.10), one
has P(w,U) > 0 for P-almost every w and similarly for V. Assume by
contradiction that the system is quasi-Markovian, so we can construct
a measure on RZ x RZ in the following way. Define W, as before and
define W_ as the span of II,, for n < 0 so that W =W_ @ W, & W,..
Let Py: W_@® Wy — 41 (W, ) be the conditional probability of P given
W_ @ W,. Let PVV: W_ — .#,(W,) be as in Definition 3.17 and
construct a measure M on W2 x Wﬁ by

M(A1 X A2 X B X Bz) = / /P:t(’w, ] U}(),Bl)P:t(’UJ, I_Iw(’),BQ)
ANAy A
x PUV (w_, dwodw)) P(dw_).
This measure has the following properties:

1. By the properties of PYV and by the definition of Py, it is a subcou-
pling for the projection of P on W_ x W, with itself, and it is not
the trivial measure.

2. Denote by M; and M the projections on the two copies of W x W,..
Since Py(w_ Uwy,-) =~ Py(w_ Uwy,-) for P-almost every w and for
every pair (wg,w))) € A, one has M; ~ M.
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On the other hand, since ey does not belong to the reproducing kernel
of P by assumption, there exists a P-measurable linear map m: W_ x
W, — W, such that the identity wo = m(w_,w,) holds for P-almost
every triple (w_, wy, w; ); see Proposition 3.42. Denote by A the preim-
age of U under m in W_ x W, and by A° its complement. Then one
has M;(A®) = M>(A) = 0, which contradicts property 2 above. O

Note that, although the condition of this theorem is easy to read off
from the spectral measure, it is in general not so straightforward to read
off from the behaviour of the correlation function C. In particular, it
does not translate into a decay condition of the coefficients C,,. Take
for example the case

2 ifn=0,
C, = 1 ifn=1,
0 otherwise.

This can be realized for example by taking for &, a sequence of i.i.d.
normal Gaussian random variables and setting W,, = &, +&,4+1. We can
check that one has, for every IV > 0, the identity

N N
1 n 1 n
Wo =+ 7;(71) (i1 +én) = ;(4) (N +1—n)(W, +W_,).
Since the first term converges to 0 almost surely by the law of large
numbers, it follows that one has the almost sure identity
1 X
Wo=— lim —> (=1)"(N +1—n)(W, + W_,),

which shows that W, can be determined from the knowledge of the
W, for n # 0. In terms of the spectral measure, this can be seen
from the fact that f(x) = 1+ cos(x), so that 1/f has a non-integrable
singularity at z = w. This also demonstrates that there are cases in
which the reproducing kernel of P contains all elements with finitely
non-zero entries, even though the reproducing kernel of P contains no
such elements.

3.5.2 The strong Feller property

It turns out that in the case of discrete stationary Gaussian noise, the
quasi-Markov and the strong Feller properties are very closely related.
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In this section, we assume that we are again in the framework of Sec-
tion 3.2.3, but we take Wy = R? and we assume that the driving noise
consists of d independent stationary Gaussian sequences with spectral
measures satisfying the condition of Theorem 3.24.

We are going to derive a criterion for the strong Feller property for
the Markovian case where the driving noise consists of d independent
sequences of i.i.d. Gaussian random variables and we will see that this
criterion still works in the quasi-Markovian case.

It will be convenient for the purpose of this section to introduce the
Fréchet space L'(R?) consisting of measurable functions f: R? — R
such that the norms | f[|? , = [ f? (w)e 1 dw are finite for all y > 0
and all p > 1. For example, since these norms are increasing in p and
and decreasing in 7, L' (R?) can be endowed with the distance

o0
=2

p=1ln

NE

27 (AN —gllx,)-

Il
—

With this notation, we will say that a function g: R” x R* — R™
belongs to C*T'(R" x RY) if, for every i € {1,...,m}, the map =
gi(,-) is continuous from R" to LF'(R?).

Given a function ®: R” x R? — R" with elements of R" denoted
by « and elements of R? denoted by w, we also define the ‘Malliavin
covariance matrix’ of ® by

M=

qu (z,w) = O i (z, W) Ot @ (z, w).
k=1

With this notation, we have the following criterion:

Proposition 3.25 Let ® € C2(R" x RY;R") be such that the deriva-
tives D, ®, D, D, ®, and D2 ® all belong to COT'(R" x RY). Assume
furthermore that Miq;- is invertible for Lebesque-almost every (x,w) and
that (det ]\4{?)_1 belongs to COT(R" x R?). Then the Markov semigroup
over RY defined by

(PH@) = | £ w) Tlaw).

where T' is an arbitrary non-degenerate Gaussian measure on R?, has
the strong Feller property.

Proof. Take a function f € C§°(R"™) and write (in this proof we use
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Einstein’s convention of summation over repeated indices):

(OPf) (@) = | 03f((w,w))0r, ;(w,w) T(dw) . (3.11)
Rl
At this point, we note that, since we assumed M? to be invertible, one
has for every pair (i, ) the identity

Op, @ (z,w) = Opm @ (2, w)Epi(x, w), (3.12)
where
qu’, = 8wm (I)k (m,w) (MCD(Z‘,’U)));;ar, (I’Z(JHUJ).

This allows us to integrate (3.11) by parts, yielding

(&;Pf) (z) =— - f(@(x,w))( o — (Qw)™ )Hmi(wi) I'(dw),

where @ is the inverse of the covariance matrix of I'. Our assumptions
then ensure the existence of a continuous function K: R" — R such
that [(O;Pf)(z)| < K(x x)sup,, | f(y)| which, by a standard approximation
argument ([5], Chapter 7), is sufficient for the strong Feller property to
hold. O

Remark 3.26 We could easily have replaced R™ by an n-dimensional
Riemannian manifold with the obvious changes in the definitions of the
various objects involved.

Remark 3.27 Just as in the case of the Hormander condition for the hy-
poellipticity of a second-order differential operator, the conditions given
here are not far from being necessary. Indeed, if M®(xz,-) fails to be
invertible on some open set in R, then the image of this open set under
O(x,-) will be a set of dimension n' < n. In other words, the process
starting from x will stay in some subset of lower dimension n' with posi-
tive probability, so that the transition probabilities will not have a density
with respect to the Lebesgue measure.

Remark 3.28 Actually, this condition gives quite a bit more than the
strong Feller property, since it gives local Lipschitz continuity of the
transition probabilities in the total variation distance with local Lipschitz
constant K(x).

We now show that if we construct a skew-product from & and take
as driving noise d independent copies of a stationary Gaussian process
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with a covariance structure satisfying the assumption of Theorem 3.24,
then the assumptions of Proposition 3.25 are sufficient to guarantee that
it also satisfies the strong Feller property in the sense of Definition 3.9.
We have indeed that:

Theorem 3.29 Let Wy = R, W = WP~ let &: R" x W, — R" satisfy
the assumptions of Proposition 8.25, and let P € .41 (W) be a Gaussian
measure such that there exist measures i, . .., g with

™

1 5'777 i
[ i pu) = % [ e ).
wo 2m

—T

Then, if the absolutely continuous part of each of the u; satisfies the
condition of Theorem 3.24, the skew-product (W,P, P, R" ®) has the
strong Feller property.

Proof. Let m be as in Lemma 3.21, let z € R", and let w € W such that
m(w) < co. We want to show that there exists a continuous function K
depending continuously on  and on m(w) such that S(z,w;-) is locally
Lipschitz continuous in the total variation distance (as a function of x)
with local Lipschitz constant K (z,m(w)). Since we assumed from the
beginning that o > 0, where o is defined as in (3.10), we know that
the set of elements in W with only finitely many non-zero coordinates
belongs to the reproducing kernel space of P. Since, by (3.16), the map m
is bounded from the reproducing kernel space of P into R, m(w) depends
continuously on each of the coordinates of w and so the assumptions of
Definition 3.9 are verified.

It remains to construct K. This will be done in a way that is almost
identical to the proof of Proposition 3.25. Take a bounded smooth test
function f: (R")N — R which depends only on its first N coordinates
and consider the function (Sf)(z,w) defined by

EN@w = [ SSewi).

Consider now the splitting W =W_a W,, as well as the measur-
able linear map P and the space H< introduced for the statement of
Proposition 3.23 (note that P relates to m via (Pw)y = m(w)). De-
note furthermore by P, the Gaussian measure on W, with reproducing
kernel space H¢ . With these notations at hand, we have the expression

(S9)(ww) = [ f(Blai+ Pu)P.(da),

W,
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where we denoted by ®: X x W, — XN the map defined in (3.6). We see
that, as in (3.12), one has the identity (again, summation over repeated
indices is implied):

awz (i)(l‘,’ljj) = atf)[)" (i(l‘,’d)) Emi(ﬂ?, 1IJO) 5

where the function = is exactly the same as in (3.12). At this point,
since the ‘coordinate vectors’ ef’ belong to the reproducing kernel of P,
and therefore also of P by (3.15), we can integrate by parts against the
Gaussian measure P ([2], Theorem 5.1.8) to obtain

0 Sf(z,w) =— . F(@(z, % + Pw))dip Epni(, B + m(w)) Py (db)

+ [ (2,0 + Pw))Ei(z, o + m(w))e (@) Py (dib).

W,
Here, we have abused the notation and interpreted ef’ as a measurable
linear functional on W,, via the identification (3.14). Since we have
[ e () |*P4 (dw) < oo by assumption and since the law of @y under
P, is centred Gaussian with variance o2, this concludes the proof. O

3.5.3 The off-white noise case

The question of which stationary Gaussian sequences correspond to off-
white noise systems was solved by Ibragimov and Solev in the seventies;
see [13] and also [25]. It turns out that the correct criterion is:

Theorem 3.30 The random dynamical system is off-white if and only if
the spectral measure p has a density f with respect to Lebesgue measure
and f(\) = expd(\) for some function ¢ belonging to the fractional
Sobolev space HY/?.

Remark 3.31 By a well-known result by Trudinger [23], later extended
in [21], any function ¢ € HY? satisfies [ exp(¢*(x))dx < co. In partic-
ular, this shows that the condition of the previous theorem is therefore
much stronger than the condition of Theorem 3.24 which is required for
the quasi-Markov property.

As an example, the (Gaussian) stationary autoregressive process, which
has covariance structure C,, = ", does have the quasi-Markov property
since its spectral measure has a density of the form

1—ao?

dz) = d
u(dz) 14 a? — 2acos(x) ©
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which is smooth and bounded away from the origin. However, if we take

a sequence &, of i.i.d. normal random variables and define a process X,
by

X, = i k_ﬂfn—ka
k=1

for some 3 > 1/2, then X,, does still have the quasi-Markov property,
but it is not an off-white noise.

3.6 Appendix A: Equivalence of the strong and ultra Feller
properties

In this section, we show that, even though the ultra Feller property
seems at first sight to be stronger than the strong Feller property, the
composition of two Markov transition kernels satisfying the strong Feller
property always satisfies the ultra Feller property. This fact had already
been pointed out in [6] but had been overlooked by a large part of
the probability community until Seidler ‘rediscovered’ it in 2001 [20].
We take the opportunity to give an elementary proof of this fact. Its
structure is based on the notes by Seidler, but we take advantage of the
simplifying fact that we only work with Polish spaces.
We introduce the following definition:

Definition 3.32 A Markov transition kernel P over a Polish space X
satisfies the ultra Feller property if the transition probabilities P(x,-)
are continuous in the total variation norm.

Recall first the following well-known fact of real analysis (see for ex-
ample [28], Example I1V.9.3):

Proposition 3.33 For any measure space (2, F, \) such that F is count-
ably generated and any p € [1,00), one has LP (2, A) = LI(Q,\) with
g ' +p~ ! =1. In particular, this is true with p = 1.

As a consequence, one has

Corollary 3.34 Assume that F is countably generated and let g, be a
bounded sequence in L (2, \). Then there exist a subsequence g,, and
some g € L>®(UN) such that [ g, (x)f(x) AN(dz) — [g(x)f(xz) M(dz)
for every f € L*(,\).
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Proof. Since F is countably generated, L!(Q, \) is separable and there-
fore contains a countable dense subset {f,}. Since the g, are uni-
formly bounded, a diagonal argument allows us to exhibit an element
g € LY(2,\) and a subsequence ny such that [ g,, (z)fn (z) A(dz) —
(fm,g) for every m. The claim follows from the density of the set {f,, }
and the previous proposition. O

Note also that one has

Lemma 3.35 Let P be a strong Feller Markov kernel on a Polish space
X. Then there exists a probability measure X on X such that P(x,-) is
absolutely continuous with respect to A for every x € X.

Proof. Let {z,} be a countable dense subset of X and define a prob-
ability measure A by A(A) = Y77, 27" P(x,,A). Let x € X be arbi-
trary and assume by contradiction that P(z,-) is not absolutely con-
tinuous with respect to A\. This implies that there exists a set A with
A(A) =0 but P(z,A) #0. Set f = x4 and consider Pf. One one hand,
(Pf)(z) = P(z,A) > 0. On the other hand, (Pf)(z,) = 0 for every
n. Since P is strong Feller, Pf must be continuous, thus leading to a
contradiction. a

Finally, set B = {g € By(X)| sup, |g(x)| < 1} the unit ball in the
space of bounded measurable functions, and note that one has the fol-
lowing alternative formulation of the ultra Feller property:

Lemma 3.36 A Markov kernel P on a Polish space X is ultra Feller if
and only if the set of functions {Pg|g € B} is equicontinuous.

Proof. This is an immediate consequence of the fact that one has the
characterisation ||P(z,-) — P(y,-)|ltv = sup,cp |Pg(x) — Pg(y)l; see for
example [27], Example 1.17. O

We have now all the ingredients necessary for the proof of the result
announced earlier.

Theorem 3.37 Let X be a Polish space and let P and Q be two strong
Feller Markov kernels on X. Then the Markov kernel PQ is ultra Feller.

Proof. Applying Lemma 3.35 to @), we see that there exists a reference
measure A such that Q(y,dz) = k(z, z) A(dz).



Ergodic properties of a class of non-Markovian processes 93

Suppose by contradiction that R = P(@ is not ultra Feller. Therefore,
by Lemma 3.36 there exists an element x € X, a sequence g, € B, a
sequence x, converging to x, and a value é > 0 such that

Rg, (x,) — Rgn(x) > ¢, (3.13)

for every n. Interpreting the g, s as elements of L>(X,\), it follows
from Corollary 3.34 that, extracting a subsequence if necessary, we can
assume that there exists an element g € L*°(X, A) such that

Jim Qg () = Jim [ K(y,2)9 () Md2) = [ Ky 2)a(:) M) = Qa)
for every y € X. (This is because k(y,-) € L'(X,)).) Let us define the
shorthands f, = Qg,, f = Qg, and h,, = sup,,~,, |fm — f]-

Since f,, — f pointwise, it follows from Lebes_gue’s dominated conver-
gence theorem that Pf,(x) — Pf(x). The same argument shows that
Ph, (y) — 0 for every y € X. Since, furthermore, the h,, are positive
decreasing functions, one has

lim Ph,(z,) < lim Phy,,(x,) = Ph,,(z),

n—o0o n—o0

which is valid for every m, thus showing that lim, ., Ph, (z,) = 0.
This implies that

lim Pf,(x,)— Pf(x)
< HILIEJan(mn) = Pf(zy)| +HILH;O|PJC($H) = Pf(z)]
< lim Ph,(z,)+0=0,

T n—oo

thus creating the required contradiction with (3.13). |

Example 3.38 Let us conclude this section with an example of a strong
Feller Markov kernels which is not ultra Feller. Take X = [0,1] and
define P by

dy ifx =0,

P(z,dy) = { c(z)(1+sin(y/z)) dy  otherwise.

Here, the function c is chosen in such a way that P(x,-) is a probabil-
ity measure. It is obvious that, for any f € By(X), Pf is continuous
(even C*) outside of x = 0. It follows furthermore from the Riemann-
Lebesgue lemma that Pf is continuous at * = 0. However, the map
x — P(z,-) is discontinuous at 0 in the total variation topology (one
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has lim, g ||P(x,-) — P(0,-)||rv = %), which shows that P is not ultra
Feller.

Remark 3.39 Since, as seen in the previous example, there are strong
Feller Markov kernels that are not ultra Feller, Theorem 3.37 fails in
general if one of the two kernels is only Feller (take the identity).

3.7 Appendix B: Some Gaussian measure theory

This section is devoted to a short summary of the theory of Gaussian
measures and in particular on their conditioning. Denote by X some
separable Fréchet space and assume that we are given a splitting X =
X, @ X,. This means that the X; are subspaces of X and every element
of X can be written uniquely as x = x; + x» with z; € X;, and the
projection maps II; : z — x; are continuous.

Assume that we are given a Gaussian probability measure P on X,
with covariance operator Q. That is Q X* — X is a continuous bilinear
map such that (Qf,g9) = [ f(z P(dx) for every f and g in X*.
(Such a map exists because P is automatlcally a Radon measure in
our case.) Here, we used the notation (f,x) for the pairing between

*and X. We denote by H the reproducing kernel Hilbert space of
P. The space ‘H can be constructed as the closure of the image of
the canonical map t: X* — L*(X,P) given by (:h)(w) = h(w), so
that H is the space of P-measurable linear functionals on X. If we
assume that the support of P is all of X (replace X by the support of
P otherwise), then this map is an injection, so that we can identify X*
with a subspace of H. Any given h € H can then be identified with the
(unique) element h, in X such that (Qg,h) = g(h.) for every g € X*.
With this notation, the scalar product on H is given by (th, w) = h(w),
or equivalently by (th, tg) = (h, Qg) = (Qh, g). We will from now on use
these identifications, so that one has

X*CHCX, (3.14)

and, with respect to the norm on H, the map @ is an isometry between
X* and its image. For elements x in the image of @ (which can be
identified with a dense subset of H), one has ||z||* = (z, Q).

Given projections II;: X — X, as above, the reproducing kernel
Hilbert spaces H! of the projected measures P o II I are given by
HY = IL’H C X;, and their covariance operators @; are given by
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Q; =ILQII: X7 — X;. The norm on H! is given by
)7, = inf{]lyl? : @ =Ty, y € H} = (&, Q') ,

where the last equality is valid for = belonging to the image of @;. It
is noteworthy that, even though the spaces HY are not subspaces of H
in general, there is a natural isomorphism between H? and some closed
subspace of H in the following way. For x in the image of @;, define
Uiz = QI;Q; 'z € X. One has

Lemma 3.40 For every x in the image of Q;, one has U;x € H. Fur-
thermore, the map U; extends to an isometry between HY and U;HY C 'H.

Proof. Since U;x belongs to the image of ) by construction, one has
Uiz|® = (Ui, @~'Usz) = (QI; Q7' 2, IFQ7 'w) = (,Q7 'x) = ||z,,.
The claim follows because the image of @; is dense in H?. o

We denote by 1! the images of H? under U;. Via the identification
(3.14), it follows that 7:{57 is actually nothing but the closure in ‘H of
the image of X under II¥. Denoting by IL,: H — H the orthogonal
projection (in H) onto ’}:[f , it is a straightforward calculation to see that
one has the identity f[zx = U;II;z. On the other hand, it follows from
the definition of Q; that IL;U;xz = z, so that IT;: 7:{f’ — H? is the inverse
of the isomorphism Uj;.

We can also define subspaces H{ of H by

H =HNX, =HNH (3.15)

where we used the identification (3.14) and the embedding X; C X. The
closures are taken with respect to the topology of H. The spaces H{ are
again Hilbert spaces (they inherit their structure from H, not from H?!)
and they therefore define Gaussian measures P; on X;. Note that for
x € HEN'HY, one has ||z|| > ||z]|;,, so that the inclusion Hf C HY holds.
One has

Lemma 3.41 One has H{ = (’}:lg)L and vice versa.

Proof. It is an immediate consequence of the facts that X = X; & Xo,
that % is the closure of the image of IT} and that, via the identification
(3.14) the scalar product in H is an extension of the duality pairing be-
tween X and X*. ]

We now define a (continuous) operator P: H) — Hb by Px = U, .
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It follows from the previous remarks that P is unitarily equivalent to
the orthogonal projection (in H) from Hj to H,. Furthermore, one has
Px = Uz — x, so that

1Pzl <zl + =]l , (3.16)

which, combined with (3.15), shows that P can be extended to a bounded
operator from H§ to HS.

A standard result in Gaussian measure theory states that P can be
extended to a (P o Hl_l)—measurable linear operator P X 1 — Xo. With
these notations at hand, the main statement of this section is given by:

Proposition 3.42 The measure P admits the disintegration
/gb(x) P(dz) = / d(x + P+ y)Py(dy) (Poll;')(dz). (3.17)
X, JX,

Proof. Denote by v the measure on the right-hand side. Since v is
the image of the Gaussian measure p = (P ) Hfl) ® Py under the p-
measurable linear operator A: (x,y) — x + Pz + y, it follows from [2,
Theorem 3.10] that v is again a Gaussian measure. The claim then
follows if we can show that the reproducing kernel Hilbert space of v is
equal to H. Since the reproducing kernel space H(u) of u is canonically
isomorphic to H(u) = Hy ® H5 C H @ H, this is equivalent to the
fact that the operator x — = + Pz = z + IbUjz from HY to H is an
isometry between H} and (Hg)L. On the other hand, we know from

Lemma 3.41 that (Hg)J' = 1! and we know from Lemma 3.40 that
U, is an isomorphism between Hj and 7:1717 Finally, it follows from the
definitions that IL,U x = Qlelx =z for every z € HY, so that one has
z + LU x = (H1 + Hg)le = Uz, which completes the proof. O
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Why study multifractal spectra?
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Abstract

We show by three simple examples how multifractal spectra can enrich
our understanding of stochastic processes. The first example concerns
the problem of describing the speed of fragmentation in a stick-breaking
process, the second concerns the nature of a phase transition in a simple
model of statistical mechanics, and the third example discusses the speed
of emergence in Kingman’s coalescent.

4.1 Introduction

T am often asked why I am interested in Hausdorff dimension. Are there
any important problems that can be solved using Hausdorff dimension?
Can Hausdorff dimension really add to our understanding of stochastic
processes? 1 believe that the answer is yes to both questions, and in
this paper I attempt to give some evidence in the case of the second
question, by means of three examples. I will focus on the notion of a
multifractal spectrum or dimension spectrum, which in its broadest form
refers to the Hausdorff dimension of a parametrized family of sets, seen
as a function of the parameter.

The examples are chosen on the one hand for their relative simplicity,
on the other hand to illustrate the diversity of shapes which a multi-
fractal spectrum can take. A common thread in all the examples is the
notion of a tree, which either features prominently in the initial descrip-
tion or presents a very valuable reformulation of the model. Moreover,
all our proofs rely, in some form or other, on one of the most beautiful
and powerful ideas of probability theory, the concept of a martingale.
Nevertheless, I will not give full details of any proofs in this review, but
only sketch the basic ideas.

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
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In the first example of this paper we look at the iterated breaking
of a stick of unit length into a (random) finite number of parts. With
every point on the stick we associate a fragmentation speed, measuring
the rate at which the length of the part containing this point goes to
zero. Attempting to plot the fragmentation speed as a function of the
point position of the stick we are confronted with an extremely irregular
(or fractal) function. A multifractal spectrum turns out to be exactly
the right way to organize the information contained in this function in
a comprehensible way.

In the second example we look at a simple model of a polymer in a
random environment. We associate random weights to the vertices of a
regular tree and model a polymer chain attracted by large weights and
repelled by small weights by a path in the tree. More precisely, for fixed
large n, we associate to each path v from the root to the nth generation
a probability proportional to exp{8H (v)} where H(v) is the sum of
the weights along v and § > 0 is an inverse temperature parameter.
This model often has a phase transition, a sudden qualitative change
as (0 increases from zero to infinity, which is noticeable in the limiting
behaviour of the normalization factor, or partition function. In the
absence of a spatial component in this model, the qualitative difference
between the two phases is difficult to grasp. A multifractal spectrum
helps to attach a physical meaning to this phase transition.

In the third example we look at a famous process arising in the context
of mathematical biology. Kingman’s coalescent describes the genealogy
of a population in terms of a process with values in the set of partitions
of N: consider a population consisting at time one of infinitely many
individuals, which are represented by the natural numbers. For any s >
0 the individuals are then grouped into blocks B C N sharing the same
ancestor at time 1 — s. This model has the interesting feature that at
s = 0 there is a transition from a partition consisting of infinitely many
finite blocks to partitions consisting of finitely many infinite blocks. A
multifractal spectrum allows us to better understand how this instant
coalescence happens.

The first two examples represent the first steps in ongoing work with
current PhD students of mine and I would like to thank them for per-
mission to include this material here and for providing the illustrative
pictures: The first example is drawn from joint work with Adam Kin-
nison, the second one from joint work with Marcel Ortgiese. Both will
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publish more substantial accounts of their work when the time is right,
and I hope this paper can serve as an advertisement for their work.

The third example was communicated to me by Julien Berestycksi,
and full details are yet to be written. It is an adaptation of results in
Berestycki, Berestycki and Schweinsberg [2], which concerns the class
of Beta-coalescents. The Kingman coalescent is a limiting case of the
Beta-coalescents, which is different in some respects. Its advantage from
our point of view is that its treatment can be based on more familiar
concepts. Readers interested in the original result and a more sophisti-
cated treatment of Beta-coalescents are recommended to consult [2], and
to see also [5] and the contribution of Birkner and Blath in this volume
for a survey of related results.

4.2 The speed of fragmentation in stick-breaking

Suppose that N is a nondegenerate random variable with values in the
positive integers, and assume that

~v(8) :=log E[Nl_ﬁ} < 00 for every 5 € R.

We begin with a stick of length 1, represented by the unit interval.
At the first stage we sample N and break this stick into IV sticks of
length 1/N. At the nth stage we sample for every stick of the (n — 1)th
stage an independent random variable N and break this stick into N
further pieces of equal length. Hence, at any time n, we have a partition
of the unit interval into a finite, random number of intervals (or sticks)
of random length.

Having done this we can associate with every point x € [0,1] a de-
creasing sequence (1,4, ...) where £, = £, (z) is the length of the stick
containing x in the nth stage. The fragmentation speed at z is

1
f(z) :==— lim —logt, (x),
n—oo N,
whenever this limit is defined. It is a natural problem to explore the
nature of the random function f for various distributions of V.
We first note that
1 n
fla) = Jim — Zl log N, (z),
j=
where N, (z) is the number of pieces in which the stick containing x is
broken in the nth step. For any fixed x the sequence Ny(z), Na(x),. ..
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is i.i.d. and hence, by the law of large numbers, f(x) = E[log N] almost
surely. By Fubini’s theorem we thus get

0:/E|f 1ogN’dx— /’f logN’d:v
and hence, almost surely,
f(z) = E[log N] for Lebesgue-almost all x.

But the analysis does not end with the fact that f is constant almost
everywhere. The plot in Figure 4.1 reveals its fractal nature even in
the case when N is uniformly distributed. What one might guess from
the picture is that f is bounded from above and below, and that values
above seem to be a lot more common than values below Elog N.

11

Speed

L L L L L L L L L
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Position

Fig. 4.1. Plot of the speed in the case of the uniform distribution on {1, 2,3}
using an approximation based on the fragmentation after 16 steps. The typical
value of f is here Elog N =~ 0.597.

The interesting question is therefore: How frequent are the various
values of f7 Can we measure and compare the size of the sets

a) = {ze0,1]: — hm Llogt, (z) = a}

for all possible values of a? If this can be done, the nontrivial information
contained in f would take the form of a function mapping any possible
value a to the size of the set S(a).
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The next theorem shows that this is indeed possible when Hausdorff
dimension is used as the notion of size. The resulting (deterministic)
function is a typical example of a multifractal spectrum; see Figure 4.2
for an example plot.

Theorem 4.1 (Kinnison) For every a > 0, almost surely
dim $(a) =  inf{as +1(9)}
whenever the right-hand side is nonnegative.

Remark Our stick-breaking process is a discrete-time example of a ran-
dom fragmentation process. A thorough multifractal analysis of continuous-
time homogeneous fragmentation models has been performed by J. Beresty-
cki [1]. Our result is not contained in his, and our proof uses a different
setup, but there is still a great similarity of ideas. For further study
in the mathematical theory of random fragmentation I recommend the
recent book of Bertoin [3].

Fig. 4.2. The multifractal spectrum for the stick-breaking process with N uni-
formly distributed on {1, 2,3} is the bold curve, the broken curves are the diag-
onal and the function a +— infg{af + v(8)} included for comparison.
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The idea of the proof of Theorem 4.1

We reinterpret the problem in terms of a tree, which will allow us to
introduce the crucial objects in a natural manner. First, represent the
closed unit interval [0, 1] as the root p of the tree, then let N(p) be
the number of parts into which the unit interval is split, representing
the new sticks as the children of the root. Continuing this process, any
vertex v in the nth generation of the tree represents a stick arising after
n breaking steps. Let N(v) be the number of parts in which this stick is
broken, represent the parts as the children of the vertex v, and continue
ad infinitum.

Denote the resulting tree by T and, for each vertex v € T, denote
by |v| its generation and by T'(v) the tree of descendants of v, which
is rooted in v. Obviously, T is a Galton—Watson tree with offspring
distribution given by the law of N. The rays in this tree are sequences
of vertices (vg,v1,va,...) such that vy = p and v;11 is a child of v;. The
set of rays, called the boundary 0T of the tree, carries a metric structure
given by the genealogical distance,

d(u,v) = exp{ —min{n € N: u, # v"}} for u,v € OT.

There is a canonical mapping ¢ from the tree to the unit interval [0, 1]
such that the sequence of nested closed subintervals represented by the
vertices of a ray is mapped onto the unique point contained in every
interval. Except on a countable set (the boundary points of the con-
struction intervals) this mapping is invertible. Note, however, that the
metric on the tree is not equivalent to the Euclidean metric on the in-
terval.

Now run a random walk on the tree T', starting at the root and mov-
ing at each step to each of the children of the current vertex with the
same probability. The resulting random sequence (X, Xi,...) is a ray.
Hence the distribution v of this ray is a measure on 07" and it is easy
to observe that it is mapped under ¢ onto the Lebesgue measure A
on [0,1]. Therefore, ¢ is an isomorphism from the (random) measure
space (0T, Borel, v) to the (non-random) measure space ([0, 1], Borel, \).
Moreover, any random walk on 7', which starts in the root and in each
step moves from a vertex to one of its children, generates a measure on
OT and hence, via the mapping ¢, also on the interval [0, 1].

The key to the proof is the use of a family {M,Sm : n € N} of nonneg-
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ative martingales, defined, for any 8 € R, by

n—1

MP) = g8 Z HN v;)”

|v|=n j=0

Let MW(T) := lim MY, Under our moment conditions this conver-
gence holds in the L!-sense and the limit is almost surely positive; see
for example [17].

We now sketch the proof of the upper bound in Theorem 4.1. To
describe an efficient covering of S(a), fix some large m € N and interpret

S={veT:|vJ]=n>m, Z?;OI log N (v;) ~ an}

as a collection of intervals. This collection covers S(a) and its s-value is

Z\I\"’ Z Z e {3 o log N(v;) ~an} .

IeS n=m |v|=n

Suppose for a moment that a > E[log N]. Let 8 < 0 and, using Cheby-
shev’s inequality, estimate the expected s-value of the covering from
above by

n—1

Zenne aﬂEZHNU]

n=m [v|=n j=0

By the convergence results for {M': n € N} the expectation is of
order ¢"7%). Hence the expected s-value is finite if s > L(v(B) + aB).
Optimizing over # < 0 gives the required upper bound. For the case
a < EN the analogous argument can be performed choosing 3 > 0.

For the sketch of the more delicate lower bound in Theorem 4.1 we
introduce

SpinedTrees = {(T,v) TvE 3T},

the space of trees endowed with a ray acting as a ‘spine’. There is a
canonical shift 6: SpinedTrees — SpinedTrees which maps (7, v) to the
tree T'(v1) of descendants of the first vertex in the original spine, together
with the trace (v1,vs,...) of the spine in this tree.

Denote by GW the distribution of our Galton—-Watson tree. Given T,
we select a spine (Xp, X1, ...) by following a random walk started at the
root and, in each step, moving to each of the children w of the current
vertex with a probability proportional to M (T(w)). Let u;’ be the
law of this spine in OT.
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If B # 0, the measure p}' makes a size-biased choice of the trees
T(v1),T(v2),T(v3),... along the spine, and hence the measure given by

p (dv)GW(dT) is not shift-invariant on SpinedTrees. However, it is not
hard to show (see e.g. [18] for similar arguments) that this size-bias can
be compensated entirely by introducing the martingale limit M) (T) as
a density for GW, i.e.

2 (dv) M(T) GW(dT)
is a shift-invariant and ergodic measure on SpinedTrees. The ergodic

theorem now allows us to determine the speed of fragmentation as

n—1

f(6(v)) = lim % ZlogN / / log N(p) M (T) GW(dT)

E[N! ﬂl N
= [E[Nl(;g]] for pp'-a.e. v and GW-a.e. T
Every subset of [0, 1] which has full measure for ui’ o ¢~! has at least
the Hausdorff dimension given by a lower bound on the local dimension
in each point. The local dimension in ¢(v) equals

®)
log (T, 20T,

dim pf 0 7! (¢(v)) = lim ( ! 12Mm( ( ))>7
n—00 *log(Hl N(v)))

where the sums in the denominators are over all siblings w of the vertex
in the argument of the numerator. Denoting

a($) = EIN'~" log N]/E[N'~"]

and using the ergodic theorem and a small calculation, this limit equals

,1 M(i) ( )) ) )
// SSMO(T(w )))M(I“>(dv)M( (T) GW(dT)

= log E[N'"] + B a(3)),

- ( (V'] + B ()

for puf-almost every v and GW-almost every T. Hence we get a lower
bound for the spectrum as

As a(8) = —7/(0), for any a = a(f) the parameter [ is the minimizer in
the variational problem characterizing the spectrum. Hence this lower
bound coincides with the upper bound, completing the sketch of the
argument.
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4.3 A polymer model in a random environment

We look at a very crude model of a polymer in a disordered medium,
which was introduced by Derrida and Spohn in [8]. The main inter-
est here is to understand the effect of the disorder on the asymptotic
behaviour of the polymer and the occurrence of a phase transition.

To describe the disorder we let V' be a random variable such that
o(t) = E[e"V] < o0 for all £ > 0.

Let T be a binary tree with root p. We endow T' with a disordered
medium V = (V(v): v € T) by letting each random weight V (v) be an
independent copy of the random variable V. We identify vertices v in
the tree with the chain (vy, ..., v,), starting from the root vy and ending
at v, = v, such that each v; 1 is a child of v;.

In the ‘finite volume’ setting, the polymers of length n are given by
the vertices v € T in the nth generation. For any inverse temperature
(B > 0 the probability of a polymer v of length n is given by

P = 5 e {8 j}ijlvm)},

with a normalization factor
Zu(®) =Y e {8 > vy},
[v]=n j=1

which is called the partition function.

One expects in this and similar models that the behaviour of the
polymer depends on the parameter § in the following manner: If 3 is
small, we are in an entropy-dominated regime, where the fluctuations
in V have no big influence and limiting features are largely the same
as in the case of a uniformly distributed polymer. For large values of
([ we may encounter an energy-dominated regime where, because of the
disorder, the phase space breaks up into pieces separated by free energy
barriers. Polymers then follow specific tracks with large probability, an
effect often called localization.

In such a simple model there are not too many features to distinguish
the phases, and a crucial role is played by the free energy, defined as
lim(3n)~'log Z, (3). We further define, for any 8 > 0,

h(B) = %log Eexp{SV + log2} = %log (2¢(ﬂ)).
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As B +— [h(p) is strictly convex, one can see that h' has at most one
positive root. If it exists, we define 3. > 0 to be this root, and we let
8. = oo otherwise.

Theorem 4.2 (Buffet, Patrick and Pulé [7]) Almost surely, the free
enerqgy is

h(B) i B < B,

h(B:) if B> B

Remark At the critical temperature 1/8. the model has a phase transi-
tion and, for low temperatures, it is in a frozen state. The two phases are
often called the weak disorder phase (8 < f3.), and the strong disorder
phase (3 > 3.).

In the weak disorder phase we have

lim i log Z,,(8) = {

n—oo [N

1 1 n
% log Z,,(8) ~ 5771 log Z E exp {ﬁ;V(Uj)},

lv|=n

and hence, at high temperatures, it may look like all polymers v € T
with |v] = n making the same contribution to Z, (3), namely the joint
mean

Eexp {ﬁi V() = o(8)"

In fact, this impression is wrong, and even at high temperatures only
a vanishing proportion of the paths contribute to the free energy. The
precise picture is conveyed by a multifractal spectrum.

To describe this spectrum we need a notion of a Hausdorff dimension

of a tree. For the purpose of this paper we use the growth rate
o o1 ~
dim(T) := lim —log#{veT : |v]|=n}
n—oo N

as a notion of dimension and restrict the discussion to trees T where
this notion is well-defined. Let us emphasise that there is the more
powerful concept of the branching number of a tree, introduced by Lyons,
which is the appropriate way to measure the average number of children
per vertex in an infinite tree. The logarithm of the branching number
coincides with the Hausdorff dimension of the boundary of the tree,
which carries a natural metric structure. For sufficiently regular trees
this notion of dimension coincides with the growth rate, but in general
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lim — log Z,,(8)
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Fig. 4.3. The free energy in the case of a standard normal distribution (top),

where . < 0o, and in the case of a binary distribution given by P{V = 1} =
1 —P{V = —1} = p (bottom), where . = co.

the growth rate, if it exists, is the larger number. In this paper we may
restrict attention to the easier concept.

Theorem 4.3 (Ortgiese) Define f: (0,5.) — [0,00) by

f(B) =1log2 +log ¢(S) —

(a) For every 0 < B < fB., almost surely, there exists a tree TCcT
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with dim(T) = f(ﬁ) such that

lim log Z exp {ﬁZV v] (8).

n—oo 6 IEI

|v

(b) Almost surely, for every 0 < 3 < . and every tree T C T such
that dim(T") < f(5), we have

nl;rr;o—logZexp{ﬂZV vj) }<h

v €T
[v|=n

log(2) ] log(2)

f(8)  log(2p)

> 3 . . .y
0 5 i 5 50

Fig. 4.4. The dimension spectrum obtained by plotting the minimal dimension
of a tree supporting the free energy at each § < (. for a standard normal
distribution (left) and at each § < oo for the binary distribution (right).

Remark If 0 < § < [, the free energy is supported by a tree of dimen-
sion f(3). The rays v in this tree have the exceptional behaviour
1 _ _ 9B
lim ;ZV(”") =a(B) == 50 EV.

Jj=1

If B 7 B < oo the dimension of this tree is going to zero and beyond the
critical value there are no more rays with an average weight big enough
to sustain a free energy of size h(3). Instead, if § > (. and n large, a
subexponential number of polymers of length n with the maximal weight

S V() ~ ()
Jj=1

support Z, (3).
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The idea of the proof of Theorem 4.3

The key to the proof of Theorem 4.3 lies in the existence and frac-
tal structure of the infinite volume Gibbs measure in the weak disorder
regime. This object is of course also of independent interest.

To define the infinite volume Gibbs measure as a limit of the finite
volume Gibbs measures we need to embed, for every n € N, the nth
generation of the binary tree in its boundary 07. The easiest way to
do this is by extending a vertex w = (wy,...,w,) uniquely to a ray
wh = (wg, w1, . ..) by letting w; 1 be the left child of w; for any i > n. We
can then define the finite volume Gibbs measures on the boundary 0T
as

py = an(ﬂ) > exp {ﬁZV(wj)} Sut

|w|=n j=1

and, if possible, the infinite volume Gibbs measure as the almost-sure
limit in the weak topology of measures

Martingales play the key role in the proof of existence of this measure
in the weak disorder regime. Indeed, it is easy to verify that

|v]+n
MY () =2"¢(8)™" > exp{ﬁ > V(wj)}
w €T (v) Jj=lv|+1

lw|—|v|=n

defines a martingale {M'(v): n € N} for every 8 > 0 and v € T.
Criteria for uniform integrability of these martingales can be found, for
example, in [17] or [7]. They show that precisely if 5 < (. the mar-
tingales { M) (v): n € N} converge almost surely to a strictly positive
limit, which we denote by M) (v).

Now focus on the weak disorder regime § < (3. and note that

Zn(B) = 2" ¢(B)" M (p) ~ 2" ¢(B)" M (p),

and from this we readily get the weak disorder part of Theorem 4.2.
For every vertex v € T we denote by B(v) C 9T the set of all rays
passing through the vertex v. The collection (B(v): v € T) is exactly
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the collection of all balls in 9T. We obtain, with m :=n — |v| > 0,

) (B(v)) = an(ﬁ) > exp{ﬂZV(wj)}

wET (v)
Jw |=n

vl

! 2" mexp{ﬁzv }M,(,Z) v),

Zn(B)

and combining the last two displays we get

lim 1 (B(v)) = 27" ¢(3)"") exp {BZV v} %iiﬁﬁi

This suffices to ensure, for every 0 < 8 < (., the almost sure existence
of the infinite volume Gibbs measure u*); which is characterized by

M@ (v)
M®(p) -

o

The key to Theorem 4.3 is now that, other than in some otherwise similar
models such as the random energy model discussed in [6], the measures
up are fractal measures in the sense that they are supported by a very
thin subset of 9T

This can be explored using the method of spined trees in a way similar
to the previous example: let P be the distribution of the environment V
and, given V), we select the spine according to the infinite volume Gibbs
measure 1, (indicating the dependence on the environment by an addi-
tional subindex). Slightly abusing the notation of the previous example,
we let SpinedTrees be the space of weights attached to the vertices of a
binary tree with a marked spine. Recall the definition of the canonical
shift 6 on SpinedTrees.

Writing My, instead of M (p), the measure on SpinedTrees given by
wy (dv) My P(dV),

is shift-invariant and ergodic. From the ergodic theorem we thus obtain

50 _
rLIerOlOEZV ;) /V P(dV) = 50 8),
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and, recalling the representation of the infinite volume Gibbs measure,

lim -1 log 1" (B(vy))

n—oo N

—log2-+log(3) - [ (8V(p) +1og
=log2 +log ¢(B) — Ba(p),

for p-almost every v € 9T and P-almost every medium V.

M(3>(v1)

W) ) Y () M P)

For the proof of Theorem 4.3 (a) we use Egorov’s theorem to select
a compact set A C 0T such that p”(A) > 0 and the two convergences
just proved hold uniformly for all rays in A. We then define the tree

T: U U{UJ}CT.

vEA j=1

Note that, by compactness of A, we have T = A. The second conver-
gence readily ensures that

dim (T) =log2 +log ¢(8) — Ba(B) = f(B),
and, using the first convergence, we get

Jim - tog 3 e {53V} = L () = ns)
A

and this completes the sketch of the proof of Theorem 4.3 (a).

The consideration of the infinite volume Gibbs measures u'” also es-
tablishes the lower bound in the ‘crude spectrum’

1 n
lim ~ log #{ve T : o] =n, > V(1)) 2 na(8)} = £(8),
n—oo N j:l

while the corresponding upper bound follows easily from Cramér’s the-
orem. Theorem 4.3 (b) can now be established by studying for any
n < f(B) the ‘worst case scenario’ of a tree T' C T with dim(T) < 7,

which captures in each generation n the maximal possible value of

d_exp{BY_V()}
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4.4 The speed of emergence in Kingman’s coalescent

Kingman’s coalescent is probably the most studied object in mathe-
matical genetics and the key problems in this area are certainly more
fundamental than the study of multifractal spectra. However, there are
also some mathematical aspects on which a multifractal spectrum can
shed some light.

We start the investigation from a simple population model. Sup-
pose first that the population consists of n individuals positioned at
{1,...,n}. Each position i carries an independent exponential clock
with rate (n — 1)/2 and, once this clock rings, the individual at po-
sition ¢ produces two offspring, one at position i, the other one at a
position j € {1,...,n} \ {i} chosen uniformly at random. At the same
time the individual that used to be at position j dies.

ot
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|
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|
|
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|
|
|
|
|
T
|
|
|
t

-—
s

‘ {13{2}{3H4H{5}
{1233, 4}{5}
{13{2,5}{3,4}

{1,3,4}{2,5}

Fig. 4.5. An illustration of Kingman’s coalescent restricted to five individuals.
The population evolves from left to right, a cross at position j indicates that the
particle in the position j dies and is replaced by the offspring of the particle in
the position connected to the cross by a vertical line. The coalescent is obtained
by looking from right to left.

For any fixed time ¢ > 0 this population model gives rise to a natural
Markov process of ancestral partitions (II7): 0 < s < t) called the n-
coalescent. It takes values in the space of partitions of {1,...,n} and
we declare i,7 € {1,...,n} to be in the same partition set of II®) if
the individuals in position ¢ and j at time t have the same ancestor at
time ¢t — s. Note that this process starts at time s = 0 with the trivial
partition consisting entirely of singletons.
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Kingman [14] has shown that there exists a unique Markov process
(IIs: s > 0) with values in the space of partitions of N such that, for
all n € N and t > 0, the process running for ¢ time units obtained by
restricting partitions to {1,...,n} is an n-coalescent. This process is
called Kingman’s coalescent.

One of the key features of Kingman’s coalescent is that it comes down
from infinity, which means that for every time s > 0 the number of
partition sets, or blocks, in Il is almost surely finite. Define the frequency
of a block B C N as

lim l#(B N{1,...,n}).

n—oo N
At all times s > 0 all blocks of II; have positive frequency, almost surely.
In order to understand the instant transition from a state of dust at
time s = 0, when all blocks are singletons, to a state at time s > 0 when
the partition consists of finitely many blocks of positive frequency, we
would like to follow the sequences of nested blocks as s | 0, and study
the possible rates of decrease of the block frequencies in the form of a
multifractal spectrum.

We need to rigorously define a metric space representing the sequences
of nested blocks. This construction is due to Evans [9]. We first define

a (random) metric on N by letting
6(i,j) =inf {s >0 : i,j € B for some B € I, }.

The required metric space (S,4) is the completion of (N,d). Indeed,
the set S is simply the boundary of a rooted, binary tree and all the
interesting random structure enters in the metric §. It is shown in [9]
that dim S = 1.

Given an element x € S we need to make sense of the speed of co-
alescence at x. For this purpose we define a probability measure 1 on
(8, Borel) by letting

1
n(B(z,s)) = lim —#{ie{l,...,n}: 6(i,x) < s}.
n—oo M

This uniquely defines a probability measure n on S. We define the lower
and upper speed of emergence of x € S as

o n(B(r.8) ) i BB

d(x) = liminf
speed(z) 1151&]11 log s 510 log s
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From the results of [9] we infer that, almost surely,
speed(x) = speed(z) = 1,

for np-almost every x. The multifractal spectrum shows the presence of
points of exceptional upper speed of emergence.

Theorem 4.4 (Berestycki et al.) Almost surely, if 1 < a < 2, then

— 2
dim {z € S : speed(z) > a} == -1,
a

and there are no points x € S with speed(z) > 2 or speed(z) < 1.
Remark

(a) This is a very different kind of spectrum compared with those in the
previous sections, as variations in the speed only happen at excep-
tional times s > 0 and lower speeds exceeding one can not occur.
Spectra of this kind have been associated with the ‘breakdown of the
multifractal formalism’ in various examples; see e.g. [20] or [15].

(b) It is conjectured that the lower speed of emergence equals 1 for all
z € §, which would be in contrast with the case of Beta-coalescents
with parameter 1 < a < 2. In that case exceptionally small lower
speeds can occur; see [2, Theorem 5.1].

> Q

i 2

Fig. 4.6. The dimension spectrum for the upper speed of emergence in
Kingman’s coalescent.
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The idea of the proof of Theorem 4.4

The key to the proof is to establish a link between the metric space S
equipped with the measure n and a tree of excursions embedded in a
Brownian motion equipped with a local time measure. The multifractal
structure of the local time can then be analysed, for example using a
percolation technique.

For an (unfortunately very superficial) sketch of this link, we start
with a Brownian motion {B(¢): 0 <t < 7} stopped at
7 =inf{t > 0: L°(t) = 1},

where {L*(¢t): t > 0} is the local time process at level s. Write Z; =
L'(7) and recall from the Ray-Knight theorem that {Z;: ¢t > 0} is a
Feller diffusion. Then define an increasing process {R(t): 0 <t < T} by

vt
Rt:/—ds.
=] 7

Note that this process explodes at time T" = maxo<;<, B(t). Therefore
its inverse {R™1(t): t > 0} maps the positive halfline onto [0,7). For
any 0 < s < 1 we let E(s) be the set of excursions of the Brownian
motion above level R7!(s) that reach level R7!(1). Note that E(s) is
a finite set, but the number of elements in F(s) is increasing to infinity
as s T 1.

We denote by = the set of functions (((s): 0 < s < 1) such that

e ((s) € E(s) forany 0 < s <1,
o ((s2) is contained in ((s;) for any 0 < s1 < s9 < 1.

= is a complete metric space when endowed with the metric
d(¢,¢) =inf {1 —s: (i1(s) = G(s)},
and there exists a metric isomorphism ®¢: = — S, such that
1(B((¢),9)) = Zgti £(C(1 = 5)) forall (€ Zand 0 < s < 1,

where {(e) denotes the local time of the excursion e € E(1 — s) at
level R71(1).

We now rescale the paths ({(s): 0 < s < 1) by letting
¢'(s) = ¢(R(sR7'(1))) for 0 <s <1,

so that (’(s) is an excursion above level sR~1(1) which reaches level
R71(1). Note that the mapping ¢: = — =’ which maps every path
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¢ to its rescaling ¢’ is a bijection, but does not preserve the metric d.
However, because

R'1)—R'(1—t)~qt ast |0,

for some (random) constant g, small distances are only linearly affected
by ¢ and hence dim ()(A)) = dim A for any A C = and

!/
spﬂ(@(()) = lim sup —logﬂ(f (1=5)) .
510 0og s

Starting from this representation, the idea of the proof is to test for
which deletion parameters the set of paths with high upper speed of
emergence has a positive probability of surviving a (suitably defined)
percolation process. This technique is the continuous time analogue of
the percolation technique based on [16] and used for a similar problem
in a discrete setup in [19].

To be precise, fix the deletion parameter 0 < A < 1. With any path
(¢’: 0 < s < 1) we associate a Poison process, or clock, with intensity
measure

ds
1-s
which kills the path at the first strike of the clock. Any paths (], ¢} € &/,

on (0,1),

e share the same clock for 0 < s < d(({,(}), but
e have independent clocks for d(¢],{5) < s < 1.

We say that a set A C = of paths survives percolation, if there exists
a path in A which has lifetime 1. Then any analytic set has positive
probability of surviving the percolation if its Hausdorff dimension is
> )\, but zero probability if it is < A.

To find, for a > 1, the critical deletion parameter of the set

log £(¢'(1 —
{C’ € = : limsup oete i 7S) (¢ = s)) > a}
510 log s

one proves the following key estimate: for an excursion e € E(0),

) 1
lim
z10 log x

logP({l(e) <z} N {{¢": ('(0) =€} survives}) =1+ \.

Roughly speaking, this holds because the typical local time of an excur-
sion above level 1 — x which reaches height 1 is of order x. Therefore
the optimal strategy to obtain the event {{(e) < x} is to ensure that
only one of the excursions above level 1 — x, which are embedded in e,
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reaches height 1. The probability of this event is of order x and, given
this, the probability that the set of paths starting with ¢’(0) = e survives
percolation is, up to a constant multiple, equal to the probability that
the path ({'(s): 0 < s < 1 — x) survives, which is

11—z
exp{—)\/ ds }:x’\.
1—
0 s

With the key estimate at hand we roughly argue as follows: typically
the number of excursions above level 1 — s that reach level 1 is of order
1/s. Out of the paths (¢'(¢): 0 <t <1 — s) ending in these excursions
typically a proportion of order s* survives up to this time. Hence, for a
fixed small s > 0, we can expect of order s*~! conditionally independent

trials to realize the event
{e(¢'(1—-s)) <s*}n{B({, s) survives}.
By scaling the key estimate, this event has probability of order

a N 14\
(i) — gla=1)+n)
s
Hence, the expected number of paths (¢'(¢): 0 < t < 1—s) which survive
the percolation procedure and satisfy E((’(l — s)) < s% s

1 gla D),

indicating that the threshold for the existence of paths of length 1 occurs
when A — 1+ (a — 1)(1 + A) = 0 or, equivalently, when A = 2/a — 1.
This argument readily gives the upper bound in Theorem 4.4, while
the lower bound follows with only marginally more effort, exploiting the
self-similarity of the Brownian structure by means of Baire’s theorem.

4.5 Conclusion

We have reviewed different forms of multifractal spectra using some
simple but interesting examples. At least for me, the spectra (and their
derivation) have been helpful in forming an intuition for the studied
processes. Many of the martingale and tree ideas used in our proofs can
be considered as part of the folklore and have been rediscovered many
times in different guises. While it is impossible to give a full list of the
relevant publications here, [4, 10, 11, 12, 13, 16, 18, 21] represent a good
selection of the pioneering papers, from which these ideas have been
formed.
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Abstract

Given the intrinsic Wiener measure on the path space of a Rieman-
nian manifold, we describe several ways to construct the induced sur-
face measures on path spaces of Riemannian submanifolds. It turns out
that they are related to the intrinsic Wiener measure of the submani-
folds by a Radon-Nikodym density of Feynman-Kac type associated to
a potential which depends on in- and extrinsic geometric properties of
the submanifold. We demonstrate that this potential also describes the
effective dynamic of a quantum particle of bounded energy confined to
small tubes around the submanifold by an infinite hard-wall potential.
Finally, we briefly discuss some possible extensions of these results using
conditioning with respect to tubes of variable shapes, other constraining
potentials or conditioning to submanifolds with singularities, and some
of the complications that are to expect.
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5.1 Introduction

As a general setup for the notion of surface measure, we consider a
measured metric space (2, d, i) consisting of a metric space (2,d) and a
Borel probability measure g on Q. A subset A C  is called Minkowski-
regular if, as € tends to zero, the sequence

1
he = e HlAe

of probability measures supported by the e-neighbourhoods
Ale) i={weQ : d(w,A) < e}

converges weakly to a probability measure py supported by A. The
measure g is called the induced Minkowski- or surface measure.

In this paper, we investigate Minkowski-regularity and surface mea-
sures in the case where the measured metric space is the space of contin-
uous paths in a Riemannian manifold equipped with Wiener measure,
the law of Brownian motion on this manifold. The subsets we are in-
terested in are path spaces of regularly embedded closed submanifolds.
If we consider spaces of paths defined up to a finite time horizon T,
the measures p. are immediately identified with the laws of Brownian
motion on the ambient manifold conditioned to the event that it stays
within the e-neighbourhood of the submanifold up to time 7T'. This sug-
gests looking at the problem from a probabilistic (or measure-theoretic)
point of view, trying to construct the limit measure by considering the
processes as limits of solutions of stochastic differential equations or by
successively pinning the ambient Brownian motion to the submanifold.
We will consider these ideas in the second part of the paper.

In the first part of the paper, we consider a different, more analytical
approach. It is based on the observation that the law of conditioned
Brownian motion is intimately connected to the law of Brownian mo-
tion absorbed at the boundary of the tube. This is explained in Section
5.3. But the main point with this approach is that it reveals a connec-
tion between two a priori different concepts, the construction of surface
measures for Brownian motion and the construction of effective Hamil-
tonians which describe the dynamics of a quantum particle confined to
a small tubular neighbourhood.

Consider a free particle in the Euclidean space R" whose motion is
driven by the Hamiltonian —A/2 on L*(R",dVig. ), where dVi.« is the
Lebesgue measure on R"”. We are interested in the limit behaviour of this
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particle when it is forced to stay increasingly close to some Riemannian
manifold L isometrically embedded into R™.

The motion of a free particle on L is believed to be driven by the
Hamiltonian —Aj /2, where Ay is the Laplace-Beltrami operator on
L*(L,dVy) and dV}, denotes the induced Lebesgue measure on L. Since
the Laplace—Beltrami operator is determined by the metric on the man-
ifold L, the free motion on L is completely intrinsic and does not depend
on the embedding of L into R". The free motion on L corresponds to
an idealized concept of constraining when the particle is forced to lie in
the manifold exactly.

However, constraining in reality consists of introducing stronger and
stronger forces pushing the particle to the manifold. For each € > 0, one
would consider the motion driven by a Hamiltonian H. = —A/2 + U,
where U, is a family of non-negative potentials such that U.|;, = 0 and
U-.(x) — oo for x ¢ L, and study the limiting dynamics as ¢ — 0. In
this paper, we consider the hard-wall potential defined as

U (2) :{ 0 xe€L(e),

oo otherwise,

where L(e) denotes the tubular neighbourhood of L in R" of radius € > 0.
The soft (quadratic) potentials have been studied in [5]. Considering the
hard-wall potential is equivalent to imposing Dirichlet boundary condi-
tions on the boundary dL(e) of the tube.

Surprisingly, an effective description of the dynamics generated by the
Dirichlet Laplacian on tubes of small radius will be different from the
dynamics of the free (that is, ideally constrained) particle on L associated
to Ar. In contrast, and in a sense that has to be made precise, the new
dynamics will be determined by a Hamiltonian —Ay, /24 W, where W €
C*>°(L) is a smooth effective potential which depends on the intrinsic
geometry of the manifold and of the embedding.

The paper is organised as follows: In Section 5.2 we study the semi-
groups corresponding to absorbed Brownian motion. To make the essen-
tial steps more transparent, we consider the example of a curve in R2.
In this way, lengthy differential geometric calculations are kept short.
Since absorbed Brownian motion is submarkovian, which implies that
the probability not to be absorbed decays exponentially as time goes on,
one has to renormalize the generators to avoid degeneration. Then one
can study their strong convergence with the help of epiconvergence of
the corresponding quadratic forms. For the Schrédinger group, the limit
result turns out to be slightly weaker. Strong convergence can only be
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achieved after projecting to some particular subspace of the full Hilbert
space which corresponds to eigenstates for which the energy remains
finite as € tends to zero.

In Section 5.3 we discuss the relation between conditioned and ab-
sorbed Brownian motion. In particular, we show that the conditioned
Brownian motion is a Brownian motion with a time-dependent drift,
and we compute its transition probabilities in terms of the Dirichlet
Laplacian in the tube L(¢).

In Section 5.4 we state the results for a more general situation, where
we isometrically embed L into another Riemannian manifold M instead
of R™. One can observe the same effect here: the limit dynamics of the
conditioned Brownian motions is no longer intrinsic and it is described
by an effective potential W, which is given in terms of both intrinsic
(such as the scalar curvature) and extrinsic (such as mean and sectional
curvatures) characteristics of L.

In Section 5.5 we explain the main idea of the probabilistic approach
to the surface measures. We also discuss the original approach to Wiener
surface measures, which was suggested in [14]. We show that it leads to
the same surface measure as the conditioned Brownian motions and can
be treated using the same technique.

So far, all subsets considered are Minkowski-regular and the surface
measures are equivalent to the intrinsic measures on the subsets. Then,
in Section 5.6, we finally discuss two related open problems, one about
conditioning to tubes of variable diameter, which is related to consid-
ering soft constraints, and one about conditioning to singular subman-
ifolds, where we expect a completely different behaviour. The path
spaces of these subsets are not even Minkowski-regular in general, if one
restricts oneself to continuous paths.

5.2 Example: confinement to a curved planar wire

One possible application of surface measures is the description of quan-
tum particles such as electrons which are confined to move within small
spatial structures such as thin layers. As an example, we consider an
electron that is confined to a planar wire. The wire is described as the
tubular neighbourhood of a real line which is isometrically embedded
into R?. The electron is forced to stay within the wire by introducing
Dirichlet boundary conditions for the free particle Hamiltonian on the
tube. If the diameter € > 0 of the tube is small enough, the asymptotic
dynamic letting e tend to zero provides an effective description of the
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actual behaviour of the electron. Somewhat surprisingly, it turns out
that the motion of the electron is influenced by the geometry of the
embedding and thus differs considerably from the behaviour of a free
electron on the real line.

The asymptotic result presented at the end of this section is valid
in much greater generality. However, considering tubular neighbour-
hoods around submanifolds of Riemannian manifolds results in a huge
bookkeeping problem, keeping track of Fermi coordinates, second fun-
damental form, metric and so forth. We decided to discuss the problem
at hand basically for two reasons. On the one hand, the geometric situ-
ation is sufficiently involved to show most of the complications that are
present in the general situation. On the other hand, the analysis of the
problem leading to the necessity of rescaling and renormalization, and
the general line of the proof using epiconvergence and weak compactness
in the boundary Sobolev space becomes more visible since it is no longer
hidden behind lengthy differential geometric calculations. Besides, the
underlying physical intuition is also helpful to grasp the structure of the
problem.

It is, however, important to remark that we mainly want to investigate
the notion of surface measure. Thus we will consider the case of semi-
groups associated to Brownian motion on small tubular neighbourhoods
taking the interpretation of the Dirichlet problem as the confinement of
a quantum particle merely as a motivation. But although electrons may
certainly not be interpreted as Brownian particles, the surface measure
contains valuable information about the ground state of the quantum
particle (see e.g. [13], p. 57) and the stationary Gibbs measure induced
by it. Thus, in a sense that we will make precise in Theorem 5.1 at the
end of this section, the solution of the heat equation with smooth initial
condition f € C°°(R?) and Dirichlet boundary conditions on a small
tube around a curved planar wire is approximately given by

u(t) ~ Ug {67%<AR7%I{2)‘]¢’|L} oT

where wg is some given fixed function on the tube (background), & is
the curvature of the embedded wire, Ag its intrinsic Laplacian, and f|;,
the restriction of the initial condition to the wire. For the Schrodinger
equation, a similar result holds only when we project onto a certain
subspace of the full Hilbert space.
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5.2.1 Geometry: an embedded curved wire

Let ¢ : R — R? be a smooth curve parametrized by arc-length. That
means we consider an isometric embedding of the line into the plane.
We denote the embedded line by L := {¢(s) : s € R}. Let

er(s) = 9(s),  ea(s) == o(s)/6(s)|

be the 2-frame for the curve. We assume that the embedding is regular
in the sense that the curvature

r(s) = (9, e2)(s)

is uniformly bounded, i.e. there is some K > 0 with [|¢|| < K for all
seR.

To confine the electron to the vicinity of the curve, we introduce an
infinite hard-wall potential where the walls are given by the boundary
components of the tubular e-neighbourhood

L(e) :={x € R* : d(x,L) < ¢},

e > 0, of the embedded line L. That means the confining potential is
given by

0 zeL(e),

oo otherwise.

Uc(z) = {

We now assume that ¢ < K~! is smaller than the radius of curvature.
That implies that the e-neighbourhood is diffeomorphic to the product
of the real line and a small interval, i.e. L(e) = R x (—¢,¢). A diffeomor-
phism @ : R x (—e,e) — L(e) is explicitly given by the so called Fermi
coordinates

D(s,w) := P(s) + wea(s)

for the tube. In these local coordinates, the metric is given by

o= (i) s )= (0T

where ®,, ®,, denote the partial derivatives with respect to s, w. The
associated Riemannian volume is, in the same local coordinates, given

by
dV (s,w) = v/det g(s,w)dsdw = (1 — wk(s))dsdw

and, using this measure, we can define the space L?(L(¢g),g) and the
boundary Sobolev space Hy(L(g), g) (cf. [16]).
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The Laplacian with Dirichlet boundary conditions on the tube is the
unique self-adjoint operator on L?(L(g),g) which is associated to the
quadratic form

()= [ avearan

with domain D(g.) = H{(L(¢), g). As e tends to zero, this expression will
simply tend to zero. This is already obvious from the fact that L C R? is
a zero set. Therefore, to understand the details of the dynamic behaviour
of an electron or a Brownian particle in a small tube around L, we have
to apply some normalizing transformation of the actual situation which
is reminiscent of looking at the particles on the tube using some special
kind of microscope.

5.2.2 Rescaling

From now on, we will always assume for simplicity that the curvature
radius K~ is greater than 1 so that L(1) =R x (—1,1) via ®. Now we
want to make precise what we mean by a normalizing transformation.
To do so, we first use the fact that ® : R x (=1,1) — L(1) yields
a global map of the 1-tube and that we can therefore use these local
coordinates to define other Riemannian structures on and maps between
the tubes. First of all, we define another metric on L(1) which, in
general, is different from the metric induced by the embedding.

Definition 5.1 The reference metric on L(1) is the metric which is
given in local Fermi coordinates by

ss=( g 1)

The associated Riemannian volume is dVy = dsdw.
The second component that is necessary to construct the desired mi-
croscope is the rescaling map.
Definition 5.2 Let 0 < ¢ < 1. The rescaling map o, : L(e) — L(1) is
the diffeomorphism given in local Fermi coordinates by
oe(s,w) == (s,w/e).

The induced map of : C(L(1)) — C(L(g)) on the respective spaces of
continuous functions is given by oX(f) := f o o..
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With the help of the rescaling map, we will now transform the family
Q- >0 of quadratic forms on different domains into a family of quadratic
forms on a fixed domain. Let

pls,w) := — =1 —wk(s)

be the Radon—Nikodym density of the two Riemannian volume measures.
The map o., € > 0, can be extended to L?(L(¢), g) and

Y. : L*(L(1),9) — L*(L(¢), 90), (5.1)

given by B.(f) := {e p} ~%0*(f), is actually a unitary map. This is the
microscope under which we want to consider the dynamics on the small
tubes. A crucial observation is that since p > 1 — K > 0 is smooth, 3.
also yields a homeomorphism

DI H(l](L(l),g) - H(l)(L(E),g()).

That means we can use the maps ¥. .~ to transform the family g¢. .0
to a family of quadratic forms on a fixed Hilbert space.

Definition 5.3 The rescaled family associated to the family g. .~o of
quadratic forms is the family Q. ~¢ given by Q. := ¢. 0 X, with common
domain D(Q.) = H{(L(1), go)-

To summarize: The rescaling map works like a microscope that just
enlarges the direction perpendicular to the embedded wire. We use it to
transform the perturbation problem for the forms ¢. into a corresponding
perturbation problem for a family of forms on a fixed Hilbert space.

It will turn out that we still obtain a singular perturbation problem.
The reason is that the eigenvalues of the associated operators tend to
infinity as ¢ tends to zero. That means that there is no reasonable
limit dynamic. To avoid this kind of degeneration, one has to suitably
renormalize.

5.2.83 Renormalization

First of all, let us see what the rescaled family looks like. A short
calculation yields for the exterior derivative of the transformed function

A1) = (o) (d02(1) ~ o (Patos).
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That implies

Q: 0 X (f)
= L )dVg(dEg(f),dEs(f))
- é/ dvo {g(do';‘(f),daj(f)) + leo’g*(f)zg(dlogp,dlogp)}
L(e)

_1 —1 O'* 0_*
2] et dlos (1)

The first two terms already yield a quadratic form that one would expect
for an elliptic operator with a zero-order term that can be interpreted
as a potential. After partial integration, the third term will fit into that
picture. To do so, we use

oX(f)? = oX(f?), oX(f)doi(f) = 3doi(f?), p~'dlogp=dp",

and the fact that o (f) € Hy'(L(¢), g) has generalized boundary value
zero. That implies for the third term that the boundary contribution to
Green’s formula vanishes and we obtain

/L( )dV p~g(al(f)dlogp,dai(f))

1 — * ]' - *
— 5 [ vt =5 [ avaste?)
L(s) Le)

1 .
=5 ) o (liog I ~ Alog ) ()
L(e

In the last step we used p Ap~! = ||dlog p||*> — Alog p, where A denotes
the (non-negative) Laplace-Beltrami operator and || — || the norm on
the cotangent bundle, both associated to the metric g. Applying the
transformation formula for integrals to the expression for Q. established
so far yields as a first major step the following description of the rescaled

family.
Proposition 5.4 Let W : L(1) — R be the smooth potential
1 1 ,
W(z) := 5Alogp — - ldlog pl| (5.2)

and W, := W oo, the rescaled potential. Furthermore, let g- denote the
rescaled metric on L(1), i.e. g-.(df,dh) := g(doX(f),do?(h)). Then, the
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rescaled family is given by
.= [ | o001+ W),
L(1

Thus the transformed perturbation problem on L(1) yields a family
of quadratic forms that consists of the form associated to the Dirichlet
Laplacian on L(1) which is associated to the rescaled metric g. together
with a potential that also depends on the geometry of the configuration.
To see this, it might be helpful to consider the rescaled family in our
special situation in local coordinates. First of all, the rescaled metric is
given by (from here on k = k(s))

g:(s,w) = ((1810”)2 92)

3

- 1 0 . 2wk 0 g w?k? 0

o\ 0 &7 0 0 0o 0)°
Denoting by go(df,dh) = go(do?(f),do’(h)) the rescaled reference
metric, we can write

o 2k 0 2 9 /ﬁ:2 0
gg(s,w) gO.E(S7w) —Ew( 0 0 ) +e"w ( 0 0 ) (5.3)

Hence, the rescaled metric degenerates as € tends to zero. The degener-
ation is the same as for the rescaled reference metric and the difference
between the two families tends to zero.

This observation and the fact that the Laplacian is naturally associ-
ated to the metric make us believe that such a perturbation ansatz is
also successful for the operators. Thus we will later consider the Lapla-
cian to the rescaled metric as a perturbation of the Laplacian to the
reference metric and deduce its asymptotic behaviour from that.

The rescaled potential is thus given by

W.(5.0) (1 = cwnpui + Seutit - L1
s,w) = ——e(l —ewr)wk + - Wk — ————
o 2 4 4 (1 — ewk)?

1

= _752+R5(87w)a

4

where
gw K3 e2w? k!

R,_ , —_ 7_" - 2 . 3'2_7
(8 w) 2 {(1—5111/{)2 ﬁ]+ 4 {Fm—'_ " (1—cwk)?

For compact submanifolds, i.e. an embedding of the one-sphere S' C R?
it would be clear that the remainder is actually O(e) with respect to
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the supremum norm. But for the embedding of the real line, we have to
assume that it is geometrically finite meaning that the absolute values
of first and second derivatives of the curvature are bounded, i.e.

i), 5] < C. (5.4)

In that case, R.(s,w) = O(g) with respect to the supremum norm on
the tube such that the potential W, tends to the potential

L) (5.5)
4

which is constant on the fibres Fy := {(s,w) : w € (—=1,1)} of the
tubular neighbourhood.

By equation (5.3), the difference of the rescaled metric and the rescaled
reference metric tends to zero as € tends to zero. On the other hand, the
potential also converges uniformly to W) as € tends to zero. It is there-
fore quite a natural idea to first solve the asymptotic problem for the
reference family and then to treat the induced family by perturbation-
theoretical methods. Let us thus consider the family of quadratic forms

W[)(S,UJ) -

Qo (f) == /L | Wogo-(dr.d)

e > 0, with domain D(Qo.) = H}(L(1), go). In local Fermi coordinates,
we may use the fact that the tubular neighbourhood is trivial in the
sense that it is globally diffeomorphic to the product R x (—1,1), which
implies that

HG(L(1), 90) = H'(R) ® Hy(—1,1),

and with respect to that decomposition we may write

Qu.(f) = /d/ ds |0, @ 1(f) + /d/ dw|1 @ B, ().

From this expression, it is obvious that Q. (f) will tend to infinity as €
tends to zero as long as

1
/dS/ d’w|1®aw(f)|2>0
R —1

To investigate when this type of degeneration happens and how it can
be avoided, we consider the family of quadratic forms

Qi (f) = /ds/ dw |0y (
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e > 0, with natural domain D(Qy.) = L*(R) ® Hy(—1,1). The main
observation is now that this quadratic form is decomposable with respect
to the direct integral decomposition [8] of D(Qy ) given by

(&)
asty(F) = { (Few = £, €HYE. [ sy, < o0

seR

where, in addition, s — f is supposed to be measurable. If we use

1
e = [ dwlowPw.s)

as Sobolev-norm on the space H}(F}), the decomposed quadratic form
is hence given by

1
QL= [ sl By, (56)

Since the Sobolev-norm is strictly positive definite, the first conclusion
that we can draw from this representation of the quadratic form is that
for all f # 0 we have

lim Q;.. (f) = o<,

i.e. the family Q. of quadratic forms degenerates in the most dra-
matic way. Thus, the perturbation problem obtained by considering the
rescaled families will still not yield a sensible answer.

To overcome this difficulty, we have to renormalize the rescaled fam-
ilies. To see how this can be done, we need the following two basic
observations:

(i) The operator associated to the quadratic form g, (f) := || fs ”%IMFJ
with domain D(q,) = H}(Fy) is the Dirichlet Laplacian on Fy, i.e.
the Laplace—Beltrami operator —A; on Fy with respect to the
metric induced by gy with domain D(A) = H} N H2(Fy),

(ii) In Fermi coordinates, we see that the induced metric on Fy is
simply the flat metric such that all fibres F are isometric to the
interval (—1,1) C R equipped with the flat metric. In particular,
the associated Dirichlet Laplacians are all isospectral.

These two statements together imply by standard results [8] about de-
composable operators
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Proposition 5.5 The operator associated to the quadratic form Q&E 18
the decomposable operator

@
D ::7/ ds A,
L

with domain D(D) = f;B dsHy NH2(Fy). On L*(L(1),4g0), the operator
is unbounded and if we denote the spectral decomposition of the Dirichlet
Laplacian —A_y 1y on (—=1,1) CR by

“Aciyf = Z Aetr (s f)r2—1,1)s
k>0

then the spectral decomposition of D is given by

Df(s,w) = Z)\Muk,fs}p(pﬁ)uk(w) (5.7)
k>0
where we identify a function f € D(D) with its decomposition (fs)scr.
By this result, we can now introduce a renormalization to the effect
that the family of forms Q. degenerates everywhere except on a non-
trivial subspace. From the spectral decomposition of the associated
Laplace operators, we obtain

A 1 !
Q10 - B0 = %[5 (I8, =0 [ awlnp

1 ) ,
- ?/}Rds [”JCSHH[I)(FS) *)‘O”szLz(FS)}
A — A
- Z - 2 0/d8|<ukafs>L2(F§)2
€ R
k>1

where (—, —)o denotes the scalar product on L?(L(1), gy). That implies
that the quadratic forms @, € > 0 have a non-trivial common null
space

N:={feDQ.) : Eof = f} (5.8)
where the L?*(L(1), go)-orthogonal projection Ey onto the null space is
given by

Eof(s,w) = (uo, fs)r2(r, yuo(w).

As ¢ tends to zero, we have thus

0 feWN,

oo otherwise.

A
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pointwise. This is the reason to expect that — after renormalization —
we will obtain some non-trivial limit dynamic on the subspace N. To
obtain a proper asymptotic problem we therefore introduce the following
two modified families of quadratic forms.

Definition 5.6 The renormalized rescaled families of quadratic forms
with parameter € > 0 are given by

A
QD= [ dVogodrian) = 25,1
L(1) €
for the reference metric and by

wm:/ AV (g2 (A, df) + W £2) — 2207 o
L(1) €

for the induced metric. Hy(L(1), go) is the common domain of both fam-
ilies.

Starting from the idea of looking at electrons on small tubes using
a special kind of microscope, we thus arrived at a problem that we
finally can solve: we have to calculate a renormalized limit dynamic
that concentrates on the subspace N' C L*(L(1), go)-

5.2.4 Epiconvergence

In the preceding subsection, we computed that the modified families Q.
converge pointwise to a non-trivial limit as € tends to zero. Howevef,
pointwise convergence of the quadratic forms is useless if one strives
to say something about convergence of the associated operators. The
proper notion for this is epiconvergence (see [1], [3]).

To explain this notion, let H be a Hilbert space and ¢, ¢oo : H — R,
n > 1, be non-negative but not necessarily densely defined quadratic
forms with domains D(q,, ), D(¢o ) respectively. Denote by H,,, Hoo C H
the closures of the domains with respect to the norm in H.

Definition 5.7 The sequence q, of non-negative closed quadratic forms
on H epiconverges to the closed quadratic form q with respect to the
weak topology on H iff

(i) For allu € D(¢o) there is a weakly convergent sequence u, — u
such that lim,, g, (u,) = goo(u).

(ii) For all u € D(geo) and for all weakly convergent sequences u, —
u we have liminf,, ¢, (u,) > ¢oo(u).
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In our case, the Hilbert space will be H := H}(L(1), gg). We consider
the problem for the reference family first. Note that f € Ey N D(Qéfg)
implies that f(s,w) = ug(w)h(s) with h € H'(R). We want to prove
that Qff. converges to

Jods|osh|* feN,

00 otherwise.

o = {

in the sense of epiconvergence with respect to the weak topology of
H'(L(1),g0). The first requirement on epiconvergence follows from the
fact that the forms converge pointwise, i.e. we may use the sequence
fn = f and obtain

A 1
QL) = I Qi) =00+ [ as [ awloe1()P
{L&®f Ldw]d, @ ()P FeN

otherwise

00 otherwise

{f Ldw |ugl? [ ds|osh|* feN

Jods|a.h2 feEN,
(0]

otherwise

since the eigenfunction f_ll dw |up* = 1 is normalized. For the second
requirement, we have to prove another result first.

Lemma 5.8 Let o > \g. Then we have for all f € H(L(1), go) and all
e>0

Qi (F) +alf, Fo = I iz 1).90-
Proof. We have for 2 < 1 — \g/A\ < 1 — Ao/, for all k
Qo= (f)
QL. () - A§)<f7f>o+/d8/l w0, @ 1(f)P

_ Z)\kg )\U/ds|<uk7fg L2+ /ds/ dw 0, ® 1(f)[?

k>1
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and hence
Q0= (f) + alf, fo
> e [ ds|(ue, fo)rerp P+ [ ds [ dw]ds @ 1(f)[
O Sy K
+)\0<f,f>o
> A ds [(ug, fs)r2 ds dw |0, @ 1(f)?
S st s P+ fLas [

_ /ds/1 dw|1®aw<f>|2+4ds[11dw|as®1<f>|“’

= .00

O

This inequality means that the sequence Q&, e > 0, is equicoercive

(see [1], [3]). To establish the second property of epiconvergence, the

lim inf-inequality, we consider a slightly different estimate, namely for
e<1l— )\0/)\1 <1- )\0/)\]“

Qi (f)
1
- Qa6<f>—i§<f,f>o+/ds/ dw |9, ® 1(f)]?

= ZAk€A°/ds|<uk,fg o + /d/ dw|d, @ 1(f)[?

k>1
/ds/ dw |9, ® 1(f)

ZAk/ds (we, f)r
1 1
_ f/ds/ dw|1®aw(E(ff)|2+/ds/ dw|0, & 1()]
€ Jr —1 R -1

k>1
where we denote by Ej the L?(L(1), go)-orthogonal projection onto the
orthogonal complement of A/. Now note that this sum consists of a

Y

linear combination of two quadratic forms

QUL(f) > 2Qi() + Qulf)

which are all continuous and non-negative on Hj(L(1), go). That implies
by polarization

Qi(fn) —2Bi(fu, N +Qi(f)=Qi(fn —f) >0
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and hence Q;(f,) > 2B;(fn, f) — Q:(f) which by continuity of the bi-
linear forms B; associated to @); and by weak convergence of f, to f
finally implies

llgn_}(I]lsz(fn) > Qi(f)

for ¢ = 1, 2. Now, to finally prove the second assertion, note that we
have established so far that

timinf Q. (f,) > Qa(f) + limint ~Qi(£.).

For f € N there is nothing else to prove since by Q1(f.)/e > 0 we then
have

liminf Q- (f.) > Q=(f) = QFf (/).

For f ¢ N we have liminf Q1(f,) = a > 0 and hence for some suitable
a>0>0

liminf Q. (f,) > Qo(f) +liminf *(a —8) = oc.
£— ’ £— o)

That establishes epiconvergence of the family QF., e > 0.

The reason to consider epiconvergence of quadratic forms is that it
implies strong resolvent convergence of the self-adjoint operators associ-
ated to these forms. This will now be explained.

5.2.5 Strong convergence of the generators

So far we proved that the quadratic forms epiconverge in the weak topol-
ogy of Hy(L(1),go). But what is this good for — we actually want to
prove that the associated operators converge in the strong resolvent sense
in L2(L(1),g0)? It turns out that this follows by a rather general chain
of arguments that we will present below. We again use the setup from
the beginning of the last subsection, referring to the implications to our
special situation in between. The reasoning consists essentially of four
steps:

(i) Epiconvergence in the weak topology implies convergence of the
minimizers of the quadratic forms g, in the following sense: denote by
w;: a minimizer of ¢,. Then we have the following statement [3]:

Lemma 5.9 Let the sequence of quadratic forms q, n>1 epiconverge to

k
n,n>

qn converges in the weak sense to some u* € H, then u* is a minimizer
of Goo-

(oo 0 the weak topology on H. If a sequence u 1 of minimizers of the
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(ii) The question of whether the sequence u; , -, of minimizers really
converges is in general very hard to answer. However, if as in our situ-
ation (see Lemma 5.8) the sequence of quadratic forms is equicoercive,
meaning that

G (u) > Allully + B,
with some A > 0, B € R, we have that, for all ¢t € R, the set

K; .= ﬂ{uEH g (u) <t} CH

n>1

is relatively bounded in H. If we now assume that the family does not
degenerate in the sense that we exclude the case lim,, o g, (u) = oo for
all u € H then there is some t; € R such that K; is non-empty for all
t > ty. But Hilbert spaces are always reflerive so that we can apply the
Banach—Alaoglu theorem also to the weak topology on H. Hence the sets
K; CC H are relatively compact in H with respect to the weak topology.
That means that every sequence of points in K; — and u} , -, C K; is
such a sequence if t > t; — contains a weakly convergent Sul;sequence.
Thus, if the minimizer u}, of the limiting quadratic form g is unique,
Lemma 5.9 implies that all these weakly convergent subsequences must
converge to u’ . That means nothing but:

Lemma 5.10 Assume that the family of quadratic forms ¢, ,>1 epicov-
erges to the quadratic form qs and that there is one t € R with Ky # (.
If the minimizer ul, of qoo is unique then every sequence u;, <, of min-
1mizers of the g, n>1 converges weakly to u%, . -

In our case, the minimizer of the limiting quadratic form is unique since
QF is strictly convex on the subset A/ where it is not infinite.

(iii) Weak convergence of the sequence of minimizers also implies weak
convergence of the resolvents of the operators that are associated to the
quadratic forms. To see this, let v € H and consider the functions

1

Qn.o(u) = 3dn (u) — (v, u)x.

By the Cauchy-Schwarz inequality, equicoercivity of g, ,>1 also implies
equicoercivity of @, ., n > 1 for all v € H. On the other hand, the
limiting function Qs , is still strictly convex on A and therefore has
a unique minimizer. Since u +— (v,u)y is just a bounded linear map,
weak epiconvergence of the forms g, »>1 to goo implies epiconvergence of
the functions @, , t0 Qsc,y. Thus we can draw the same conclusions as
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before for all sequences of minimizers uy, ,, n > 1 of the functions @), ;.
But by Friedrich’s construction [6] we can associate to every quadratic
form ¢, a closed unbounded operator A, on H, which is densely de-
fined on some domain D(A, ) C H,. The equation that determines the
minimizer (meaning the equation for the zeroes of the subdifferential
operator (see [1], [2]) as in the finite-dimensional case) is thus given by
uy , € D(A,) with A,u), = A, 'v, which implies that
for all v € H the inverse yoperators associated to the quadratic forms
converge pointwise in the weak topology of H. By Lemma 5.8, even the
sequence Q(If’s (f)+alf, f)o is equicoercive for a > Ag. Thus if we denote

the operator associated to Q&E by Ay(e), the minimizer of

J— *
= v or un,’l;

5 {QIL() + ol o}~ (0, o

is given by the resolvent f*,, = (A¢(e) + @) 'v at @ > A;. Now
we compute the operator associated to the epi-limit Q¥ (f) + a(f, f)o-
Since the limiting quadratic form is infinite outside A/, we may restrict
ourselves to the calculation of the minimizer on this subspace. Denoting
again the L?(L(1), go)-orthogonal projection on N’ by E, we have

QU+ alf P} — (v P
= % {Q(i(Eof) + a(Eof, Eof)o} — (v, Eof)o

1
= 5 / ds {|8gh|2 + O[|h|2} — <<"U,U0>L2(Fs), h>L2(]R)
R

since every function f € N can be written f(s,w) = ug(w) h(s) and thus
(v, Eof)o = (Eov, fo = (uo (uo, v}k, ,uo h)o
= {(v,uo)r2r,) M r2w)-

The operator associated to the quadratic form Q¥ is the Laplacian Ag
on R. Thus we obtain, differentiating with respect to h and letting the
differential be equal to zero:

(A + a)h, =) 2wy = (v, w0) L2(F, ) =) L2(R)-

Multiplying both sides by ug and solving for ug h yields finally the more
convenient form

f(iv.,ry = Fy (Ar + a)71 Eyw = (Ag + a)*l Eyv.
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Thus, the above general considerations about convergence imply

w— JLII%)(AO(a) +a) v =Ey(Ag +a)"t Epv
weakly in H{(L(1), go)-

(iv) The last observation is now that H*(L(1), go) CC L*(L(1), go), i.e.
the inclusion is compact by the Sobolev embedding theorem [16]. Thus,
weak convergence in the boundary Sobolev space implies strong conver-
gence in L%(L(1), go). That means finally

Proposition 5.11 In L?(L(1), gy), we have strong resolvent convergence
of the renormalised Laplacian associated to the rescaled reference metric
on L(1) to an operator

EyAr Ey = A Ey

given by the projection Ey onto N followed by the Laplacian on R. Here,
the Laplacian Agr acts on N by Arf = Arugh = ugAgh.

Since the operators Ay(e) and Fy Ag Ey are self-adjoint, strong resolvent
convergence of the operators implies strong convergence of the associated
semigroups on compact subintervals of (0,00) (see [6], [2]). Therefore,
we finally obtain

Proposition 5.12 For allv € L*(L(1), go) and all compact subintervals
I C (0,00), we have

lim sup [le~ 72y — By e~ 2%% Egully = 0.

=0 ¢er
Thus, the semigroups generated by the rescaled and renormalized Dirich-
let Laplacians on the reference tube converge to a limit semigroup ob-
tained by homogenization along the fibres. To see this, recall that
Eyv(s,w) = h(s)up(w) and note that

{Eg e~ 30w Eov} (s,w) = up(w) {e_%ARh} (s).

The time-dependent part of the dynamic is thus provided by a dynamic
on the submanifold alone, which modulates the function u( on each fibre.

5.2.6 The result for the induced metric

As said above, the idea is to consider the rescaled and renormalized
quadratic forms associated to the induced metric g as perturbations of
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the forms associated to the reference metric. Recall that the assump-
tion (5.4) of geometric finiteness, i.e. that ||, || and |%| are uniformly
bounded, implies that

sup |W.(s,w) — Wy(s,w)| < Me.
sER,|lw|<1

However, by the explicit calculation (5.3) above, we have that
9-(df,df) = go.-(df.df) = (w*K® — 2wer) |0, f[* < Mae |0, fI*.

Hence

@U%Qﬂﬁ—/<mmw

L(1)

=/ &M%—mwwmﬁ+/ Avh (W — Wy)
L(1) L(1)

s%g/d%@N+Mg/d%ﬂ
L(1)

L(1)
<eM (QF.(f)+alf. fo)

where M := max{M;, My}. This inequality provides us with a Kato-
type estimate [6] from perturbation theory for the difference of Qf(f)
and fog(f) + fL(l) dVpo W, f?. This estimate enables us to show that
both families converge to the same epi-limit. Using essentially the same
steps as in Section 5.2.4, we obtain:

Proposition 5.13 The rescaled and renormalized family of quadratic
forms QE(f) + a(f, f)o, € > 0 epiconverges to

Qﬁﬁ+/ Vo Wo 2 + alf. o

L(1)
_ { Jeds {|0sh)>+ (Wo + ) h*}  f=ugheN,

00 otherwise

as € tends to zero.

The operator associated to the limit form is the self-adjoint unbounded
operator (A +Wy+a) Ey = Ey (AL +Wy+a) Ey on L?(R) where Ay +
Wo+a again acts on N by (A +Wy+a)ugh = ug(Ap+Wy+a)h. Recall
that Wy(s,w) = Wy(s) depends only on the s-variable. Now denote the
operator associated to the quadratic form Qf by A(g). Deducing strong
resolvent convergence from epiconvergence by the same mechanism as
in Section 5.2.5 and inserting the expression (5.5) for Wy, we end up
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with the final homogenization result for the dynamics associated to the
induced metric

Theorem 5.1 For all f € L*(L(1),g0) and all compact subintervals
I C (0,00), we have

lim sup ||e_f5A(E)f — Bye1(Ar—ir) Eyfllo = 0.
e—0 tel

As in the case of the reference measure, we may (Eyf = ugh) write
{Eo e~ 5(Be—1r%) Eof} (s,w) = up(w) {67%(“*%"2)’1} (s).

The limit dynamic along the submanifold is thus generated by a Schro-
dinger operator with a potential that reflects geometric properties of the
embedding. For the unitary Schrodinger group, the statement analogous
to Theorem 5.1 would be

lim sup ||E0(6%A<E)f — 7 (Br=ir?) Eof)llo=0.

=0 ¢er
E) is the projection onto the subspace N which contains all states in the
domains of the quadratic forms associated to the Hamiltonians A(e) for
which the energy stays finite as € tends to zero. This projection is neces-
sary since the norm of eigenstates corresponding to eigenvalues tending
to infinity in the Schrodinger case does not tend to zero exponentially
fast for € — 0 as in the case of the heat equation.

5.3 Conditioned Brownian motion

So far, we considered the heat equation on the tube with Dirichlet bound-
ary conditions. This corresponds to Brownian motion on the tube with
absorbing boundary conditions, i.e. the Brownian particle only exists
until it reaches the boundary for the first time. In this section we will
recall some facts that show how intimately the absorbed and the condi-
tioned Brownian motions are connected. Let L. C M be a Riemannian
submanifold of the Riemannian manifold M and ¢ > 0. By the e-
conditioned Brownian motion with finite time horizon T > 0, we denote
the process associated to the measure p. which is the Wiener measure
on M conditioned to the event that the paths do not leave the e-tube
L(e) up to time T, i.e.

e (dw) = Wy (dw |w(s) € L(g),Ys<r).
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By the Markov property of Wj,, we obtain a time-dependent version of
a well-known formula for p. (see [4]). Let 0 < ¢t < T and ¢ € L(¢) be a
starting point. In what follows, we will write w € Q, ,(¢) for the event
{w(s) € L(e),Vu<s<v}. Then

W (dw, w € Dy 7 ()W, (w € Qo4 (e))

pd (dw) = W, (w € Qor(e))

Now let 7. be the first exit time of a Brownian particle from the tubular
neighbourhood L(e). Then {w € Q:(e)}, {w(t) € L(e)} and {7. > t}
simply denote the same event. Hence if 1. denotes the measure asso-
ciated to the absorbed Brownian motion, it can be described via its
restrictions to the sigma algebras F; by

Ve(dwNF) =Wy (dw N Fpy7e < 8).

The key observation is that in fact

1) = Pdwn Fiw(t) € L(e))
p (dw) o) € L)

and hence all terms on the right-hand side can be expressed in terms

v O(dwn Froy,m >T —t) (5.9)

of the absorbed Brownian motion. That implies that if, for instance,
we are interested in the distribution of the position of the conditioned
particle at time ¢ < T given that the particle starts at time s < ¢ in q or,
equivalently, in the associated flow P, f for some bounded measurable
f, we obtain

P flg) = /ﬂ el () = 9 ((0)

= vi(w(t —s) € dx) o) B y
/L(5> AWl =5 L@y’ (> T-0fwt)

fL(g) fL(5> Pi—s(q, dx)f(x)pET_t (v,dy)
fL(a) p%—s (q’ dZ)

where pf(x,dy) denotes the transition kernel of Brownian motion ab-
sorbed at the boundary of the tube. Since the generator of this process
is the Dirichlet Laplacian —%Ag on the tube, we may also write

e~ T A (fe‘Tz_tAf 1)

Ps,tf: eiT‘Z_SA*']_

(5.10)

This relation shows that, in order to understand the limit of the condi-
tioned Brownian motions as € tends to zero, one has to understand the
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properties of the absorbed Brownian motion for small tube diameters.
This establishes the connection to what was considered before, namely
the renormalized limit of Dirichlet operators.

But there is another property of the path measure that is rather im-
mediate from (5.10). The associated process is a time-inhomogeneous
Markov process. To see this, we formally compute a time-dependent
generator, namely

4fets (pomita
SYRYIE R . ik )| Y

In what follows, we will write 7°(q) = e~ 7 1(g), which denotes the
probability that a particle starting from point q is not absorbed up to time
u. Assume now that f € C?(M) and note that, by elliptic regularity, for
t > 0 the absorption probability 77, _,_;, which solves the heat equation
with Dirichlet boundary conditions for initial value 7§ = 1 is smooth in
x and zero on the boundary dL(e). Hence

frp_s_y €{g € C*(L(e)) : hlor) = 0} C D(A.)
even though f ¢ D(A.) and we actually have

Af(f 71—;“757}1) - ﬂ-%fsfh Af + 29(df, dﬂ—%fsfh) + fA‘?Tr%fsfh

where the expression A f is understood as simply applying the Laplacian
to the function and no conditions are imposed on the behaviour of f at
the boundary. Thus, after dividing by 7% which is positive on L(g), the
generator is formally given by

G-(s)f = —3Af +g(df, dlog;_,)

and describes a Brownian motion with time-dependent drift given by
the logarithmic derivative of the probability to stay within the tube for
a gwen time. Of course, this relation also holds for Brownian motion
conditioned to an arbitrary set with sufficiently smooth boundary. The
vector field is singular at the boundary pushing the particle back into
the tube.

5.4 The case of Riemannian submanifolds

In this section, we consider the sequence of measures fi. .~ on the path
space of M. As shown above, they are supported by the path spaces of
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the respective tubes L(e) and correspond to time-inhomogeneous Marko-
vian processes given by the Brownian motion conditioned to the tubes.
As ¢ tends to zero, it seems natural to ask whether these measures con-
verge in a suitable sense to a measure supported by the path space of
L. In the case that L C M is a closed (i.e. compact without boundary)
Riemannian submanifold, we can answer this question to the affirmative
and provide an explicit description of the limit measure. Namely, we
have the following statements:

(i) The sequence . converges weakly on the path space of M to a mea-
sure po which is supported by the path space of the submanifold L.
(ii) po is equivalent to the Wiener measure W;, on the submanifold.
(iii) The Radon—Nikodym density depends on geometric properties of
the submanifold and of the embedding and is of Feynman—Kac Gibbs
type given by

dMO 1 — [T ds W (w(s
W, (w) = Ee Jo ds W (w(s)) (511)

where the effective potential W € C*°(L) is given by
1 1, 5, 1 _ _
W = ESCalL — gHTH — E (SC&IM + RICM|L + R]\,“L> y

Scal denotes the scalar curvature, T the tension vector field and ﬁMM,
Ry denote the traces of the Riemannian curvature tensor and of the
Ricci tensor of M only with respect to the subbundle TL C TM. To be
precise, let 7 : TL C TM be the embedding and j, : T, L C T, M the
induced map on the fibres. Then

l
ﬁM‘L(aﬁ) :=tr(Ric, 0 j; ® jz) = ZRicx(e,ﬂ, er),
r=1

l
E]\I\L = tr(Rx 0Jz ® Jr ® Ju ®]z) = Z Rz(ervesaeraes)
r,s=1

where ey, ..., e denotes an orthonormal base of T, L. Z is a normaliza-
tion constant.

Thus, the limit of the conditioned Brownian motions, which we can in
fact consider as a version of the regular conditional probability given the
sigma algebra generated by the distance on the path space, is an intrinsic
Brownian motion on the submanifold subject to a certain potential that
depends on the geometry of the submanifold and of the embedding.
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The proof of these facts consists of a combination of the representa-
tion (5.10) with the homogenisation result Theorem 5.1 for convergence
in finite-dimensional distributions together with a tightness result based
on a moment estimate. For details, we refer to the forthcoming paper
[12]. To understand the significance of the different terms in this density,
we consider several examples.

Example 5.1 Submanifolds L C R" in euclidean space. In this
case, the density simplifies to

dpo v L T as )P tsealy | (s))
(w) e
dWp, Z

which is an expression depending on the norm of the tension vector field,
which depends on the embedding and the scalar curvature, which is an
intrinsic geometrical property of the submanifold. The other terms van-
ish owing to the fact that euclidean space is flat.

Example 5.2 The unit sphere S*~! C R®. For the unit sphere, the
norm of the tension vector field which is proportional to the mean cur-
vature of the sphere hypersurface is constant. The scalar curvature of
a round sphere is constant, too. Thus, the integral along the path that
shows up in the Radon-Nikodym density is given by a constant times 7'
and does not depend on the given path any more. Therefore, by normal-
ization, the total density is in fact equal to 1. Hence, Brownian motion
on the sphere can be constructed as the weak limit of the conditioned
processes on the tubular neighbourhoods.

Example 5.3 Totally geodesic submanifolds. First of all, owing
to our compactness assumption on the submanifolds, we have to make
sure that there are relevant cases where our result can be applied. For
example, large spheres S C S™, | < m, in spheres are closed and totally
geodesic. Owing to the validity of the Gauss embedding equations, there
are several equivalent ways to simplify the effective potential. We choose

the expression
1 1 n
W= 1 <0+ gScal )

where Scal™ is the scalar curvature of the fibre 7~(p) at p and

op = Z K(er Ang)

k=1,....l;a=1,....m—I
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is the sum of the sectional curvatures K(—) of all two-planes e; A
no C T, M which are spanned by one element of the orthonormal base
ei,...,e of T,L and one element of the orthonormal base ny,...,n,
of N, L. Note that if L C M is a totally geodesic submanifold and M is
locally symmetric, a property that implies that the curvature tensor R of
M is parallel, then the potential W is constant implying, as in the case
of the sphere in euclidean space, that p = Wy . This holds, for instance,
for the large spheres mentioned above.

Example 5.4 Plane curves. Let ¢ : S! — R? be an isometric em-
bedding, i.e. the curve is parametrized by arc length. The intrinsic
curvature of a one-dimensional object is zero, hence the effective poten-
tial is given by

1
= ——||T 2
W=~
and since ¢ is parametrized by arc length, the tension vector field is ac-

tually given by 7 = ¢. In total, that yields a density for the conditioned
motion given by

d 1 I
T () = et B @I,

For an ellipse ¥(s) = (acoss,bsins), s € [0,27) (note that this is not a
parametrization by arc length), we will have, for instance,

a2b?

(a?sin® s + b2 cos? 5)’

I7lI* =

where 2a,2b > 0 are the lengths of the major axes. The sojourn proba-
bility of the Brownian particle is thus largest at the intersection of the
ellipse and the longer major axis, where we have the largest curvature,
and lowest at the intersection of the ellipse and the smaller major axis.

5.5 Two limits

So far we presented the quadratic form approach to the surface measure
because it provides us with the fastest approach to the calculation of the
effective potential, directly emphasizing the role played by the reference
metric and the logarithmic density log p. However, the first approach to
surface measures was different.

In [14], the following scheme was introduced. Let P = {0 = #) <
-+« <ty = T} be a partition of the time interval and let zy be a fixed
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point in a smooth compact [-dimensional Riemannian manifold L iso-
metrically embedded into the euclidean space R™. Then the measure
Wp on Cy, ([0, T],R™) is defined as the law W of a Brownian motion in
R™ which is conditioned to be in the manifold L at all times ¢;. More
precisely, given a cylinder set

B:= B ={we Oy ([0, T, R™): wy, € Aj,1 <0 <m},

1y Ay

with all s; being different from all ¢;, its measure Wy is defined by

WP(B) = C'P/ p(AUOa Ax[))“p(Auerk—la Axm+k—l)€1 ®..® £m+k (dl‘)
B

where U = {0 = up < -+ < Upm4n, = T} is the union of the partitions
Pand S ={0<s1 < <spt, = (21, Tmik), Ay = U1 — g,
Az =z — 2, B= DBy X+ X By, and

B = { 4; ifu; =sj, 5 { Ven  if u; = s; for some j,

L if u; =t; for some j, Vi if u; =t; for some j.

Vre and Vj are the Riemannian volumes on R™ and L, respectively,
p(t, z,y) is the density of the n-dimensional normal distribution N(||y —
z||,t), and the normalization constant c¢p is chosen so that Wp becomes
a probability measure. The following theorem has been proved in a more
general setting in [14].

Theorem 5.2 As |P| — 0, the measures Wp converge weakly to a

probability measure Sy, on C,([0,T], L), which is absolutely continuous

with respect to the Wiener measure Wy, on that space, and its Radon—
Nikodym density is given by

17 as[ - )

plw) = Z© )

where Scalp is a scalar curvature of L, T is the tension vector field of

(5.12)

the embedding L — R™ , and Z is the normalizing constant.

Note that this is exactly the same expression as in Example 5.1 above.
Thus, we obtain the same limiting surface measure by a completely dif-
ferent ansatz. In what follows, we will discuss the difference between the
two approaches and why they yield the same result. The full result from
Section 5.4 can also be obtained from this method. This is explained in
[15].

The subscript ’bb’ in Sy, refers to Brownian bridges, which are a
cornerstone of the construction. The idea of the proof is to first show
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that, as the mesh |P| of the partition tends to zero, the corresponding
marginal measures on cylinder functions tend to the marginals of the
limit measure which is supported by the path space of the submani-
fold. The main tool is a careful analysis of the short-time asymptotic
of the semigroup associated to the conditioned kernel using heat kernel
estimates based on the Minakshisundaram—Pleijel expansion [7].

For some fixed partition, the full conditioned measure is given by
the marginals constructed as explained above together with interpolat-
ing Brownian bridges in euclidean space which fix the path measure
between those time-points, where the particle is pinned to the subman-
ifold. Along these Brownian bridges, the particle may still leave the
submanifold. Finally, a Large Deviation result for Brownian bridges
implies tightness for every sequence Wp of conditioned measures for
which the meshes |P,| tend to zero. Thus, the sequence of measures
converges in the weak sense and the limit measure is determined by the
limit of the marginals.

Let us now go back to the surface measure Sy. corresponding to a
particle moving under hard constraints. Recall that it is defined as the
weak limit

She = liI%WE, (5.13)

where W, = W (- |w; € L(e) for all ¢t € [0,T1]) is the law of a flat Brow-
nian motion conditioned to stay in the e-neighbourhood of the manifold
for the whole time. The following theorem has been proven in [11].

Theorem 5.3 The limit in (5.13) exists and so the surface measure Spe
is well-defined. It is absolutely continuous with respect to the Wiener

measure Wi on that space, and its Radon—Nikodym density is given
by (5.12).

Theorems 5.2 and 5.3 hence imply immediately that Sy, = Syp.

Before explaining the main idea of the proof of Theorem 5.3, let us
discuss the reason why the two measures Sy, and Sy}, turn out to be
equal: note that the probability for a Brownian motion to be in L at a
certain fixed time is zero, and the measures Wp have been defined using
iterated integral of the heat kernel in order to avoid conditioning of the
flat Wiener measure to a set of measure zero. Alternatively, one can
first force a particle to be in the e-neighbourhood L(¢) of L at all times
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t; € P and then let € go to zero. More precisely, define
Wp.=W(-|w, € L(e) for all t; € P).

Then, in the weak sense, Wp = lim._,o Wp ., and Theorem 5.2 can be
reformulated as

lim lim WP@ = Sbb- (514)

|P|—0e—0
On the other hand, by the continuity of paths, W. = limp_,Wp_,
and hence Theorem 5.3 is equivalent to

lim lim Wp . = S. 5.15

51—>0 |7>1|To P B ( )
Thus, (5.14) and (5.15) illustrate the fact that Sy, and Sy, are obtained
by interchanging the two limits. This suggests a more general definition
of a surface measure

S = lim Wp_ﬁ.

[P|—0
e—0

It has been proven in [10] that this general limit exists and then, of
course, is also absolutely continuous with respect to the Wiener mea-
sure W, with the Radon—Nikodym density given by (5.12), since it must
coincide with both particular limits Sy, and Sy.. The proof of this state-
ment follows the same lines of the proof of Theorem 5.3 in [11] using
additionally the continuity of paths of a Brownian motion.

The intuition behind the proof is the decomposition of the generator
A/2 of a flat Brownian motion into three components: an operator
close to the half of the Laplace—Beltrami operator Ay /2, the half of
the Laplace operator along the fibres of the tubular neighbourhood, and
a differential operator of the first order. More precisely, let us assume
without loss of generality that the radius of curvature of L is greater than
1 and so the orthogonal projection 7 is well-defined on L(1). For each
x € L(1), denote by L, C L(1) an I-dimensional Riemannian manifold
containing = and parallel to L, that is, for any y € L, the tangent space
T, L, is parallel to Ty, L. Further, denote by 7(x) the tension vector
of the embedding L, < R™ at the point z. Then, for any f € C?(R™)
and z € L(1),

(Af)(@) = (AL, f+An,f) (®) + (T, V[)(a), (5.16)

where N, L denotes the orthogonal space to L at w(x). Note that for this
decomposition the parallel manifolds L, need only be defined locally in
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a neighbourhood of x. Now the projections of the process with genera-
tor (Ar, + An, 1) /2 yield almost a Brownian motion on the manifold,
and precisely a Brownian motion in the orthogonal direction, and those
two components are almost independent. This makes it plausible that
conditioning this process to L(¢) would lead, in the limit as ¢ — 0, to a
Brownian motion on the manifold. Finally, the first order term (7, V f)
can be dealt with by a Girsanov transformation, and it would lead to a
non-trivial density.

However, there are certain difficulties in realizing this program, in
particular the fact that the parallel manifolds L, do not always exist.
Namely, they exist if and only if the normal bundle N L is flat, which is
always the case for embeddings into R? and R? but rather exceptional for
the higher-dimensional spaces. Hence, the operators Ay, and the vector
field 7 are not well-defined. In fact, this is also the basic observation that
yield the construction of the unitary rescaling map in Section 5.2.2. By
this transformation, the vector field is automatically removed. We will
now present an alternative ansatz to overcome this difficulty, together
with an alternative and purely probabilistic proof.

It turns out that there is a vector field v on L(1) such that (A —
1{(v,V))/2 is the generator of a stochastic process which converges to
a Brownian motion on the manifold, even though it can no longer be
written in the form (Ar, + Ay, 1) /2 as in the decomposition (5.16)
above. It is defined by

d V]Rn

v(z) =Ve(x) with ¢(x) =log v

= logp,

where V| is the Riemannian volume associated to the reference metric
which can also be thought of as the product measure on L(1) defined by

W(4) = /( | Vi -1 (Az)dV (), A C L(1)Borel,
T (A

where A, = 7—!(2) N A. In the particular case when the normal bundle
NL is flat and the parallel manifolds exist, v coincides with the vector
field 7. Moreover, even without that assumption, v(z) coincides with 7
on the manifold L where the tension field is defined.

In contrast to the analytical approach above, where one uses mainly
perturbation theory for the variational representation of the genera-
tors, the approach here is purely probabilistic and one mainly works
with stochastic differential equations and convergence of their solutions.
However, in both approaches, the Radon—Nikodym density of the Rie-
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mannian volumes associated to the induced and reference metrics plays
a crucial role. That is, of course, no surprise since the effective potential
is computed from this density.

Let us start by writing down the process (Y;);<r associated to the
generator (A — (v,V)) /2 as a solution of the equation

1
aY, = dB, — Lu(¥i)d, } (5.17)

Yy =a.

In order to be able to condition (Y;) to L(g) it would be convenient
to first decompose it into its component along the manifold and the
orthogonal component. The first one can be naturally defined by X; =
7(Y;), where from now on we assume without loss of generality that (Y;)
denotes the solution of (5.17) stopped at the time when it leaves L(1).
The second component has to describe the difference Y; — X;, which, at
every time ¢, is an element of the (m — [)-dimensional orthogonal space
Nx, L. If there were a smooth globally defined family of orthonormal
bases (€;(z)1<i<m )zer then the orthogonal component Z; of ¥; could be
defined by the coordinates of ¥; — X, with respect to (e;(X¢)i+1<i<m )-
However, such a global family of bases in general does not exist and
a way out is to fix an orthonormal basis (e;(a)1<i<m ) at the starting
point a and move it along the semimartingale (X;) using the notion of
stochastic parallel translation. Then the initial basis will be transformed
to a basis at X; by an orthogonal matrix U;, which, as a matrix-valued
process, is a solution of the Stratonovich equation of stochastic parallel
transport

dUt - FX, (5Xt),
Uy =1,

where I' is the Levi-Civita connection on L. Now (Z;) can be defined
as a R™~'-valued process defined by the last m — [ coordinates of the
vector Y; — X; with respect to the moving basis (e;(X;)it1<i<m), or,
equivalently, by the last n—1 coordinates of the vector U; ' (V; — X;) with
respect to the fixed basis (e;(a);+1<i<n). The M x R™ —!_valued process
(Xt, Zy) fully characterizes (Y;) and is called its Fermi decomposition.

The next step is to replace the Brownian motion (B;) by another
Brownian motion (Bt), which is better adjusted to the moving frames.
We define it by

t
B, = / U-'dB,.
0
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With respect to this new Brownian motion, the triple (X;, Z;, U;) satis-
fies the system of stochastic differential equations

dX, = o(X,, Z,,U)dB] + ¢(X,, Z,, Uy )dt
dz, =dB/
AU, =Ty, (6X,),

where B/ are the first [ and B/ the last m — [ coordinates of By, and
the coefficients ¢ and ¢ can be computed explicitly. The main feature
of this system is that the processes (X;) and (Z;) are driven by inde-
pendent Brownian motions and hence conditioning (Z;) does not affect
the Brownian motion driving the process (X;). Hence, in order to prove
that the law of the process (Y;) conditioned to be in L(e) at all times
t; € P converges to the Wiener measure on paths in L, it suffices to
show that the solution (X, ) of

AX* = o(X]7, 207, uP)aB) + (X, 2P0 Ul
AU/ =T yr. (6X7),

converges to a Brownian motion on L, where (Z] ) denotes an (m — I)-

dimensional Brownian motion conditioned to be in the e-disc around

zero at all times ¢; € P. This can be done using moment estimates, the

continuity of paths of (Z°), and the explicit form of the coefficients of

the equation.

Once it is proven that the surface measure corresponding to the pro-
cess (Y;) is the Wiener measure Wy, the rest can be done using the
Girsanov transformation. Since the law £(Y) and the Wiener measure
are equivalent with

AW () = b I (Toton) o+ [T 110wl Pt

dL(Y)

o(wi)—9 T b (w b ()]
B 6‘(”)2‘(”0)#%1 (—A‘i 1) 4 IVe il )dt
- )

it suffices to show that ¢|;, = 0, A¢|;, = Scal;,, and V¢, = 7, which is a
routine computation. This leads to the non-trivial density (5.12) in the
surface measure.

5.6 Two open problems

So far, the surface measures that we considered turned out to be regu-
lar in the sense that they are equivalent to the Wiener measure of the
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respective submanifold. Further investigations indicate that this situa-
tion is in fact exceptional and that new interesting phenomena appear.
Therefore, we want to conclude the paper with two open problems where
the limit measures most likely show exceptional, or, better, non-regular
behaviour.

5.6.1 Tubes with fibres of variable shape

In the previous sections, we considered surface measures constructed by
conditioning a Brownian motion to neighbourhoods of constant diame-
ter, meaning that all fibres L, () := 7~ !(p) N L(g), p € L, of the tube
were balls in 771(p) centred around p with radius . It seems that the
situation changes drastically if the radius of each L, (¢) depends on p, or,
if the fibres L, (¢) are even of variable shape. For example, one can take
a smooth potential V: R” — [0,00) such that V|, = 0 and define the
e-neighbourhoods by L (¢) = {z € R": V() < €}, which would corre-
spond to a natural conditioning of a Brownian motion B to the event
{sup;<y V(B:) < €}. If, for instance, the potential grows quadratically
with respect to the distance from the submanifold, the fibres LI‘,/ (€) are
ellipses whose principal axes, in general, depend on the base point. This
is connected to considering soft constraints (not the hard-wall potential)
forcing the particle to remain on the submanifold. Another natural ex-
ample is to take a smooth function « : L — (0, 00) and consider tubular
neighbourhoods such that their radius over a point x € L is given by
ea(x).

First of all, it is not even clear if the corresponding surface measures
exist. However, the leading term of the energy of the conditioned Brow-
nian particle in the second example is believed to be

AT
E —-_- _
E(w) €2 /0 a(wt)Qv

where A < 0 is the largest eigenvalue of Ap (1 /2 in the ball of radius
1 in the orthogonal space. Hence, as € becomes smaller, the particle
should try to minimize the energy E. and is expected to spend more
and more time in the regions where the neighbourhood is wide. Thus,
the limit measure is expected to be singular with respect to the Wiener
measure and to be concentrated on the paths staying in (probably local)
maxima of a. In particular, one needs to pass to the Skorokhod space in
order to study Brownian motion not starting in the maxima of «, since
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we expect a Brownian particle to jump instantaneously to one of the
minima as € tends to zero.

5.6.2 Non-smooth manifolds

Another challenging question is to study conditioning to non-smooth
manifolds. Since the projection to the manifold is no longer well-defined,
the techniques discussed in the previous sections break down. Moreover,
similarly to the previously considered case of non-uniform neighbour-
hoods, in most natural cases the surface measures are believed not to
be supported by the space of continuous functions alone. The situation
is not even clear for one-dimensional manifolds such as, for example,
polygons in R?. For L-shaped domains, it has been proved (see [9])
that the conditioned Brownian motions converge in finite-dimensional
distributions to the Dirac measure on the path staying in the corner.
In particular, if the surface measure exists it is in this case the Dirac
measure. The main reason for degeneration of the surface measure is
the fact that the integrated curvature of the manifold, which is the main
ingredient of the Radon—Nikodym density, is infinite for such manifolds.
There are also other reasons for non-smoothness than singular curva-
ture. For example, for a cross of two orthogonal lines, the particle will
try to escape to infinity, and there will be no limit at all. The intuitive
reason for this difference in behaviour is that the amount of space in
the e-neighbourhood around the singularity compared to the amount of
manifold is large for an L-shaped domain and small for the cross.
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Abstract

For many practical problems it is useful to be able to sample conditioned
diffusions on a computer (e.g. in filtering/smoothing to sample from the
conditioned distribution of the unknown signal given the known observa-
tions). We present a recently developed, SPDE-based method to tackle
this problem. The method is an infinite-dimensional generalization of
the Langevin sampling technique.

6.1 Introduction

In many situations, understanding the behaviour of a stochastic system
is greatly aided by understanding its behaviour conditioned on certain
events. This allows us, for example, to study rare events by conditioning
on the event happening or to analyse the behaviour of a composite sys-
tem when only some of its components can be observed. Since properties
of conditional distributions are often difficult to obtain analytically, it is
desirable to be able to study these distributions numerically. This allows
us to develop meaningful conjectures about the distribution in question
or, in a more applied context, to derive quantitative information about
it. In this text we present a general technique to generate samples from
conditional distributions on infinite-dimensional spaces. We give several
examples to illustrate how this technique can be applied.

Sampling, i.e. finding a mechanism which produces random values
distributed according to a prescribed target distribution, is generally a
difficult problem. There exist many ‘tricks’ to sample from specific dis-
tributions, ranging from very specialized methods, like the Box—Miiller
method for generating one-dimensional standard Gaussian distributed
values, to generic methods, like rejection sampling, which can be applied
to whole classes of distributions. In situations where none of the direct

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
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methods apply in a useful way, Markov Chain Monte Carlo (MCMC)
methods are commonly applied. These techniques work by construct-
ing a Markov chain (or, more generally, a Markov process) which has
the target distribution as its stationary distribution. Assuming that the
process converges to stationarity fast enough, the states of the Markov
chain at ‘large’ times can be used as approximate samples from the tar-
get distribution. While MCMC methods are only approximate methods,
they can be used in many situations where no other methods are avail-
able. This is particularly true in high-dimensional problems and thus it
is natural to employ MCMC methods for infinite-dimensional sampling
problems. Indeed, the main tool described in this text is an MCMC
method for distributions on infinite-dimensional spaces.

The stochastic systems of interest here are diffusion processes de-
scribed by stochastic differential equations. The trajectories of these
processes can be considered to be random functions and thus the prob-
ability distributions we consider typically live on function spaces like
L2(I,R?) or C(I,R?) where I C R is some interval. Thus, in order
to construct an MCMC method for these distributions, we have to find
Markov processes which have prescribed distributions on these function
spaces as their invariant measures. In the context of our framework these
Markov processes are given as solutions of stochastic partial differential
equations (SPDEs), where the interval I is the ‘space’ direction of the
SPDE.

Throughout this text we give several concrete examples of conditioned
diffusions and how to sample from them. A simple case is to condition
the process on its value at a fixed time, so that the resulting paths
are bridges. Sampling bridges could, for example, be interesting when
studying transitions between meta-stable states of some physical sys-
tem: while these transitions will eventually happen, the times between
transitions might be so big that they ‘never’ occur during an uncondi-
tioned numerical simulation. By conditioning on a transition actually
happening, one can numerically study the transition mechanism.

A second application presented here will be ’smoothing’, i.e. recon-
structing a signal from a noisy observation. Since all information which
is available about such a signal is contained in the conditional distribu-
tion of the signal given the observation, one can solve smoothing prob-
lems by understanding this conditioned distribution.

The text is structured as follows: we start by presenting some well-
known sampling techniques in Section 6.2, namely Metropolis sampling



Sampling conditioned diffusions 161

and the Langevin method. In Section 6.3 we introduce an infinite-
dimensional generalization of Langevin sampling. Section 6.4 explains
how this technique can be used to study conditioned diffusions in gen-
eral, and Section 6.5 considers the special case of smoothing problems.
Finally, in Section 6.6, we show how the infinite-dimensional Langevin
method can be combined with Metropolis sampling to obtain numer-
ically efficient methods. The conclusion in Section 6.7 contains some
pointers to extensions of the method and open problems.

6.2 Sampling techniques

Sampling is the process of constructing random values, distributed ac-
cording to a prescribed target distribution. Since our aim is to derive
a numerically useful method, we are specifically interested in construc-
tions which can be implemented on a computer. Generating random
values in a computer program is usually done in two steps: first one
uses a pseudo-random number generator to generate ‘random’ values for
some simple distribution (usually the uniform distribution on the unit
interval) and then, in a second step, these values are transformed to
obtain the desired target distribution. In this text we will only consider
the second step, i.e. we will assume the availability of a source of uni-
form or Gaussian distributed random numbers and describe methods to
transform given random values in order to obtain values with the correct
distribution.

We give an overview of some established sampling techniques which
we will use later in the text. Since our aim is to sample distributions
on infinite-dimensional spaces, we restrict the presentation to techniques
which can be applied in this context.

6.2.1 The Metropolis—Hastings algorithm

A commonly used sampling technique is based on the Metropolis—Hastings
algorithm. The idea behind this method is to modify a given Markov
chain, using a rejection mechanism, in order to obtain a Markov chain
with a given stationary distribution. This new Markov chain can then
be used as the basis of an MCMC algorithm.

Theorem 6.1 Let P be the transition kernel of a Markov chain tak-
ing values in some measurable space (X,F,u). Let p be a probabil-
ity measure on X. Assume that pu(dy)P(y,dx) is absolutely continuous
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w.r.t. p(dx)P(z,dy) on X x X. Inductively construct a process (X, )nen
as follows: forn € N letY, ~ P(X,_1, ) and U, be uniformly dis-
tributed on [0, 1], where Y,,, given X,,_1, is conditionally independent of
Xy,...,X—2 and U,, is independent of everything else, and let

{}/n Zf Un S a(Xn—lai/;l,)’

Xn = .
X,_1 otherwise,

where « is the (truncated) Radon—Nikodym derivative

p(dy) P(y, dz)

afr,y) =1A w(dz) Pz, dy)

Then (X, )nen is a Markov chain with stationary distribution p.

The value a(X,,_1,Y,,) is called the acceptance probability at step n,
the value V), is called a proposal.

This theorem allows us to change the distribution of any Markov chain
which visits a large enough part of the state space, by rejecting some
of the steps, in order to obtain a given stationary distribution. Then,
assuming the resulting Markov chain is ergodic, one can compute expec-
tations w.r.t. the stationary distribution p, by taking ergodic averages:

The usefulness of this method depends strongly on the magnitude of
the acceptance rates: if «(X,,_1,Y;) is often very small, convergence of
the ergodic average will be very slow. For practical use, the transition
kernel P has to be chosen in a way such that the acceptance probabilities
are reasonably large.

A special case of the Metropolis—Hastings algorithm is when the tran-
sition kernel P does not depend on X,,_;. This corresponds to the
case when the proposals are generated from an i.i.d. sequence. Because
the acceptance probability at step n depends on the value X,, i, the
resulting Markov chain is no longer i.i.d. This method is called the
independence sampler.

The independence sampler can for example be used to sample bridges
of diffusion processes: if the target distribution p is absolutely continu-
ous w.r.t. Brownian bridges, one can use independent Brownian bridges
as proposals. The independence sampler then gives a Markov chain
with the bridge-distribution p as its stationary distribution. See [5] for
a discussion of this method.
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6.2.2 Langevin sampling

Another method to obtain samples from a distribution on R? with a
density w.r.t. Lebesgue measure, called Langevin sampling, is given in
the next theorem.

Theorem 6.2 Let ¢ € C? (Rd, R) be a strictly positive probability density
w.r.t. the Lebesgue measure . Then the SDE

dX, = Vlog o(X;) dt +V2dW,,

where W is a standard Brownian motion, has ¢ d\ as its stationary
distribution.

The SDE in the theorem is called the Langevin equation. One obser-
vation which often turns out to be very useful in practice is the fact that,
similar to the situation for the Metropolis—Hastings algorithm, the den-
sity (¢ needs to be known only up to a multiplicative constant: changing
the constant does not change the resulting Langevin equation.

While this method is known to work well in high dimensions, at first
it seems difficult to extend this technique to more general spaces, since
the theorem uses a densities w.r.t. Lebesgue measure; the latter does
not exist in infinite dimensions. But it transpires that there is a variant
of the idea which can be generalized.

Theorem 6.3 Let L € R™*? be a symmetric matriz such that the SDE
dZ, = LZ, dt + V24w,

has a stationary distribution v. Let ¢ € C? (Rd, R) be a strictly positive
probability density w.r.t. v. Then the SDE

dX; = (LX; + Vg p(X;)) dt + V2dW,,

where W is standard Brownian motion, has ¢ dv as its stationary dis-
tribution.

A generalization of this theorem to infinite-dimensional spaces, pre-
sented in the next section, forms the basis of our sampling framework.
Later, in Section 6.6, we will see how a discretized version of the Langevin
equation can be used to generate proposals for the Metropolis—Hastings
algorithm, thus combining the two methods presented in this section.
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6.3 Langevin equations on path space

In this section we introduce the infinite-dimensional analogue of the
Langevin equation from Section 6.2.2. The abstract setting is as fol-
lows: the SDEs in Theorem 6.3 are replaced by stochastic evolution
equations taking values in a real Banach space FE, continuously embed-
ded into a real separable Hilbert space H. In our applications the space
‘H will mostly be the space LQ([O, 1},Rd) and E will be some subspace
of C([0,1],R?).

6.3.1 Linear equations

In this section we derive a Hilbert space valued, linear SDE to sample
from Gaussian distributions on H. The results of this section can all
be stated and proved in H without reference to the embedded Banach
space E. A more detailed analysis can be found in [9)].

Recall that a random variable X taking values in a separable Hilbert
space H is said to be Gaussian if the law of (y, X) is Gaussian for every
y € H. It is called centred if E(y, X) = 0 for every y € H. Gaussian
random variables are determined by their mean m = EX € H and their
covariance operator C: H — H defined by

(y,Cx) = E((y,X —m)(X — m,x))

For details see e.g. [3]. We denote the Gaussian measure with mean m
and covariance operator C by N'(m,C).
We consider the H-valued SDE

dz = Lz dt + V2 dwy, (6.1)

where w is a cylindrical Wiener process on H and £ = —C~!. A process
z is a mild solution of (6.1), if it satisfies

t
2 =eflz + \/5/ eLt=5) qap,.
0

Since this equation is linear, solutions are Gaussian processes and its
invariant measure is a Gaussian measure on H:

Theorem 6.4 Let 1 = N(0,C) be a centred Gaussian measure on a sep-
arable Hilbert space H. Then the corresponding evolution equation (6.1)
with £ = —C~' has continuous H-valued mild solutions. Furthermore,
it has v as the unique invariant measure and there exists a constant K
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such that for every initial condition xy € H one has
1£(20) = pell < B (1 Jlzollze) exp(=lICllpet).
where || - ||Tv denotes the total variation distance between measures.

By the theorem, equation (6.1) can be used to sample from centred
Gaussian measures and by considering the process (z + m);>o we have
a sampling equation for arbitrary Gaussian measures A (m,C) on H. To
implement this method one has to identify the operator £. The following
example shows how this can be done in the cases which are the focus of
our interest here.

Example 6.1. Consider the R%-valued, linear SDE
dZ, = AZ,du+ BdW,, Zy=z" (6.2)

on the time interval [0, 1], where A, B € R?*? are matrices and = € R?
is the starting point. The solution is a Gaussian process with mean
m(u) = E(Z,) = e" 2~ and covariance function

uUNAv
C(u,v) = Cov(X,, X,) = "4 (/ e A BB e dr) e’
0

(see e.g. [10], Section 5.6) for reference). It is easy to check that the
corresponding covariance operator C is given by

(Cac)(u):/0 C(u,v)z(v)dv

for all u € [0,1], = € L*([0,1],R?) and, assuming BB* is invertible, the
negative of its inverse £ = —C~! is the restriction of the distributional
differential operator

L= (0, + A)(BB*)" (9, — A) (6.3)
to the domain
D(L) = {f € H*([0,1],R) | f(0) = 0,8, f(1) = Af(1)}.
Thus, the stationary distribution of
dz; = L(z —m) dt + V2 dwy (6.4)

is N'(m,C).
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Since L is a differential operator, we can write (6.4) as an SPDE.
Using the fact that Lm = 0 on (0, 1), this formally leads to the equation

Dy z(t,u) = Lz(t,u) + V2 dyw(t, u) V(t,u) € (0,00) x (0,1)
2(,0) =27, Oyz(t,1) = Az(¢,1) Vit e (0,00)

where J;w is space-time white noise. By Theorem 6.4, the stationary
distribution of this SPDE coincides with the distribution of the pro-
cess Z.

6.3.2 Semilinear equations

In this subsection we will derive the infinite-dimensional analogue of
Theorem 6.3. Here, the process (2 );>0 from (6.1) will correspond the
(Z)t>0 in Theorem 6.3. The equation for (X;);>o will be replaced by a
semilinear equation of the form

dzy = Lay dt + F(x,) dt + V2 dwy, (6.5)

where L is a linear operator on H, the drift F maps F into E*, w is a
cylindrical Wiener process on ‘H, and the process = takes values in E. As
in the previous subsection, we consider mild solutions of this equation.

For our application of sampling conditioned diffusions, presented in
the next section, we will have a distribution-valued drift function F
which is only defined on the Banach space of continuous functions. Thus
we need the setting described above and cannot use the Hilbert space
based theory as found e.g. in [6]. Proofs of the results presented here
can be found in [8].

We start the presentation by giving the assumptions which we will
require for our results. There are two assumptions on the linear opera-
tor L:

(A1) The operator L is a self-adjoint, strictly dissipative operator on H
which generates an analytic semigroup S(t). The semigroup S(¢) can
be restricted to a Cy-semigroup of contraction operators on F.

(A2) Let H® be the domain of (—£)*, equipped with the inner product
() = (=L)*x, (—L)*y). Then there exists an a € (0,1/2) such
that H® C E densely, (—£)72* is nuclear in H, and the Gaussian
measure N (0, (—£) ") is concentrated on E.

We write H™* for the dual of H* and identify H* with H in the usual
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way to get the following chain of inclusions:
Hl/? S HY S Ees Hes Bf < H™Y < H_l/Z.

To formulate our conditions on the drift F' we will also use the subdif-
ferential of the norm || - ||z, defined as

Ollzlle = {a" € B* | 2*(2) = |lz|p and 2™ (y) < |lylle Vy € E}
for every z € E. We require the following conditions.
(A3) The nonlinearity F': E — E* is Fréchet differentiable with

IF(@)]le- < CA+|zle)™, and [DF(2)|p-p- < O+ [lz])™.

for every =z € E.
(A4) There exists a sequence of Fréchet differentiable functions F,,: E — E
such that

lim ||F,(z) = F(z)|-a =0

n—0o0

for all z € E. For every C' > 0 there exists a K > 0 such that for
all z € E with ||z||g < C and all n € N we have ||F, (z)]|-, < K.
Furthermore, there is a v > 0 such that

(2% Fu(z +y)) < —vllle

holds for every z* € 9||z||gp and every z,y € E with ||z||p > C(1 +
Iyllz)™

Our results currently require another, quite technical condition on the
drift F' which is given here as (A5). While this condition looks quite
artificial, it is easy to verify that it holds for all applications discussed
in this text.

(A5) Forevery R > 0, there exists a Fréchet differentiable function Fp: E —
E* such that
F(x) for ||z||g <R,
Fo(x) = (z) 2|l (6.6)
0 for ||z||z > 2R,
and such that there exist constants C' and N with

| Fr(2)||p+ + [|DFg(2)|p—p- < C(1L+ R)Y,

for every z € F.
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Definition 6.5 An E-valued and (F;)-adapted process x is called a mild
solution of equation (6.5), if almost surely

t
Ty :S(t)x0+/ S(t—s)F(azS) ds + z vt >0
0

holds where z is the solution of the linear equation (6.1).

The drift F in (6.5) takes only values in E* while the operator £ will
have a smoothing effect. There is a balance between these two effects
and it is not a priori clear in which space the resulting process takes its
values. The following theorem asserts that our assumptions are strong
enough so that the solution is continuous with values in E.

Theorem 6.6 Let £ and F satisfy assumptions (A1)-(A4). Then for
every initial value xy € E the equation (6.5) has a global, E-valued,
unique mild solution.

From Theorem 6.4 we know that the linear equation (6.1) has station-
ary distribution v = N(0, —£7!). The following theorem, which is the
infinite-dimensional analogue of Theorem 6.3, shows that we can again
get an equation to sample from ¢ dv by adding Vlog e to the drift of
the linear equation.

Theorem 6.7 Let U: E — R be bounded from above and Fréchet dif-
ferentiable. Assume that L and F = U’ satisfy assumptions (A1)-(A5),
let v =N(0,—L~Y). Then the probability measure p given by

dpu(z) = ceV @ du(z),

where ¢ is a normalization constant, is the unique invariant measure

for (6.5).

The following result helps to convert the preceding theorem into useful
numerical methods: properties of the target distribution p can be found
by considering ergodic averages of the solution of the SDE (6.5).

Theorem 6.8 Assume that (A1)-(A5) hold and let p be the invariant
measure for (6.5). Then one has

1 /7
lim —/ gp(xt)dtz/ o(x) p(dx), almost surely
T—oo T 0 E

for every initial condition x( in the support of p and for every bounded
measurable function ¢: E — R.
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While these theorems are formulated in a way that helps to identify
the stationary distribution of a given stochastic evolution equation, we
will use the equations in the reverse way: starting with a target distri-

U w.r.t. a Gaussian measure v we

bution p with a known density ¢ = e
will construct semilinear SDEs with invariant measure p. From The-
orem 6.7 we know that a possible choice for the drift is F' = (log)’,
in direct analogy with the finite-dimensional result from Theorem 6.3.

This procedure is illustrated in the following example.

Example 6.2. Consider the R?-valued SDE
dX, = AX, du+ f(X,)du+ BdW,, Xy=uz" (6.7)

on the time interval [0, 1], where A, B € R?*? are matrices, 2~ € R? is
the starting point and W is a standard Brownian motion on R%. In this
situation we can apply the following form of the Girsanov formula.

Lemma 6.9 Let v = L(Z) be the distribution of the solution of the linear
SDE (6.2) and p = L(X) be the distribution of the solution of (6.7).
Assume that (6.7) has a.s. no explosions until time 1 and that B is
invertible. Then p has a density ¢ w.r.t. v on C([0,1],R?) which is
given by

1
o(X) = exp( /U (BB*)"'f(X,)dX,

- [ AX 300, (BB (X)) du).
0

If f = —BB*VV for some potential V: R? — R, then ¢ can be written
as

P(X) = exp(V(X0) = V(X))

_/ (AX, + %f(Xu), (BB*)™' f(X.)) + %divf(Xu)du)
0

Proof. Since X (by assumption) and Z (since it solves a linear SDE)
have no explosions, we can apply Girsanov’s theorem [7, Theorem 11A]
to find the densities of £(X) and £(Z) w.r.t. the distribution of the
Brownian motion £(BW). Taking the ratio of these two densities gives
the first expression for ¢. The second form of ¢ can be found by apply-
ing Ito’s formula to V(X) and substituting the result into the first part.0

In the following we will assume that f has the required gradient form
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so we can use the second form of ¢ from the lemma (without the stochas-
tic integral). From Example 6.1 we obtain a second-order differential
operator £ on L*([0,1],R?) such that

dz; = L(z — m)dt + V2 dwy,

where m is the mean of Z, has stationary distribution v. From Theo-
rem 6.7 we see, assuming (A1)—(A5) are satisfied, that we can add the
drift F = (log¢)’ to this equation to obtain a C ([0, 1],R?)-valued SDE
with stationary distribution p. A simple calculation shows

F(z) = (BB*) ' f(21)6, — V¥(z), Vze C([0,1],R?),

where 97 is a Dirac mass at © = 1 and V¥ is given by

W(E) = (A + 31(€),(BB)F(©) + 5 d f6)  VEER'. (63)

Under mild assumptions on A, B and f, the conditions for Theorems
6.6, 6.7 and 6.8 are satisfied and the stationary distribution of

dzy = L(z; —m) dt + F(xy) dt + V2 dwy

coincides with the distribution of the process X. An explicit set of
assumptions on A, B, and f for the result to hold can be found in [8].

Again, we would like to write this equation as a stochastic partial
differential equation. In order to do so, we should just add the drift
F to the SPDE from Example 6.1. One complication is the presence
of the Dirac-term in F. Since, assuming smooth w for this argument,
the source term (BB*)~!f(x1)d; will lead to a jump of size f(x1) in the
u-derivative of the solution, we can incorporate the Dirac term in the
boundary condition by formally writing the SPDE as

dyx(t,u) = La(t,u) — VU (x(t,u)) + V2 dw(t,u)
V(t,u) € (0,00) x (0,1),
z(t,0) =27, O,x(t,1) = Az(t,1) + f(z(t, 1)) vt € (0, 00).

6.4 Conditioned diffusions

In the previous sections we have seen how the Langevin sampling method
can be generalized to infinite-dimensional situations and how this can
be used to construct SPDEs which sample from the distribution of a
finite-dimensional diffusion process. In this section we focus on our
main interest of this text, namely on applying the presented techniques
to sample from conditioned diffusion processes.
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Consider the following R?-valued SDE on the time interval [0, 1]:
dX, = AX, du+ f(X,)du+ BdW,, X,=az". (6.9)

As before, A, B € R™*? are matrices, z~ € R? is the starting point, W is
a standard Brownian motion on R? and we assume that f = —BB*VV
for some potential V: R? — R and that B is invertible. Our aim is
to construct an SPDE which has the distribution of X, conditioned on
some event C, as its stationary distribution.

Let Z be the solution of the linear SDE

A7, = AZ, du+ BdW,, Z,=a", (6.10)

and set m(u) = E(Z(u)|C) for all u € [0,1]. In the cases we consider
here, the event C is such that £(Z|C) is still Gaussian. The general idea
is to perform a construction consisting of the following steps.

(i) Use the results of Section 6.3.1 to obtain an L?-valued SDE which
has the centred Gaussian measure £(Z — m|C) as its stationary
distribution.

(ii) Use the Girsanov formula and results about conditional distribu-
tions to derive the density of the conditional distribution £(X|C)
w.r.t. L(Z|C). Using substitution, this gives the density of the
shifted distribution £(X —m|C) w.r.t. the centred measure £(Z —
m|C).

(iii) Use the results of Section 6.3.2 and the density from step 2
to derive a C([0,1],R?)-valued SDE with stationary distribu-
tion L(X —m|C). Shifting the process by m reverses the centring
from step 2 and gives the required sampling equation. Optionally
write the L?-valued SDE as an SPDE.

Combining all these steps leads to an SPDE which samples from the
conditional distribution £(X|C) in its stationary measure. The details
of the above steps depend on the specific situation under consideration.
We will study one special case in detail in the next section, where we
develop a method for nonlinear filtering by using the Langevin method
to sample from the distribution of some signal given the observations.
In the remainder of this section we illustrate the technique in a simpler
setting.

Example 6.3. We can use the technique described above to construct
an SPDE which samples bridges from

dX, = AX, du+ f(X,)du+ BdW,, Xo=2", X =a", (6.11)
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that is, the stationary distribution of the SPDE coincides with the dis-
tribution of solutions of the SDE (6.9), conditioned on X; = z*.

Step 1: We need to find an SPDE with stationary distribution £(Z|Z; =
x1). Mean and covariance of the conditioned process can be found by
conditioning the random variable (Z(u), Z(v), Z(1)) for u < v < 1 on
the value of Z(1). Since this is a finite-dimensional Gaussian random
variable, mean and covariance of the conditional distribution can be
explicitly calculated. Let m and C be the mean and covariance function
of £(Z). Then L(Z|Z, = z7) is a Gaussian measure with mean

m(u) = m(u) + C(u,1)C(1,1) " (z* — m(1))

and covariance operator C with Cx = [ C(-,v)x(v) dv where the covari-
ance function is given by

C(u,v) = C(u,v) — C(u,1)C(1,1)7*C(1,v).
A simple calculation shows that £ = —C~! is again the differential
operator L from (6.3), but this time on the domain
D(L) = {f € H*([0,1],R") | f(0) =0, (1) = 0}.
Thus the stationary distribution of
dzy = Lz dt + V2 dw,
is £L(Z —m|Z1 = zT) by Theorem 6.4.

Step 2: We have already seen in Example 6.2 that the density of £(X)
w.r.t. £(Z) is given by

p(X) = exp<V(f) - V(X)) - /01 ‘I’(Xu)dU)

with the ¥ from equation (6.8). The following lemma shows that the
density of L(X|X; = zT) w.rt. L(Z|Z; = x7) coincides, up to a multi-
plicative constant, with .

Lemma 6.10 Let P, Q be probability measures on SxT where (S, A) and
(T, B) are measurable spaces and let X: SXT — S andY : SXT — T be
the canonical projections. Assume that P has a density ¢ w.r.t. Q and
that the conditional distribution Qx|y—-, evists. Then the conditional
distribution Py |y -, exists and is given by

dPxy—y o Jaeley) i ely) >0,
dQx |y =y

1 otherwise
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where c(y) = [4@(z,y) dQx |y —y () for ally € T

Thus, the density of L(X —m|X; =zT) wrt. L(Z —m|Z; =at) is

P(X) =c eXp(/O1 U(X, + mu)du)

for some normalization constant ¢ where V¥ is given by (6.8).
Step 3: Assuming that the conditions for Theorems 6.6, 6.7 and 6.8 are
satisfied, the stationary distribution of
A7 = L& dt — VU(Z + m) dt + V2 dwy
is then £(X — m|X; = 2T). Thus the process z = Z + m, solving
dZCt = £(.’13t - ’I’h) dt — V\I'(xt) dt + \/idwt, (612)

can be used to sample from the target distribution £(X|X; = a™).

Finally, we can rewrite this evolution equation as an SPDE: since the
mean m satisfies m(0) = z—, m(1) = 2" and Lm = 0 on (0,1), we can
formally write (6.12) in the form

dyx(t,u) = Lx(t,u) — VU (z(t,u)) + V2 dw(t, u),
V(t,u) € (0,00) x (0,1),
z(t,0)=2", xz(t,1)=2"  Vte (0,00).
Note that use of this formulation no longer requires knowledge of the
conditioned mean m.

Figure 6.1 shows the result of a numerical simulation which imple-
ments the method derived in Example 6.3 to sample bridges of the pro-
cess (6.11). For the simulation we use the drift

(=121 8
@ =550 ) = (arap 2 (6.13)
A =0, B=1 and the end-points z~ = —1 and 2+ = +1. To allow the

process to transition a few times between the stable equilibrium points,
we chose u € [0,100]. The upper panel illustrates how one can get an
approximation to a typical sample path of (6.11): it displays u +— x(t, u)
for a big value of t. Assuming that the sampling process is already close
to equilibrium, this path should closely resemble a typical bridge path.
The second panel illustrates how statistical properties of the bridges can
be approximated by taking ergodic averages using Theorem 6.8. The



174 Martin Hairer, Andrew Stuart, Jochen Vof3

17 m m,.l
B IKMH,(M """ O\

[ uw i It] H'F"‘] ”[ '”W

21 i

2(10°u)

mean and std. dev.

0 20 40 60 80 100

Fig. 6.1. Illustration of the bridge sampling method from Example 6.3. The
drift f in (6.11) is chosen to be the gradient of a double-well potential with
stable equilibrium points at —1 and 1 and an unstable equilibrium point at 0
(see (6.13)), the process starts in x~ = —1 and is conditioned on ending up
in 2 = +1. The upper panel shows the value of the Langevin SPDE at time
t = 10° as a function of u. This is an approxzimation to a typical bridge path. The
lower panel shows a one-standard-deviation band around the mean of the solution
as a function of u, obtained by taking averages over the interval t € [0,10%].
This gives an approximation for the mean and standard deviation of the bridge
process (6.11).

line in the centre of the shaded band shows

T
m(u) = ;/0 z(t,u) du

as a function of u for a big value of T. By Theorem 6.8 we have m(u) ~
m(u). The width of the band is given by

5(u) = (% /OT (x(t, ) — m(u))” du) v

Again by Theorem 6.8, d(u) is approximately equal to the standard
deviation of the bridge at position wu.
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6.5 Nonlinear smoothing

In this section we will give a more challenging application of the method
developed in the previous sections: we will describe how nonlinear smooth-
ing problems can be formulated as a problem of sampling conditioned
diffusions and how it can be solved using Langevin sampling.

Let d = m 4+ n with m,n € N and consider a d-dimensional diffusion
process given by

dX, = AX, du + f(X,)du+ BdW,, X,=z",

where B is invertible and (BB*)~!f is a gradient. Assume that only
the last n components of this process can be observed and that we
want to gain as much knowledge as possible about the unobserved m
components from one observation of the last n components. We write
X, = (XY, xP) € R™ x R" and call XU the ’signal’ and X@ the
‘observation’.

While the problem is formally very easy to solve, the solution is just
the conditional distribution £(X1|X®), the task of actually algorith-
mically computing this solution is quite challenging. There are two
commonly used ways of solving this problem: the traditional method,
employed for example in particle filters, is to use the Zakai equation to
construct an approximation to the density of E(X£1)|X£2), 0 <wv < u).
The solution we propose here is to construct an SPDE which samples
from the distribution £(X™|X®)). Questions about this conditional
distribution can then be answered by considering ergodic averages. It
transpires that this way of solving the smoothing problem can be derived
as a special case of the general technique of sampling from conditioned
diffusions which we presented in section 6.4.

Commonly, finding ﬁ(Xl(Ll>|XL(.2),O < v < u) is called 'filtering’ and
finding £(XM|X®) is called ’smoothing’. The standard methods, like
the Kalman filter and particle filter based approaches, proceed by first
solving the filtering problem and then, optionally, solving the smoothing
problem in a second, backward sweep over the data. The method we
propose here directly solves the smoothing problem and thus all obser-
vations must be present from the start of the computation.

6.5.1 Construction of the smoothing SPDFE

The construction of the SPDE to sample from the conditional distri-
bution of X given X follows the steps outlined in Section 6.4. We
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start the construction by considering the linear, R *"-valued SDE
dZ, = AZ, du + BdW,, Zy=2x", (6.14)

which will give our reference measure as before. Since this SDE is linear,
its solution is a Gaussian process, and thus the distribution £(Z™M|Z®)
is also Gaussian. First we have to identify the mean and covariance of
this distribution. The abstract mechanism we use here is given in the
following lemma.

Lemma 6.11 Let H = H; ® Ha be a separable Hilbert space with pro-
jectors T;: H — H;. Let (ZM,Z?) be an H-valued Gaussian random
variable with mean m = (my, ms) and positive definite covariance opera-
tor C and define C;; = IL;CIL;. Then the conditional distribution of AD
given Z? is Gaussian with mean

myp =my + CmCil (Z(Q) — m2)
and covariance operator
Cijp = Ci1 — C12C5;'Cor.

If we define as above £ = (—C)~" and formally define £;; = II; LTI},
then a simple formal calculation shows that myj; and Cyj; are expected
to be given by

m1|2 =Mmp — £1_11£12 (Z(Q) — mz), Cl|2 = *El_ll. (615)

In contrast to the lemma above, the relations (6.15) do not hold in
general (consider for example the case C;; = 0), but in our situation
it can be shown that domains for the operators £;; can be chosen so
that all of the given expressions are defined and that the conditional
mean and expectation really have the form given in (6.15). Details of
this construction can be found in [9, lemma 4.6]. By Theorem 6.4, the
L2([0,1], R?)-valued SDE

dz; = L1312 At + V2 dwy

has £(ZW —my5|Z?) as its stationary distribution. We have already
identified the differential operator £ in Section 6.3.1.

Now we can just follow the programme outlined in Section 6.4: the
version of Girsanov formula from Lemma 6.9 gives the density ¢ of
L(X) wrt. L(Z). From Lemma 6.10 we know that the conditional
density ;o of XM given X differs from 2 — ¢(z, X?) only by
a multiplicative constant which depends only on X. Thus we have
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Vlog s = Vilogo(- ,X®) where V denotes the Fréchet derivative
on C([0,1],R?) and V denotes the Fréchet derivative w.r.t. the first m
components. By Theorem 6.7 the equation

dzy = Li1(x: — myje) dt + Vi log o(a4, Xy dt + v2dw,

has £(X M| X ) as its stationary distribution and thus can be used as
a Monte Carlo method to solve the smoothing problem.

Example 6.4. In the standard smoothing setup the signal X evolves
on its own without reference to the observation. The observation de-
pends both on the signal and on additional noise. To fit this situation
in the framework described above we consider the following case:

0 O B 0
A == =
(A21 0) P ( 0 322) 7

with Ay € R"™ ™ By € R™*™ and By € R"™ ™. Furthermore let
V(z,y) = Vi(z) + Va(y) and f = —BB*VV. In this situation, equa-
tion (6.14) can be written as
dX® = £ (XMWY du + By dw®
dX®@ = f,(XP)du + Ap XY du 4 By dW?

with f1 = —BllBﬁVVl and f2 = _BQQB;}V‘/'Q.
For this choice of the matrices A and B the differential operator L is

—1
(Ln L12> _ <3u A%}) (BuBfl 0 ) ( Oy 0)
Ly Lo 0 O, 0 By, B3, —As 0Oy
_ <5u(3113f1)13u — A3 (B2 B3,y) "1 Ay A§1(322352)13u>
=0, (BxnB3,) "t An 0y (B2 B3) 10, )’

(6.16)

defined on some appropriate domain. A more detailed analysis, as found
in [9], Section 4, shows that £y; in (6.15) can be taken to be Ly; on the
domain

D(Ln) = {f € H*([0,1],R") | £(0) = 0,8, f(1) = 0}.

From (6.15) we find that m,, is the solution of

dz®@
Lir(myjy —m1) = —A3(BaB3y) ™ (du - m2)~

4z ®
du

differential operator, the solution my), is a smooth function.

Here only exists as a distribution, but since £1; is a second-order
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The density of £(XW|X®) w.rt. £L(ZW]Z?) can be simplified be-
cause of the simple structure of the matrices A and B: we get
1 1
PXIX®) = coxp(~ (X - 5 [ Bt A (X
0

+div (X)) du

1
- [ Ay (BB (X)) du)
0

for some normalization constant ¢ and the density of the target distri-
bution p = L(X® —myp|X@) wrt. v =L(ZY —my;y|Z2?) is p(X —
my)2]Y). Thus, for given X, the Fréchet derivative of log o (X 1| X®)
is
F(x) = Vi log p(z|X?)
= =VVi(21)d1 = VO(x) — A5 (BnB3,) ™ r(X?)

for all x € C([O, 1], Rm), where d; is a Dirac mass at u = 1 and

1 _ . m
®(€) = 5 (1B fi(OF +div fi(€))  VEeR™.
With F' we have found the drift to be used in Theorem 6.7: the
equation
Az, = Lu@dt — V(& + myp) dt — A3 (BasB3y) ™' fo(XP) dt

is ergodic and has £(X") — my;|X@) as its stationary distribution.
Defining z; = &y + my for all £ > 0 and formally writing the equation
for x as an SPDE again, we find that the SPDE

dx(t,u) = (BuBj) '0iz(t,u) — VO (2(t,u))
(2)
A3 (B Bi) ! () — (X)) ~ Analt,w)
+V2 9wt u) (6.17)

with boundary conditions
(t,0) =0, dua(t,1) = fi(a(t 1))

for all ¢ > 0 is the Langevin equation on C([O, 1],Rm) to sample from
the distribution £(XW|X®). In the derivation above we did not check
whether the conditions (Al), ..., (A5), which are required for our sam-
pling method, are satisfied. In general this depends on the specific choice
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signal and reconstruction
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Fig. 6.2. Illustration of the smoothing method from Example 6.4. The upper
panel shows the true signal (unknown to the algorithm) together with a one-
standard-deviation band around the mean of the sampling SPDE. This band
can be seen as a reconstruction of the signal, but since the observation (not
displayed) incorporates additional noise, a perfect reconstruction is not pos-
sible. The lower panel shows a typical path of the conditional distribution of
the signal, given the observation, obtained by taking the value of the sampling
SPDE at large t.

of f, A and B. A (quite technical) set of conditions such that the theo-
rems apply can be found in [8].

A comparison between the sampling equation derived here and the
equation derived in Example 6.2 to sample from the unconditional dis-
tribution £(X™) reveals that the only difference caused by the condi-
tioning is the presence of the term

1(dX(2)

A3y (B BYy) ™ (S () = (X (@) — An(t)).

The presence of this additional drift term moves the solution of the
sampling SPDE towards paths X! which minimize the ‘energy’ of the
noise required for the second equation in (6.16) to hold.
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Figure 6.2 illustrates the resulting smoothing method for the system
dx® = f(xXMydu+aw®,  x{V=-1
dx? = xV du + dw?

u u

where f is the double-well drift from (6.13). The upper panel shows
the ‘true’ signal X! (unknown to the algorithm), together with a re-
construction obtained by the smoothing method described above. The
displayed band was obtained again as in Example 6.3. Since the observa-
tion (not displayed) contains not only information about the signal, but
also unknown additional noise, a perfect reconstruction is not possible.
But the figure shows that the reconstruction captures the main features
of the signal. Other statistical quantities of the conditional distribution
of the signal, given the observation, like the number of transitions be-
tween the two equilibrium points, can be computed similarly by taking
ergodic averages. The lower panel shows a typical path of the condi-
tional distribution for comparison with the ‘true’ signal in the upper
panel.

6.5.2 Some remarks about smoothing

While the sampling technique developed in the previous section solves
the same problem as traditional filters/smoothers do, it does so in a
very different way: instead of trying to obtain the density of the condi-
tional distribution, our method constructs samples from the conditional
distribution which can be used as the basis of an MCMC algorithm.
Filtering and smoothing are sometimes used in high-dimensional situ-
ations. For example, applications in weather prediction, where filtering
is used to incorporate the observed weather data into a model, now use
values of d which are as big as 107 or 10%. When d is big, a map from
R? to R like the density of E(Xi(bl)\Xf), 0 <wv < w) is a complex object
which is very hard to accurately represent in a computer. A standard
way to deal with this problem, used in particle filter methods, is to
approximate the conditional distribution as a sum of weighted Dirac
masses. Another approach is to approximate the conditional distribu-
tion by a Gaussian, but in high-dimensional situations even storing the
covariance matrix of this Gaussian has a non-negligible cost and some-
times even further approximations are necessary. In comparison, a map
from R to R?, like the paths obtained by the smoothing method dis-
cussed here, is a much more manageable object. Thus the discussed
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method might be advantageous in high dimensions when smoothing is
required and not just filtering.

Another observation to note is that the situation considered in Exam-
ple 6.4 is just one of many possible situations where a Langevin sampling
based filtering method can be derived. Similar constructions are possi-
ble in many situations, for example it is easy to derive a sampling SPDE
to sample from a diffusion conditioned on discrete noisy observations.
See [2] for further examples.

More information about filtering and pointers into the literature can
be found in [1].

6.6 Metropolis—Hastings algorithm on path space

In the previous sections we showed how an infinite-dimensional analogue
of the Langevin equation can be used to sample from the distribution
of conditioned diffusions. One of the main motivations behind this ap-
proach is that it directly translates into an implementable algorithm to
solve these sampling problems. In this section we will discuss some is-
sues which arise in this context. When implementing the method for
practical use one has to numerically solve the sampling SPDE (6.5) and
thus one has to discretise this equation in both ‘space’ u and time ¢t. The
two kinds of discretization raise different issues and here we will mostly
focus on the effects of discretizing time.

There are two constraints which affect the choice of time step size At.
Firstly, we are only interested in the stationary distribution of the sam-
pling SPDE and thus, for our purposes, it doesn’t matter if the nu-
merical simulation accurately represents the trajectories of the solution
but we require the invariant measure of the discretized equation to be
close to the invariant measure of the exact equation. And, secondly, we
will use the numerical solution to approximate ergodic averages as in
Theorem 6.8 and thus we need to simulate the solution over long time
intervals. This leads to a trade-off in the choice of the step size At:
small At requires many steps to cover big time intervals and thus makes
the resulting method computationally expensive whereas big At leads
to big discretization error and makes the results less accurate.

One solution to this dilemma is the following idea, described in more
detail in [4]: one can use a discretisation with a big step size At, but
then use a rejection mechanism to compensate for the resulting discreti-
sation error. More specifically, given an approximation Z(t) to the exact
solution z;, a discretized version of the evolution equation gives an ap-
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proximation to the solution at time ¢+ At. But instead of directly using
the computed value §(t + At) for the numerical solution, one can use it
as the proposal in a Metropolis—Hastings algorithm and either accept or
reject it as described in Theorem 6.1.

A (partially implicit) Euler method for solving the equation

da; = Lo, dt + F(x,) dt + V2 dw, (6.18)
from Section 6.3.2 can be formulated as
Xn+1 = Xn + £(9X71+1 + (1 - H)Xn) At + F(Xn) At + \/ifna

where the &, have the same distribution as the increments of the cylindri-
cal Wiener process w. The parameter 6 € [0, 1] controls the implicitness
of the method. We did not include implicitness in the evaluation of
the nonlinear part F' of the drift, to make it easy to solve the iteration
equation for X, .1: one gets

Xpy1 = (I - At0L) " (I+ At (1 -0)L) X,
+ AT~ ALOL) T F(X,) +V2(I — AtOL) ¢, (6.19)

It is not a priori clear what space this equation takes values in, since
the cylindrical Wiener process w, and thus its increments, do not live
in the Hilbert space H. However, since —L£™! is trace class (it is the
covariance of a Gaussian measure, see Section 6.3.1), for § > 0 the
operator A = (I — At0L)~! is Hilbert-Schmidt and thus the random
increments A€, take values in H. For this reason we restrict ourselves
to the case 6 > 0 here.

When trying to use X,, 11 as the proposal in a Metropolis algorithm,
there is the following surprising dichotomy.

Theorem 6.12 Let H = LQ([O, 1],Rd) and let L be a symmetric, neg-
ative definite operator on 'H as in Section 6.3.2. Let u be the invariant
measure of (6.18). Let @ > 0 and define the transition kernel P on 'H
by

Pz, ) =L(Xm11|Xn =2) Vo € H,

where X, +1 is defined by equation (6.19). Then there are two cases:
(a) If 6 # 1/2, then the distributions pu(dy)P(y,dx) and p(dz)P(z, dy)
on HxH are singular w.r.t. each other and thus the Metropolis algorithm
cannot be used.
(b) If 0 = 1/2, then the distributions p(dy)P(y,dz) and pu(dz)P(z,dy)
on H X 'H are equivalent and thus the Metropolis algorithm can be used.



Sampling conditioned diffusions 183

1.0 ST T T

Au=0.04
0.8F Au=0.02 i
- Au=0.01
- Au=0.005
n 0.6 v
T
< 0.4 1

0.0
1.0 === T
\\\ e ’ ........ Au=0.04
08k N \ S Au=0.02
\ N\ ---- Au=0.01
o6l \\ \ ——- Au=0.005
= Y \ \ K k
i VN
> 0.4} \ \\‘ N
\ \ B
0.2} \ ‘\\ |
. \\ \
0. I AY AN A el I
90‘7 10© 10 10% 103 1072 101
At

Fig. 6.3. This figure illustrates how the acceptance rates of the Metropolised
algorithm for a discretized version of the smoothing problem from Example 6.4
depend on the time discretization step size At. The different curves correspond
to different space discretizations Au. The upper panel gives the average ac-
ceptance probabilities in equilibrium for = 1/2. In this case the Metropolis-
Hastings algorithm can also be applied to the infinite-dimensional problem.
The lower panel illustrates the case 8 = 0.4, which only makes sense for the
discretized equation. One can see that the method degenerates as Au — 0.

Proof. For X € H let (X), be the quadratic variation of X until time
w. Then, by imitating the proof of [4], Proposition 4.1, for (X,Y) ~
wu(dz)P(x, dy) we have

(1-0)?
02
almost surely. Since under p the quadratic variation is a.s. constant,
this shows that the measures in part (a) are singular whenever (1 —
0)%/0% # 1, i.e. when 6 # 1/2. A proof for part (b) when £ is a second
derivative operator with Dirichlet boundary conditions can be found
in [4], Theorem 4.1. An inspection of this proof reveals that it still holds
in the more general situation considered here. O

To implement the methods described in this text, the Langevin SPDE
needs to be discretized in ‘space’ as well as in time. Some remarks about
the required space discretization can be found in [4]. For the space-

<Y>u = <X>u Vu € [07 1}
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discretized equation the dichotomy described in Theorem 6.12 does not
exist, every value of 6 is possible there. But the effect from the theorem
is still visible: for 6 # 1/2 one needs to decrease At when Aw gets smaller
in order to retain large enough acceptance probabilities. For 6§ = 1/2
one can decrease Au without decreasing At. This effect, as it occurs for
the smoothing problem from Example 6.4, is displayed in Figure 6.3.

6.7 Conclusion

In this text we have seen how an infinite-dimensional generalization of
Langevin sampling can be used to generate samples from conditioned
diffusions. We have seen that the presented method can be used as
a common framework to solve very different kinds of sampling prob-
lems, such as generating bridge paths from SDEs and solving smoothing
problems. The same framework can be applied to many more kinds of
problems. For example, one can apply the same kind of technique to
processes indexed by a two-dimensional parameter instead of a single
time variable. This might give rise to techniques which could be applied
in image analysis, for example. It will be interesting to see what future
applications will be developed based on this.

Throughout this text, we concentrated on sampling techniques which
were direct generalizations of the finite-dimensional result from Theo-
rem 6.3. But of course, since we are only interested in the stationary
distribution, the sampling equation is not uniquely determined; many
choices are possible. For example, in the finite-dimensional case the SDE

dX; = LX, dt + Vlog o(X;) dt + V2 dW,
and the ’preconditioned’ SDE

where G is a symmetric, positive matrix, share the same invariant mea-
sure. This relation carries over to the infinite-dimensional situation. By
taking e.gz. G = —L~! one obtains a new equation with very differ-
ent properties: the cylindrical noise is now replaced by a significantly
more regular noise, but the smoothing effect from the operator L is no
longer present. This technique is discussed in [8] and [4]. Other choices
of sampling equations, including second-order equations, are discussed
in [1].

In the further development of the presented sampling techniques, sev-
eral open problems remain. For example, in this text we always as-
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sumed that the densities we obtained from the Girsanov formula can be
rewritten without resorting to a stochastic integral. This restricted the
choice of drift functions for the underlying diffusion processes to func-
tions which are a gradient plus a linear function. It transpires that this
restriction is not easily lifted: the theorems presented here no longer
apply and, while it is easy to formally derive sampling equations, it is
very difficult to even give sense to the resulting equations. A conjecture
about the results in the non-gradient case can be found in [8].

Other open problems include questions about efficient implementation
of the method. This requires numerical solutions of the resulting SPDEs
and a careful choice of step sizes for discretisation is required.
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Abstract

In this paper we review asymptotic formulae for the three coding prob-
lems induced by a range constraint (quantization), an entropy constraint
(entropy coding) and a mutual information constraint (distortion rate
function) on the approximation X to an original signal X. We consider
finite-dimensional random variables as well as stochastic processes as
original signal. A main objective of the paper is to explain relationships
between the original problems and certain intermediate convex optimiza-
tion problems (the point or rate allocation problem). These intermediate
optimization problems often build the basis for the proof of asymptotic
formulae.

7.1 Introduction

In practice, discretization problems appeared for the first time in the
context of Pulse-Code-Modulation (PCM). Provided that a source signal
has limited bandwidth, it is possible to reconstruct it perfectly, when
knowing its values on an appropriate grid of time points. However, in
order to digitize the data, it still remains to quantize the signal at these
time points.

Today the motivation for studying discretization problems is twofold.
The information theoretic approach asks for a digital representation for
an incoming random signal X. The digital representation is typically
a finite number of binary digits, which is thought of as the basis for
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further reconstructions of the original signal. The digital representation
is to be stored on a computer or to be sent over a channel, and one
needs to find a good trade-off between the quality of the reconstruction
and the complexity of the describing representation. When adopting
the information-theoretic viewpoint, the signal X describes a real-world
object that is to be translated into an approximation X on the basis of
measurements or a first very fine discretization.

A second viewpoint is adopted in the context of simulation of ran-
dom vectors. Often a random object X is described implicitly via a
probability distribution and one asks for discrete simulations X of X.
In that case, one wants to approximate the distribution Px of X (by
some discrete distribution Py ) rather than the random element X itself.
Recently, the finding of finitely supported approximations has attracted
much attention since it can be used to define cubature formulae: for a
real function f defined on the state space of X, one approximates the
expectation Ef(X) by the expectation Ef(X). Provided one knows all
possible outcomes of X including the corresponding probability weights,
one can explicitly express the latter expectation as a finite sum. Now
the aim is to find Py that is supported on a small set and that is close
to Py in a Wasserstein metric.

Although both problems share a lot of similarities, there are also im-
portant differences: when adopting the coding perspective, one is in-
terested to have easily implementable mechanisms that map X into its
digital representation, and that reconstruct X on the basis of the rep-
resentation. In this case the algorithm does not need to incorporate the
exact probability distribution of X. Conversely, if the approximation is
to be used as a cubature formula, one needs to get hold of the proba-
bility weights of the approximation X. However, it is not necessary to
couple the simulated random element X to an original signal, since one
only asks for an approximating distribution in that case.

The information-theoretic viewpoint has been treated in an abundance
of monographs and articles. The most influential contributions were
Shannon’s works on the Source Coding Theorem [44]. General accounts
on this topic are for instance the monographs by Cover and Thomas [§]
and by Thara [29]. Surveys on the development of source coding theory
and quantization were published by Kieffer [31] and by Gray and Neuhoff
[27] in the engineering literature. Moreover, a mathematical account on
finite-dimensional quantization was provided by Graf and Luschgy [26].

Applications of discretization schemes in finance are described, for



Asymptotic formulae for coding problems: a review 189

instance, in Pages and Printems [43] and further relations to quadrature
problems are established in Creutzig et al. [10].

In this paper, the discretization problem is formalized as a minimiza-
tion problem of certain objective functions (representing the approxi-
mation error) under given complexity constraints on the approximation.
Our main focus lies on the development of asymptotic formulae for the
best-achievable approximation error when the information content of the
approximation tends to infinity. Our problems will be described via non-
convex optimization problems, and an explicit evaluation of minimizers
is typically not feasible. However, it is often possible to relate the orig-
inal problem to simpler convex optimization problems. Solving these
intermediate optimization problems often leads to asymptotic formulae
in the associated approximation problems. Moreover, the solutions give
a crude description of “good” approximation schemes, and they can be
used for initializing numerical methods or to define close to optimal ap-
proximation schemes. In this paper we try to convey intuition on how
intermediate optimization problems can be derived and used to solve
the asymptotic coding problems. In doing so we survey several clas-
sical and recent results in that direction. Our complexity constraints
are given through constraints on the disk space needed to save the bi-
nary representation or the number of points maximally attained by the
approximation. Note that these constraints do not incorporate the com-
putational complexity of finding a closest representation or computing
the probability weights of the approximating random variable, so that
the results presented here can only serve as benchmark (which may show
the optimality of certain schemes) or as a basis for the development of
feasible approximation schemes.

To be more precise, we think of a problem constituted of a source
signal (the original), modelled as a random variable X taking values
in a measurable space F, and an error criterion given as a product
measurable map p : E x E — [0,00] (the distortion measure). Then the
objective is to minimize the expectation

Ep(X, X) (7.1)

over a set of E-valued random variables X (the reconstruction) satisfying
a complexity constraint (also called information constraint). Often we
shall also consider certain moments s > 0 of the approximation error as
objective function. In that case (7.1) is replaced by

Elp(X, X)*]'* = [|p(X, X)

L (7.2)
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Mainly, we shall be working with norm-based distortion measures, i.e.
distortions p admitting the representation p(z, %) = ||z — Z||.

7.1.1 The information constraints

We work with three different complexity constraints that all depend on
a parameter r > 0, the rate (see for instance [32] for further motivation):

o log|range (X)| < r (quantization constraint)

e H(X) <r, where H denotes the entropy of X (entropy constraint)

o I(X; X ) < r, where I denotes the Shannon mutual information of X
and X (mutual information constraint).

Here and elsewhere, we use the standard notations for entropy and mu-
tual information:

H(R) — {— > . Dz logp, if X is discrete with weights (pz),
(X) = .
o0 otherwise

and

I(X,X) =

dP G .
. flongPX’X ifPy y <Px ®Pyg,
(%) otherwise.

In general, we denote by Pz the distribution function of a random vari-
able Z indicated in the subscript. As we shall explain later, the rigorous
treatment of the minimization problem often leads to simpler interme-
diate convex optimization problems. The solution to such an interme-
diate optimization problem represents a rough description of how much
information good coding schemes assign to different locations. Its infor-
mation can be used to appropriately initialize numerical schemes used
to find close to optimal codebooks. Alternatively, one may locally apply
(not necessarily optimal) quantizers with rates adjusted to the solution
of the corresponding convex optimization problem, and thus enhance
coding schemes.

In order to code a countable set I, one typically uses prefiz-free codes;
these are maps ¢ : I — {0,1}* ({0,1}* denoting the strings of binary
digits of finite length) such that for any 7 # j in I the code ¥(%) is not
a prefix of 1(j). That means a prefix-free code is naturally related to a
binary tree, where the leaves of the tree correspond to the elements of
I and the code describes the path from the root to the leaf (0 meaning
left child, 1 meaning right child). Clearly, such a code allows us to
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decode the original message uniquely. Moreover, a concatenation of a
fixed number of prefix-free codes leads to a new prefix-free code.

Suppose for now that the logarithms are taken to the base 2. Then
the quantization constraint implies that the set C = range (X ) C E
(called codebook) is of size log|C| < r. Hence, there exists a prefix-free
representation for X (or for C) of length at most [r]. The quantization
constraint is a worst-case constraint on the code length. Note that any
finite set C C E with log|C| < r induces a quantizer X for X of rate r
via

X = argmin p(X, X).
zeC

Next, suppose that X satisfies the entropy constraint. Using Lempel-Ziv
coding there exists a code 1 for the range of X such that

Elength(y)(X)) < 7+ 1.

Thus the entropy constraint is an average-case constraint on the bit
length needed. The mutual information constraint, is motivated by
Shannon’s celebrated source coding theorem which will be stated later
(see Theorem 7.11). For a general account on information theory we
refer the reader to the monographs by Cover and Thomas [8] and by
Ihara [29].

For a reconstruction X the constraints are ordered as follows

I(X;X) < H(X) < log | range (X)],

so that the mutual information constraint is the least restrictive. More-
over, our notions of information satisfy the following additivity property:
suppose that X1 and Xg are random vectors attalmng values in some
Borel space and suppose that X is given as <p(X1, XQ) where ¢ is some
measurable function; then

e log|range (X )| < log | range (X1)| + log | range (X,)]
e H(X) < H(X))+ H(X)) R
o I(X;X) <I(X; X))+ H(Xy).

Essentially, these estimates state that when combining the information
contained in two random vectors X 1 and Xg the resulting random vec-
tor has information content less than the sum of the single information
contents. Note that the mutual information is special in the sense that
the property I(X; X) < I(X; X,) + I(X; X;) does not hold in general!
Now let us introduce the notation used for the minimal values in the
minimization problems. When minimizing (7.2) under the quantization
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constraint for a given rate r and moment s, the minimal value will be
denoted by D9 (r, s):

D(Q)(r,s):inf{Hp(X,X)‘ : log | range (X)| <r}.

L (P)

Here the (¢) in the upper index refers to the quantization constraint.
Similarly, we write D) (r, s) and D(r, s) for the minimal values induced
by the entropy and mutual information constraint, respectively.

Strictly speaking, the quantities D®)(-) and D(-) depend on the un-
derlying probability space. Since we prefer a notion of complexity that
only depends on the distribution p of the underlying signal X, we al-
low extensions of the probability space when minimizing over X so that
the pair (X, X) can assume any probability distribution on the product
space having first marginal p.

Sometimes the source signal or the distortion measure might not be
clear from the context. In that case we include this information in the
notation. For instance, we write D(r, s|u, || - |) when considering a p-
distributed original under the objective function

E[|X - X|']"*,
and we write D(r|u, p) in order to refer to the objective function
E[p(X, X)].

Thereafter we write f ~ ¢ iff im£ = 1, while f < g stands for
g ~J
lim supg < 1. Finally, f ~ g means

f f

0 < liminf = <limsup = < oo ,
g g
and f 3 g means
limsup = < oo.
g

Moreover, we use the Landau symbols o and O.

7.1.2 Synopsis

The paper is outlined as follows. In the next section, we provide asymp-
totic formulae for finite-dimensional quantization problems. Historically
the concept of an intermediate convex optimization problem appeared
there for the first time. We proceed in Section 7.3 with a treatment
of Banach space-valued Gaussian signals under norm-based distortion
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measures. In Section 7.4 we encounter the next intermediate optimiza-
tion problem when considering Hilbert space valued Gaussian signals.
Then it follows a treatment of 1-dimensional diffusions in Section 7.5.
Here again convex minimization problems play a crucial role in the anal-
ysis. Finally, we conclude the paper in Section 7.6 with two further ap-
proaches for deriving (weak) asymptotic formulae. One is applicable for
1-dimensional stochastic processes and the other one for Lévy processes.

7.2 Finite-dimensional signals

This section is devoted to some classical and some recent results on
finite-dimensional quantization. First we will introduce the concept of an
intermediate optimization problem in the classical setting. The following
section then proceeds with a treatment of Orlicz-norm distortions.

7.2.1 Classical setting

Suppose now that X is a R?-valued original, where d denotes an arbitrary
integer. Moreover, fix a norm | - | on R?, let p be the corresponding
norm-based distortion and fix a moment s > 0. We shall consider the
asymptotic quantization problem under the additional assumptions that
the absolutely continuous part p. of p = L£(X) (w.r.t. Lebesgue measure)
does not vanish and that E[|X|*] < oo for some § > s.

Originally, this problem has been addressed in [47] and [6]. More
recently, Graf and Luschgy [26] gave a rigorous proof of a general high-
resolution formula in their mathematical account on finite-dimensional
quantization. Let us state the asymptotic formula:

Theorem 7.1
d 1/s
1/d _ He
Jim 0! DO (togn, ) = ef| |, 9) | 5

Here, ¢ =c¢(|-],s) € (0,00) is a constant depending on the norm |-| and
the moment s only.

Note that the singular part of u has no influence on the asymptotic
quantization problem. Unfortunately, the constant c is known explicitly
only in a few cases (e.g. when |- | denotes a 2-dimensional Euclidean
norm or a d-dimensional supremum norm). Notice that it is convenient
to state the result in the number of approximating points rather than in
the rate.
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A heuristic derivation of the point allocation problem

Let us shortly give the main ideas along which one can prove the theo-
rem. First one considers a [0, 1)¢-uniformly distributed random variable
X as original. Based on the self similarity of the uniform distribution
one can show that
lim n'/? DW(logn,s) = inf n'/? D (logn,s) = ¢, (7.3)
n—00 neN
where the constant c lies in (0, 00) and agrees with the ¢ in the asymp-
totic formula above.
In order to explain the findings for the general case, first assume that
w is absolutely continuous w.r.t. Lebesgue measure and that its density
dp

h = 57 can be represented as

h(zx) = Z 1z, (z) hi, (7.4)

where m € N and B; ¢ R? (i = 1,...,m) denote disjoint cuboids
having side length [; and (h;)i—1,...m is a R7-valued vector. We want
to analyze a quantization scheme based on a combination of optimal
codebooks for the measures U(B;), where in general U(B) denotes the
uniform distribution on the set B. We fix a function & : R? — [0, 00)

with [ € =1 of the form
§@) =) g, (2)& (7.5)

and denote by C; an U(B;)-optimal codebook of size n.&; A4 (B;) = n fBi &
Here, n parameterizes the size constraint of the global codebook C de-
fined as C = |J;", C;. Notice that the inferred error Emingec | X — 2|° is
for large n approximately equal to

m

5 .8 d —s [ _ C 5 —s/ [
S e (B) T hN (B) = (1) >og ' B)

= (nlic/d); /f(m)_s/dh(x) de.

Here the average error in box ¢ can be explained as follows: the terms
e (n& A (B;)) ™%/ represent the error obtained for the ([0, 1)?) distri-
bution when applying an optimal codebook of size n&;\4(B;) (due to
(7.3)). The term [{ arises from the scaling needed to get from ¢([0,1)?)
to U(B;) and the fact that we consider the sth moment.

av. error in box i P(X €B;)
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We arrive at the minimization problem
/f(x)*s/dh(m‘) dz = min! (7.6)

where the infimum is taken over all non-negative £ with [¢ = 1. This
convex optimization problem has a unique solution that will be given
explicitly below. In particular, its solution is of the form (7.5) in our
particular setting.

On the other hand, accepting that for “good” codebooks a typical
realization of X that has fallen into B; is also approximated by an ele-
ment of B; allows one to conclude that the above construction is close
to optimal. In particular, one might correctly guess that the minimal
value of the minimization problem (7.6) leads to the optimal asymptotic
rate in the quantization problem.

We refer to the function & as point density and to the minimization
problem as the point allocation problem.

Rigorous results related to the point allocation problem

The importance of the point allocation problem in the classical setting
was firstly conjectured by Lloyd and Gersho (see [24]). First rigorous
proofs are due to Bucklew [5] (see also [25]). In the general setting (as
introduced in the first lines of this section) one can prove rigorously the
following statement.

Theorem 7.2 For eachn € N fiz a codebook C(n) C R? with at most n
elements and consider the associated empirical measure

1
Vp = — (Sj

Supposing that for some infinite index set I C N the measures (Vy )ner
converge vaguely to a measure v, one has

liminf n*/ ¢ E[ min |X — &*] > ¢ £(z)~*4 h(z)da, (7.7
”n_é?o zeC(n) Rd

where £ = g;g and h = ;‘jg . On the other hand, one has for an arbitrary
measurable function & : RY — [0,00) with [ <1,

limsupn®/? D@ (logn,s)* < ¢ £(z)~% 4 h(z) da. (7.8)
R4

n—oo
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Consequently, the solution of the point allocation problem leads to
the asymptotics of the quantization error given in Theorem 7.1. Equa-
tions (7.7) and (7.8) are even more powerful: they show that for an
asymptotically optimal family (C(n)),en of codebooks, in the sense that

€l <n and E[min X — 3" S D% (ogn,s).
z€C(n

any accumulation point of (1, ), en is a minimizer of the point allocation
d

i
of the accumulation point is a minimizer). Since the objective function

problem (more explicitly £ = with v, denoting the continuous part
is even strictly convex in &, the minimizer is unique up to Lebesgue null-
sets. Together with the property that the optimal & satisfies [§ = 1,
one concludes that (v, ),en converges in the weak topology to a measure
having as density the solution £ to the point allocation problem.

It remains to solve the point allocation problem. Applying the reverse
Holder inequality with adjoint indices p = —d/s and ¢ = d/(s + d) one
gets for £ with [£ <1

g E(@) ™" h(w) da = (167 oo e 1Rl o ey

dpe
dXd
On the other hand, the inequalities can be replaced by equalities when
choosing ¢ as the optimal point density

1
{(z) = W

Ld/(d+s)(Rd>

—s/d
= Nt Ao ey > |

h(zx)d/ (d+s), (7.10)

Consequently, it follows that for an asymptotically optimal family of
codebooks (C(n)),en (in the sense mentioned above) the empirical mea-
sures v, (n € N) converge to a probability measure having density &
given by (7.10).

Moreover, estimate (7.7) gives immediately a lower bound for the
efficiency of mismatched codebooks: when using asymptotically optimal
codebooks (C(n)),en for the moment s in the case where the underlying
distortion is taken to a different moment s’ > 0, one has:

lim inf n'/¢ E[ min |X — :E‘|5/]1/Sl
n—00 zeC(n)

Interestingly, the latter integral is infinite when A4 ({h > 0}) = oo and
s’ > d + s, so that in that case the rate of convergence to zero is of a
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different order. For further reading concerning mismatched codebooks
(in particular, corresponding upper bounds), we refer to the paper by
Graf, Luschgy and Pages [25].

We have presented this classical quantization result in detail, since it
represents a prototype of a coding result. Typically, the optimization
problem (related to a coding problem) is non-convex and it is not possi-
ble to give explicit solutions. In practice, one needs to apply numerical
or probabilistic methods to obtain good solutions. In order to analyze
the problem, a powerful tool is to relate the original problem to an in-
termediate convex minimization problem. Such a relation then typically
allows us to derive asymptotic formulae. The intermediate problem is
also of practical interest: for instance, in the above example, the opti-
mal point density can be used to initialize procedures used for generating
close to optimal codebooks.

7.2.2 Orlicz-norm distortion
In the classical setting, the objective function for the approximation loss
is given as
E[|X — X|"]"".
Let now f : [0,00) — [0,00) be an increasing left continuous function
with lim, o f(¢) = 0. It is natural to pose the question of what happens
when replacing the objective function by

E[f(|X = X])]-
This problem has been treated by Delattre et al. in [11] in the case
where f behaves like a polynomial at 0, which means

lim 1)

10 KeY

=1

)

for two parameters a, k > 0. They found that, under certain concentra-
tion assumptions on X, the asymptotic quantization problem behaves as
in the classical case with s = . In particular, the optimal point density
does not differ from the one derived before.

However, if the rate is too small such that typical approximation de-
viations fall into a range where ke® is not a good approximation to f(¢),
then the corresponding optimal point density does not give a reasonable
description of good codebooks. Thus the optimal point density may not
be useful for moderate rates. A possible remedy is to consider Orlicz-
norm distortions instead. Let us first introduce the necessary notation.
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Let ¢ : [0,00) — [0, 00) be a monotonically increasing, left continuous
function that satisfies lim; | ¢(t) = 0. Note that this implies that ¢ is
lower semicontinuous. We assume that ¢ # 0 and let | - | denote an
arbitrary norm on R?. For any R?-valued random variable Z, the Orlicz
norm || - ||, is defined as

Z
12, = inf{t >0 Egp(%) < 1},
with the convention that the infimum of the empty set is equal to infinity.
Actually, the left continuity of ¢ together with monotone convergence
implies that the infimum is attained, whenever the set is nonempty. We
set

L?(P) = {Z : Z R%-valued r.v. with ||Z||, < co}.

Then ||-||, defines a norm on L? (PP) if ¢ is convex (otherwise the triangle

inequality fails to hold). We do not assume convexity for ¢. Neverthe-

less, with a slight abuse of notation, we allow ourselves to call || - ||, an

Orlicz norm. Choosing ¢(t) = #, p > 1, yields the usual L? (P)-norm.
Now we choose as objective function

IX - X1,

and we denote by D(q)(r) the corresponding minimal quantization error
of rate » > 0. The concept of introducing an intermediate optimization
problem is also applicable in the Orlicz-norm setting. Let us quote the
main results taken from [21].

The constant ¢ of the classical setting is now replaced by a convex
decreasing function g : (0, 00) — [0,00) defined via

9(¢) = lim_inf Ep((n/¢)"* dist(U,C(n))), (7.11)

o n—o0 C(n)

where the infima are taken over all finite sets C(n) C R? with [C(n)| <n
and U denotes a uniformly distributed r.v. on the unit cube [0, 1)7.

Theorem 7.3 Suppose that By (| X|) < oo for some function i satisfying
a growth condition (G) depending on ¢. Then

lim n'? D@ (logn) = JY¢

n—oo

where J is the minimal value in the optimization problem

() dz = min!
Rd
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among all non-negative & with

| ate@) e < 1.

where h denotes again the density of pi..

The point allocation problem in the Orlicz-norm setting

In the Orlicz-norm setting, the analogs of (7.7) and (7.8) are summarized
in the following statement.

Theorem 7.4 Let I C (0,00) denote an index set with supl = oo,
and denote by (C(n))ner a family of codebooks such that the associated

measures
1
vy = — Z 5£
N z€C(n)

converge vaguely to a finite measure v. Then one has

liminfE(p(nl/d dist(X,C(n))) > /g(g(x)) dpe () (7.12)

n—00

nel
for & = (‘})\L;; where v, denotes again the absolutely continuous part of
v. On the other hand, for any non-negative & : RY — [0,00) with
J = [£& < oo there exists a family of codebooks (C(n)),>1 such that
limsup, . [C(n)|/n < J and

limsup Eop (5 dist(X.C) < [ 9(6(e)) dice). (7.13)

71— 00

Similar as in the classical setting one can heuristically verify these two
estimates for o with density h of the form (7.4).

Let us show how the estimate (7.13) can be used to prove the upper
bound in the asymptotic formula. Recall that J is the minimal value of

() dz = min!
RY

where the infimum is taken among all non-negative £ with

/ 9(€@) h(z)dz < 1,
R{i

and where h denotes again the density of ..
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Fix € > 0. As one can easily derive from (7.13) there exists a family
of codebooks (C(n)),>1 such that for sufficiently large n

ICy| < (J+¢)n and Egp(nl/d dist(X,C(n))) < 1.

Note that the latter estimate is equivalent to ||dist(X,C(n))|, < n~"/.
Consequently, for sufficiently large n one has

D@ (log((J +e)n)) <~
or equivalently switching from 1 to 7= (J +¢) n:
DY (logn) < (J +e) /4yt
This proves the upper bound. The proof of the lower bound is similar

and therefore omitted.

Solutions to the point allocation problem
Solutions to the point allocation problem can be represented in terms of
the conjugate g : [0,00) — [0, 00) defined as
g(a) = inflan+g(n),  a>0.
720

The function g is continuous, monotonically increasing and concave, and
it satisfies g(0) = 0.

Theorem 7.5 We suppose that

pe(RY) sup (t) > 1.
>0

(Otherwise J = 0 and £ = 0 is an optimal point density.) The point
allocation problem has an integrable solution iff the integral

/ 9’ hg)‘ dpie () (7.14)

is finite for some ¥ > 0. In such a case there exists a parameter ¢ > 0
such that the optimal point density & satisfies

[o@)au@ =1 ad g, ¢

R,
h(x) , x €

(7.15)

¢ _
m’ < 5(56) < g_

Here, the functions g, and g’ denote the right-hand side and left-hand
side derivative of g, respectively, and we denote g, (co) = g’ (o0) =
0. In particular, the optimal point density is unique, whenever g s
differentiable or — expressed in terms of g — whenever g is strictly convex.
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Back to the original problem

For simplicity we assume that g is continuous, and, for any given ¢ > 0,

we let £ be the point density £ (z) = g’(hﬁn)) (r € R?) and denote by

& (x) = & (x)/|I€]lp1(ae) its normalized version. Suppose now that X ()
is a quantizer of rate logn (assuming at most n different values) that
minimizes the objective function

Ef(X — X™)).

We denote by § its minimal value and set ¢ = % f. Then X is also an
optimal quantizer for the Orlicz-norm objective function

X = X,

Using the ideas above we can link the problem to a point allocation
problem and find an normalized optimal point density £. Recall that
the definition of @ still depends on §. However, straightforward analysis
shows that £ is also contained in the family (£°)¢~¢ when taking ¢ = f.

Hence, one can relate, for given n € N, the original quantization prob-
lem to a normalized point density of the family (£¢)¢~o. We believe that
this approach leads to more reasonable descriptions of optimal code-
books for moderate n.

7.3 Gaussian signals

In this section we summarize results on the asymptotic coding problems
for general Banach space-valued (centered) Gaussian signals. Let us be
more precise about our setting: we fix a separable Banach space (E, |- ||)
and call an E-valued (Borel measurable) random variable X a Gaussian
signal if for any f in the topological dual E’ of E the real-valued random
variable f(X) is a zero-mean normally distributed random variable. In
this context, the Dirac measure in 0 is also conceived as a normal distri-
bution. A typical example is, for instance, X being a (fractional) Wiener
process considered in the space of continuous functions E = C[0, 1] en-
dowed with supremum norm. In general, we look at the norm-based
distortion measure p(z, &) = ||z — Z|| so that our objective function is
again

B|X - X1
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7.3.1 Asymptotic estimates

As was first observed in the dissertation by Fehringer [23] the quantiza-
tion problem is linked to the behavior of the so-called small ball function,
that is the function

o(e) = —logP(|X]| <2) (¢ >0).

We summarize the results in the following theorem.

Theorem 7.6 Suppose that the small ball function satisfies

¢ (e) =97 (2) as €10,

where o~ denotes the inverse of ¢. Then for all moments s > 1 one

has

¢ ' (r) S D(r,s) < DW(r,s) S 207 (r/2), 1 — oo

The lower and upper bounds were first proved for the quantization
error in [19], and later complemented by the remaining lower bound for
the distortion rate function [16].

Remark 7.7

(i)

(i)

(iii)

The upper and lower bounds do not depend on s. This suggests
that “good” codebooks lead to a random approximation error that
18 concentrated around o typical value or interval. The problem
of proving such a result is still open in the general setting. How-
ever, as we will see below, one can get stronger results in several
particular settings.

The small ball function is a well-studied object. Mostly, the small
ball function of a functional signal satisfies the assumptions of the
theorem and the estimates provided by the theorem agree asymp-
totically up to some factor. Thus one can immediately infer the
rate of convergence in the coding problems for several Gaussian
processes. For a general account on small deviations one might
consult [35].

The asymptotic behavior of the small ball function at zero is re-
lated to other quantities describing the complexity such as en-
tropy numbers (see [34], [36]), Kolmogorov width and average
Kolmogorov width. A general treatment of such quantities to-
gether with the quantization problem can be found in the disser-
tation by Creutzig [9] (see also [7]).
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The proof of the main result relies heavily on the measure concen-
tration features of Gaussian measures exhibited by the isoperimetric
inequality and the Ehrhard inequality. Further important tools are the
Cameron—Martin formula and the Anderson inequality.

7.3.2 Some examples

We summarize some results that can be extracted from the link to the

small ball function. We only give the results for the approximation

problems. For a general account we refer the reader to Li and Shao [35].
First let X = (X;),¢[0,1) denote a Wiener process.

e When FE is chosen to be C]0,1] endowed with supremum norm, one
gets

D(r,s) < D(q)(ns) <

W

ﬂ\

as r — 00.
o If E=1,[0,1] (p > 1), then one has

& < D(r,s) < D(q)(r7 s) < \/gcp

<,
<,

where

1(p )><2+p>/2p

+p

Al(p):inf{[ P f(2)2dz+ / e

where the infimum is taken over all differentiable f € L?(R) with
unit-norm.

o If E =C" (o € (0,1/2)) is the space of a-Holder continuous functions
over the time [0, 1] endowed with the standard Holder norm

[f(t) = f(5)]

N —21/7’\[<2

and

lfllce := sup —
0<s<t<i |t —s]
then
¢ Ca
e < < D@ < 9B3—2a)/2 "o
F1—2a)/2 ~ D(r,s) < D'(r,s) < 2 (1—2a)/2

for a constant ¢, > 0 not known explicitly.
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Next, let us consider a fractional Brownian sheet X = (Xt)te[ovl]d with
parameter v = (v1,...,74) € (0,2)? as original signal. The process is
characterized as the centered continuous Gaussian process on [0, 1]¢ with
covariance kernel

| —

E[X; X,] =

¢

d
L0 + g =1t —wv], tue [0,1)%
j=1

[\V]

As underlying space we consider E = C([0,1]¢) the space of continuous
functions endowed with supremum norm.
If there is a unique minimum, say i, in v = (y1,...,%4), one has

D(r,s) = D\D(r,s) /2 r — 0o

due to [42]. However, if there are two minimal coordinates, say v; and
72, then

D(r,s) =~ DD (r, s) ~ r=7/?(logr)+1/2
owing to [3, 46]. For the case that there are more than two minimal

elements in the vector ~y, it is still an open problem to find the weak
asymptotic order of the small ball function.

7.3.3 A particular random coding strategy

We now introduce a random coding strategy that has been originally
used to prove the upper bound in Theorem 7.6. Let (Y;);en be a sequence
of independent random vectors with the same law as X. We consider
the random set C(r) = {Y1,...,Y|er |} (r > 0 indicating again the rate)
as codebook for X, and set

D" (r,s) = EJ mirﬂ J||X—Yi||"]1/°“'.
i=1,...,|e"

A detailed analysis of this approximation error was carried out in [13]:

Theorem 7.8 Assume that there exists k < oo such that

(14 1) ¢(22) < 0(e) < mpl2e)

for all sufficiently small € > 0. Then there exists a continuous, strictly
decreasing function o : (0,00) — (0,00) such that

DV(r,s) ~ ¢, (r)

for any s > 0.
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The function ¢, can be represented in terms of a random small ball
function. Let

L(z) = —logP(|| X — z|| < &) = —log u(B(z,¢)) (x € E,e > 0);

then ¢, can be chosen as p.(¢) = El. (X).

The proof of the theorem relies on the following strong limit theorem:
assuming that there is a constant x < oo such that () < rp(2¢) for
sufficiently small € > 0, one has

(. (X)
210 9.(2)

=1, a.s.

In information theory, the concept of proving a strong limit theorem in
order to control the efficiency of a coding procedure is quite common.
For instance, the proof of Shannon’s Source Coding Theorem can be
based on such a result. Since ¢, (X) is concentrated around a typical
value, the conditional probability P(d(X,C(r)) < €|X) almost does not
depend on the realization of X when £ > 0 is small. Moreover, for large
rate 7, there is a critical value ¢, for which the probability decays fast
from almost 1 to almost 0. Around this critical value the approximation
error is highly concentrated, and the moment s does not have an influ-
ence on the asymptotics. Such a strong limit theorem is often referred to
as asymptotic equipartition property. For further reading concerning the
asymptotic equipartition problem in the context of Shannon’s Source
Coding Theorem, we refer the reader to [12].

Open problem Can one prove the equivalence of moments in the quan-
tization problem under weak assumption on the small ball function ¢?

7.3.4 The fractional Brownian motion

In this subsection we consider fractional Brownian motion X = (Xt>t€[0,1]
with Hurst index H € (0,1) as underlying signal. Its distribution is
characterized as the unique Gaussian measure on C[0,1] with covari-
ance kernel:

E[X, X,] = = [u* +0* —|u—v*7].

DO =

We state the main result.
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Theorem 7.9 If E = L?[0,1] for some p > 1, there exists a constant
kp > 0 such that for any s > 0
lim r D@ (r,s) = lim v D(r,s) = k,. (7.16)

Additionally, if E = CI0,1], there exists a constant ko > 0 such that
for any s >0

lim 7 D@ (r s) = lim T DO (r,s) = k.

r—00 T —00

The results are proved for the entropy and quantization constraint in
[20]. The extension to the distortion rate function is established in [18].

Remark 7.10

o In [20] the result is proved for one-dimensional processes only.
However, having a careful look at the proof, the result remains
true for the multi-dimensional Wiener process, too.

o The moment s and the choice of the complexity constraint do not
influence the asymptotics of the approximation error. Thus for
good approximation schemes the approximation error is concen-
trated around a typical value: for fized s > 0 let (C(r)),>0 be a
family of asymptotically optimal codebooks in the sense that

log|C(r)| <r and ]E[Amci(n> | X — 2||°]V/* ~ D (r, s);
rzeC(r

then one has

min || X — &| ~ DY(r,s), in probability,
zeC(r)

in the sense that, for any e > 0,

lim P((1—¢)DW(r,s) < min || X —i[ < (1+)DW(r,s)) = 1.

r—00 zeC(r)

o The equivalence of moments and the equivalence in the coding
quantities are very special, and, as we will see below, more het-
erogeneous processes as the diffusion processes will not share these
features. In [20], the equivalence of moments is used to prove the
equivalence of the entropy and quantization constraint. In partic-
ular both features (equivalences) seem to be related in a general
way.

Open problem It is still an open problem whether one can prove (7.16)
in the case where E = C/0, 1].
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7.4 Hilbert space-valued Gaussian signals

Let now E = H denote a (separable) Hilbert space and X be an
H-valued Gaussian signal. In that case one can represent X in the
Karhunen—Loéeve expansion, that is as the a.s. limit

X =) Ve, (7.17)

where

e ();) is an R,-valued sequence (the eigenvalues of the corresponding
covariance operator)

e (e;) is a orthonormal system in H (the corresponding normalized
eigenvalues)

e (&) is an i.i.d. sequence of standard normals.

Then there is an isometric isomorphism 7 mapping the range of X
(i.e. the smallest closed set in H containing X a.s.) to [? such that

m(X) = (VMéL Vb, ).

One can prove that applying a contraction on the original signal does
not increase its coding complexity under either information constraint.
Therefore, the coding quantities are the same for X in H as for (v/\;&)
in 2. Thus we can and will assume without loss of generality that X is
given in the form (v/A;&;).

Before we treat the general coding problem, we first restrict our atten-
tion to the distortion rate function D(r,2). It is one of the few examples
that can be given explicitly in terms of a solution to a rate allocation
problem. We start by providing some elementary results on mutual in-
formation and distortion rate functions.

7.4.1 The mutual information and Shannon’s Source Coding
Theorem

Let us introduce the notion of conditional mutual information. For ran-
dom variables A, B and C taking values in standard Borel spaces, we
denote

I(A;B|C = ¢) = HPy io—c|Pajc=c @ Ppjo—c),
where in general

logdl AP if P < Q,
H(PIIQ){L 10

otherwise



208 Steffen Dereich

denotes the relative entropy. Then one denotes by
I(A; BIC) = /I(A;B\C — ¢)dPe(c)

the mutual information of A and B conditional on C.
The mutual information can be verified to satisfy the following prop-
erties (see for instance [29]):

(i) I(A; B|C) > 0 (positivity); I(A; B|C) = 0 iff A and B are inde-
pendent given C'
(ii) I(A; B|C) = I(B; A|C) (symmetry)
in particular, I(A;; B|C) < I(Ay, As; B|C) (monotonicity)
(iv) I(4; B|C) > I(p(A); B|C) for a Borel measurable map ¢ between
Borel spaces.

All above results remain valid for the (unconditional) mutual informa-
tion.

The mutual information constraint has its origin in Shannon’s cele-
brated Source Coding Theorem (see [44] for the original version):

Theorem 7.11 (Shannon’s Source Coding Theorem) Let u be a
probability measure on a Borel space E and let p : E X E — [0, 0]
be a product measurable map. If there exist T € E and s > 1 with
[ p(z,z)* du(z) < oo, then one has for any continuity point r of the
associated distortion rate function D(-|u, p):

Xm

1
lim — DY (mr|u®™, p,) = D(r|u, p),

m—oo M
where pp, : E™ x E™ — [0, 00] is defined as

m

Pm (Z‘, j}) = Z p(l’i, i'z)
=1

Remark 7.12

e As a consequence of the convexity of the relative entropy, the dis-
tortion rate function is convex. Moreover, it is decreasing and
bounded from below by 0. Consequently, it has at most one dis-
continuity in which it jumps from oo to some finite value.

e For a given m € N, the distortion measure p, is called single
letter distortion measure, since its value can be expressed as a
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sum of the errors inferred in each single letter (here the term
letter refers to the single E-valued entries).

e The distortion rate function can be evaluated explicitly in a few
cases only. One of these is the case where the original is normally
distributed and the error criterion is given by the mean squared
error:

D(T‘N(O7U2)7 ‘ . |2) = 0'267274.

In that case, the joint distribution of the minimizing pair (X; X)
is explicitly known. It is centered Gaussian with
E[X X] = E[X?

= ?(1—e)

7.4.2 The derivation of the distortion rate function D(r,2)

Let us denote by D(-) the distortion rate function of the Gaussian orig-
inal X under the objective function

E[|lX — X,

that is D(r) = D(r,2)? (r > 0). The distortion rate function will be
given as a solution to a rate allocation problem.

The lower bound

Suppose that X is a reconstruction for X with I1(X; X) < r for a given
rate r. For a,b € N we let X! = (Xi)i=a,...» with the natural extension

when b = oo or a > b. With property (iii) one gets
I(X; X) = I(X0; X) + I(X5% X[ X0) > 1(X15 X)) 4+ T(X5°; X[ X)),
Repeating the argument infinitely often yields
I(X;X) > ) I(X: XX (7.18)
i=1

For each i € N we conceive r; = I(X;; X;|X!™') as the rate allocated to
the ith coordinate. Note that one has Zi ri <.
Let us now fix i € N and analyze E|X; — X;|%. It can be rewritten as

E|X; — X;|* = E[E[|IX; — X1 X)) (7.19)
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Note that conditional upon X ™' the random variable X; is A0, \;)-
distributed so that

E[|X; — X;2|X] 7 = 2071 > D(I(Xi; X X[ = 207NV (0,0), |- ).
(7.20)

Together with (7.19) and the convexity of the distortion rate functions
one gets

EIX, — X2 > /D(I(Xi;XAX{‘l =2y )VO0,N), |- [7) dP s (217

2 D(TL IN(O7AL)) | ) |2) = Aie_%' .
(7.21)

Altogether, we arrive at

E|X — X|? > Z)\ie_% and Zm <r.
i=1 i=1
The upper bound

Now we fix a non-negative sequence (r;) with >, r; <. As mentioned
in Remark 7.12, for each i € N, there exists a pair (X;, X;) (on a possibly
enlarged probability space) satisfying

EHX7 — XAQ} = )\2_6727", and I(X“ Xz) =7T;.
These pairs can be chosen in such a way that (X;, Xi)ieN form an inde-

pendent sequence of random variables. Fix N € N and note that due to
property (iii) of mutual information one has

I(xY X)) = 1(x) s XY+ 1(x s XV X))
= I(X); X9) + I(X3; X1 | X))
—

+ I(X; XV XYY+ (X X0 X, X))

=0 :I(Xl;Xl)

Here the second and third term vanish due to the independence of the
conditional distributions (property (i)). Moreover, one can remove the
conditioning in the last term, since (X, X;) is independent of (XY, XV).
Repeating the argument now gives

IXY XN =) (X5 X))
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and a further argument (based on the lower semicontinuity of the relative
entropy) leads to
I(X;X) = lim I(X{; X)) =) I(XpX)=)Y n<r
(60 = i TOEYRD) = D) = Yo < v

Moreover, E[|X — X | = 3, Aie=2"".

Kolmogorov’s inverse water filling principle

As aresult of the computations above, the value D(r) can be represented
as the minimal value of the strictly convex optimization problem

E \ie” ¥ = min!
i

where the infimum is taken over all non-negative sequences (r;) with
Zz r; = r. It is common to restate the minimization problem in terms
of the errors d; = A\je %" inferred in the single coordinates as

Z d; = min!
i

where (d;) is an arbitrary non-negative sequence with

1 A
Using Lagrange multipliers one finds that the unique minimizer is of
the form

di = kA N\,

where £ > 0 is a parameter that needs to be chosen such that (7.22)
is valid. This link between r > 0 and x € (0, A\;] provides a one-to-one
correspondence. This result was originally derived by Kolmogorov [33]
and the formula is often referred to as Kolmogorov’s inverse water filling
principle. As illustrated in Figure 7.1, one can represent each coordinate
as a box of size \;; then one fills water into the boxes until a level & is
reached for which the corresponding total rate is equal to r. The white
area of the boxes represents the coding error. As we will see later the
striped area also has an information-theoretic meaning.

Résumeé

Let us recall the main properties that enabled us to relate the coding
problem of the process X to that of a single normal random variable.
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o
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K =1 =1 =
A A
1 1 [
o I s B in boxi
=1 A A =] represents \;
ZHE
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[
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Al A2 A3

Fig. 7.1. Inverse water filling principle

In order to derive the lower estimate of the error in one coordinate (see
(7.20) and (7.21)) we used the independence of a single coordinate and
the remaining coordinates of X. Then in order to conclude back on the
total approximation error, we used that it is given as the sum of the
approximation errors in the single coordinates (single letter distortion
measure), so we could exchange sum and expectation to derive the re-
sult. We shall see later that the above ideas can be applied in similar
settings provided one considers independent letters under a single letter
distortion measure.

Mostly, the eigenvalues (A;) are not known explicitly and thus the
minimization problem cannot be solved explicitly. However, the asymp-
totics of D(-) depend only on the asymptotic behavior of (};), and in
the case where ()\;) is regularly varying, both expressions can be linked
by an asymptotic formula: one has

«

PO e

7‘)\[7." 5 (7.23)

if the sequence () is regularly varying with index —a < —1, i.e. there
exists a continuous function £ : [1,00) — R such that

Ai ~ i %L(i) as i — o0

and for any 1 > 1 one has {(nt) ~ £(t) as t — oo.
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7.4.3 Generalizations to other coding quantities (first
approach)

Let us now look at the quantization problem for s = 2. In this section,
we want to explain an approach taken by Luschgy and Pages [39] (see
also [38]) to prove the asymptotic equivalence of the quantization error
D(.,2) and the distortion rate function D(-,2). We adopt a slightly
more general setting than that of the original work. However, the gener-
alization can be carried out easily, and we prefer to give the more general
assumptions since we believe that these are the natural (most general)
ones under which the following arguments work.

Theorem 7.13 Assume that the eigenvalues are ordered by their size
and that there is an increasing Ny-valued sequence (ji)ren with j1 = 0
such that

(1) limg o0 Jr+1 — Jr = 00 and
(i) imy o0 Aj, 41/Nj,,, = 1.
Then one has

D(r,2) ~ DD(r,2).

Since the quantization error is always larger than the distortion rate
function, it suffices to prove an appropriate upper bound for the quan-
tization error.

Sketch of the proof
In the following, we still consider the single letter distortion measure
p(z,%) = ||z—2||* and we call the minimal value of the objective function
E[||X — X|*] the quantization error of an approximation X.
Based on the sequence (j; ) we decompose the process X into subbands
X (Xjk+17~"7Xjk+1) (kEN)

e+l T

Note that owing to property (ii), the eigenvalues corresponding to a
subband only differ by a factor tending to 1 as k tends to co. By replacing
the eigenvalues of each subband by their largest value, one ends up
with a process having a larger quantization error than the original one.
Actually, one can show rigorously that the approximation error on each
subband increases at most by the factor % Since the values of finitely
many eigenvalues do not affect the strongk;symptotics of the distortion
rate function, it remains to show asymptotic equivalence of both coding

quantities for the modified process.
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Each subband consists of an i.i.d. sequence of growing size and the
distortion is just the sum of the distortions in the single letters. Thus
we are in a situation where the Source Coding Theorem can be applied:
similar to Proposition 4.4 in [39] one can prove that

(m) == D(rlN (0,0, |- )
T L DN, ) T P)
o°>0

(7.24)

is finite for all m € N and satisfies lim,, o, n(m) = 1.

Let us sketch the remaining part of the proof of Theorem 7.13. For a
given rate r > 0 we denote by (r;) the corresponding solution to the rate
allocation problem. Then choose for each subband X‘ik*ll an optimal

codebook C, C RIx+17Jk of size exp( f Y +17i) and denote by C the
product codebook C = [[72,Cy. It contains at most exp(d ;o)) =

exp(r) elements. Moreover, the inferred coding error satisfies

Elmi X — % IE XJA+1 12
[min || X = &%) = > E[min | z[’]

Jr+1
keN
oo
< Zn(jkﬂ *]k) D(Z 7"1|XJI:E17 | ' |2)
keN i=1

For arbitrary € > 0 one can now fix ky such that for all £ > ky one has
N(je+1 — Jr) < 14 ¢; then

Jk+1
S i =i D( X | XJ 1 F) < () DX | P),
k>ko i=jp+1

The remaining first ky — 1 summands are of lower order (as r — o) and
one retrieves the result for the slightly modified process.

7.4.4 Generalizations to other coding quantities (second
approach)

A second approach in the analysis of the asymptotic coding errors has
been undertaken in [14]. The results can be stated as follows:

Theorem 7.14 If the eigenvalues satisfy
loglog 1
lim 0g log /)\n

n—00 n

= O7
then, for any s > 0,
DY (r,s) ~ D(r,s) ~ D(r,2).
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The analysis of this result is more elaborate and we only want to give
the very basic ideas of the proof of the upper bound of the quantization
error. A central role is played by an asymptotic equipartition property.

The underlying asymptotic equipartition property
For a fixed rate » > 0, the solution to the rate allocation problem is
linked to a unique parameter x € (0, \;] (as explained above). Now set
Xi = (At — K) A0 and denote by X = (X[);cy an >-valued random
variable having as entries independent A(0, \;)-distributed r.v. X" (the
variances \; (i € N) are visualized as striped boxes in Figure 7.1). The
asymptotic equipartition property states that for ¢ > 0 fixed and r going
to infinity, the probability that
D

()
~D'0)
tends to one. Here D’(-) denotes the right-hand side derivative of the
convex function D(-).

The proof of the equipartition property relies on a detailed analysis

~logP(|X — X2 < (1+¢e)D(r)|X) <r+

of the random logarithmic moment generating function

Ax () :=1ogE [eeuxﬂmuz X1

:Z[—% log(1 — 207,) +

ieN

O\
o

(where (&;) is the sequence of independent standard normals from rep-
resentation (7.17)), and the close relationship between —logP(||X —
X™|? < ¢|X) and the random Legendre transform

Ax (€)== 3218[% — Ax (0)]

given in [14, Theorem 3.4.1].
The asymptotic equipartition property implies that the random code-

books C(r) (r > 0) consisting of |exp(r+2 _%(f(,),,)e)J independent random

copies of X" satisfy
lim P( min, X -2 < (1+e)D(r) =1.

r—oo  “geC(r

Moreover, D (r+2 fz)(,r()r) g) > (1—2¢)D(r) (due to the convexity of D(-))

so that typically the random approximation error satisfies
1+¢

. A2 <
min [|X — 3| < 7—5- D(log|C(r)]) (7.25)
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for large r and fixed ¢ € (0,1/2). It remains to control the error inferred
in the case when estimate (7.25) is not valid.

7.4.5 A particular random quantization procedure

As before we want to compare the coding results quoted so far with
the efficiency of the particular random quantization strategy introduced
above. Let (Y;);en denote a sequence of independent random vectors
with the same law as X. We consider the quantization error inferred by
the random codebooks C(r) = {Y1,...,Y|.r | }. Let

D"(r,s)=E[ min ||X - Y;|*]"/*.

i=1,...,le" |

As mentioned above the asymptotics of DU)(-, s) are related to a ran-
domly centered small ball function. Let us again denote ¢, (z) = — log P(|| X —
z|| <e¢) (z € H,e > 0). We quote the main result of [15].

Theorem 7.15 One has

(X
limg (X) =1, a.s., (7.26)
=10 pu(e)
where ¢, (e) = A*(€?) = supycrle®d — A(0)] is the Legendre transform of
OA;

1
A(Q) = Z |:—§ 10g(1 — 29/\;) + m

and log(z) = —oo for z < 0.

Note that the theorem does not assume any assumptions on the eigen-
values. Given that the eigenvalues are regularly varying it is possible to
directly relate the function ¢.(e) to the standard small ball function

p(e) = =(0) (> 0):

Theorem 7.16 If the eigenvalues are regularly varying with index —a <
—1 (in the sense described above), one has

a

?fﬁlﬁ((;)) :<a;—1>071'

Let us now compare the error induced by the random coding strategy

with the optimal quantization error in the case where the eigenvalues
satisfy

)\7; ~ci @
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Fig. 7.2. Comparison of D"(-,s) and D“)(-, s) in dependence on a.

for two constants ¢ > 0 and « > 1. Starting from the standard small
ball function (see [45] or [37] for a general treatment) one can deduce the
asymptotics of the random quantization error D<7’)(~7 s). A comparison
with D@ (., s) then gives

lim D" (7, s) _ {(ozz - 1)71'}&/2.

r—oo DW(r,s)  Ladsin(Z)

The limiting value on the right-hand side is plotted in Figure 7.2.

7.4.6 Examples

e The most prominent example is X = (X;)c[,1] being a Wiener process
in L?[0,1]. In that case the Karhunen-Logve expansion is known
explicitly: the eigenvalues are given by \; = (7(i — 1/2))~2 and the
corresponding normalized eigenfunctions are

ei(t) = V2sin(r(n —1/2)t) (¢t €[0,1]).
Thus the eigenvalues are regularly varying with index —2 and one gets

lim /r D(r,2) = @
r—00 s
e Next, let X = (X;);ep,1 be a fractional Brownian motion with Hurst
parameter H € (0, 1) (see Section 7.3.4 for the defining properties) As
underlying Hilbert space we consider again L?[0, 1].
In that case the Karhunen—Loéve expansion is not known explicitly
and there exist only suboptimal representations (see [22],[28]). How-
ever, the asymptotic behavior of the ordered sequence of eigenvalues
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is known [4]: one has

sin(mH)T'(2H + 1)

Ai ™~ (im)2H 1 )

where I' is the Euler gamma function. Hence,

\/(2H +1)2H+1gin(nH)T(2H + 1)

. H o
lim 7% D(r,2) = 2H +1 [ p2H +1

T—00

as r — oQ.

e Next, let X = (X;);c[, 1« denote a d-dimensional fractional Brownian
sheet with parameter H = (Hj, ..., H;). Then the sequence of ordered
eigenvalues satisfies

Sin(ﬂ'H1)F(2H1 —|—1) d —(2H +1) (logi)dfl 2H;+1
R =
so that
. ri
Jim (log r)(@—DE@H+1/2 D(r,2)
(2H, + 1)2H1+1 sin(mH)T(2H; + 1)\ ¢
2L H ((d — 1)1)2H+1 ( r2H1+1 )

(see [39] or [14]).

7.5 Diffusions

The quantization complexity of diffusion processes was first treated in
an article by Luschgy and Pages [40]. There weak asymptotic estimates
for the quantization problem were derived for a class of 1-dimensional
diffusions.

In the following we want to focus on one approach that has been
developed in two papers by the author [17, 18]. It leads to asymptotic
formulae for several coding quantities. Moreover, it is based on a rate
allocation problem and we believe that it fits best into the context of
this paper.

We consider as original signal an R-valued process X = (X;);¢[,1] that
solves the integral equation

¢ ¢
X, =+ / o(Xy,u)dW, +/ b(Xy,u)du, (7.27)
0 0
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where W' = (W;);¢j0,1) denotes a standard Wiener process, 2o € R de-
notes an arbitrary starting point and o, b : R x [0,1] — R are continuous
functions.

We impose the following regularity assumptions on the functions o and
b: there exist constants 8 € (0,1] and L < oo such that for z,2’ € R
and t,t' € [0,1]:

|b(x,t)| < L(lz] +1) and

p . 7.28
o 1) — 0@ ¥ < Lllw — 2 +la—al 4~ )

Note that the assumptions imply neither existence nor uniqueness of the
solution. However, the analysis does not rely on the uniqueness of the
solution and we only need to assume the existence of one solution which
will be fixed for the rest of this section.

To simplify notation, we denote by (o;);e[o,1) and (bt );e[o,1) the stochas-
tic processes (o(X;,t)) and (b(X;,t)), respectively. Let us first state the
main results:

Theorem 7.17 (Dereich [17]) If E = C[0,1], then for each s > 0 one
has

lim /r D9 (r,s) = koo ||[|0 ]| 20,1

T —00

Ls (B)
and
71320 \/;D(C>(r> ) = Koo HHG-HLZ[O.I]||Lz.s/<s+2>(]p)a

where Koo 1S the Teal constant appearing in Theorem 7.9.

Theorem 7.18 (Dereich [18]) If E = L?[0,1] for p > 1, then for every
5 >0 one has

lim \/;D((D(Ta 5) = Kp ||HU-”L?P/(?‘l’)[O,l]HLs (P)

and
,11‘120 \/’FD(T’ S) = ,11{20 \/;D(ﬁ)(rv 5) = Kp H HU HLQP/(QH')[UJ] HL2°/(5+2)(IP)’

where K, is the constant from Theorem 7.9.

The analysis of the asymptotic coding problem is based on a decou-
pling argument. The decoupling argument allows us to connect the
complexity of the diffusion to that of the Wiener process. After one has
applied the decoupling techniques one can prove the asymptotic formu-
lae by considering certain rate allocation problems. In the next section
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we give a heuristic explanation of the decoupling method. Then we use
these results to derive heuristically the lower bound. The solution of
the corresponding rate allocation problem can also be used to define
asymptotically optimal quantizers or entropy coding schemes.

7.5.1 The decoupling method

Let us start with an intuitive explanation of the decoupling method. We
fix s > 1 and let the underlying norm || - || be supremum norm over the
interval [0, 1].

The main idea is to write the diffusion as the sum of an easily analyz-
able process and a remaining term of negligible complexity. Let us first
explain what we understand by negligible terms.

Negligible terms

The approximation error inferred from either complexity constraint leads

—1/2 where r is and will be used to

to an asymptotic error of order r
indicate the rate of the approximation. In order to simplify the follow-
ing discussion, we assume that changing the rate r by a term of order
o(r) does not have an influence on the strong asymptotics of the coding
quantity of interest. This property is valid for the diffusion under either
information constraint as one can easily infer from Theorems 7.17 and
7.18. However, the proof of this fact is non-trivial.

Suppose now that (Y(T)),.zo is a family of processes such that there
exist discrete approximations A to A" := X —y() satisfying

log [ range A”)| = o(r) and E[|A") — AT |]/* = o(r /%)

Then one can replace the process X by Y () (actually by the family
(Y(1)),>0) without changing the strong asymptotics of either of the ap-
proximation errors. Indeed, one can relate approximations Y of Y
to approximations X0 of X via X =V 4+ A1) and get

[E[IX — XD =BT = YO = o(r V2. (7.29)

Moreover, reconstructions X ) of rate r give rise to reconstructions Y™
of rate (1 + o(1))r and vice versa (see the additivity properties listed in
Section 7.1. Here it does not matter which complexity constraint we use.
Moreover, the supremum norm is the strongest norm under consideration
and (7.29) remains valid for the same family (Y ")), > when ||-|| denotes
an LP-norm. We call the term A") asymptotically negligible.
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Relating X to a decoupled time change of a Wiener process

We represent X in its Doob—Meyer decomposition as a sum of a mar-
tingale

t
M, :/ o(Xy,u) dW,
0 ~——

Ou

and a drift term

¢
Ay :xo—i—/ b(Xy,u) du.
0 ~—~——

u

The drift term is significantly more regular than the martingale term
and one can verify that it is asymptotically negligible: we only need to
consider the martingale part. It can be viewed as a time change of a
Wiener process:

(M) = (W),

@

where (W;);>o denotes a Wiener process and (0(t))repo,1) is given by
o(t) = fot 02 du. Unfortunately, the time change and the Wiener process
are not independent so that one cannot immediately apply the asymp-
totic formulae for the Wiener process. On the other hand, conditional
upon (p(t)), the process (Vift)tzo is no longer a Wiener process and the
process might even be deterministic up to time ¢(1).

In order to bypass this problem we introduce an approximation ¢ =
(&(t))tejo,1) (depending on the rate r) to ¢ such that the approximation
error

E[||M. = Wy [)1* = o(r=1/?)

is negligible compared to the total coding error (which is of order r=1/ 3.
On the other hand, conditional upon ¢ the process (Wt)tz() should not
significantly deviate from a Wiener process. For controlling the influence
of the conditioning, we view the additional information induced by the
approximation ¢ as an initial enlargement of the canonical filtration
(FV) induced by the process W. Let us be more precise about the
estimates used here.

For an absolutely continuous function f : [0,00) — R with differential
f we set

I£le = ([ 17wPaw) ™
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The Wiener process W is now represented in its (G;) = (ﬁ” Vo(d))-
Doob—Meyer decomposition as

W, =W, + A,.
Again recall that ¢ and thus also W and A depend on r. Now (W;)
is a (G;)-Wiener process that is independent of (¢(t)). Supposing that
the process ((t)) has finite range, one can conclude that (W;) is indeed
a (G;)-semi martingale which justifies the Doob—Meyer decomposition

above. Moreover, there exists a constant ¢ depending on s > 1 only,
such that

E[|lA3]"* < e (1 +log| range (¢)|)

(see [30], [1]). On the other hand, the Sobolev space H (the space of
absolutely continuous functions with finite || - ||5-norm) is compactly
embedded into C[0,T] for a finite time horizon T' > 0 and one can use
analytic results on this embedding to show the asymptotic negligibility of
the term (A(ﬁ(t))te[o’l]. Altogether, one gets that the coding complexity
of X and (W ())tejo,1) coincide. Here one needs to be aware of the fact
that the definition of (4(t)) and thus of (W;) depend on the parameter

r.

The main result
Let us state the precise decoupling result. Fix « € (0,3/2) and denote
by ¢ = (@En))te[o,u (n € N) a random increasing and continuous
function that is linear on each interval [i/n, (i +1)/n] (i =10,...,n—1)
and satisfies

¢ (i/n) = argmin, ¢ lo(i/n) —y|  (i=0,...,n),

where I(n) is defined as
o1 . - 2(1+a
I(n) = {JTHQ :j € Np,j < n™ )}.

Theorem 7.19 Fiz ¢ € ((1+ )71, 1), choose n € N in dependence
onr >0 asn =n(r) = [r], and denote by W =W 4+ v the
(FV v o (¢™))-Doob-Meyer decomposition of W. For arbitrarily fired
s> 0 there exist C[0,1]-valued r.v.’s R™ and R") such that

o X = VT/;?))() + R

o W) is a Wiener process that is independent of )

o E[|R™ — RUW|5]Hs = O(r—279), for some § > 0

e log |range (R"), p(")| = O(r7), for some ~ € (0,1).
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7.5.2 The corresponding rate allocation problem

We only consider the case where E = L?[0,1] for some p > 1. Theorem
(n)

7.19 states that the process X and the process (an)(t))te[oﬂ] (actually

the family of processes) have the same asymptotic complexity. The
number n is still related to r via [r¢].

We adopt the notation of Theorem 7.19, and let for ¢ € {0,...,n—1}
and ¢t € [0,1/n)

(n)
- W

() . ) _ )
X =X = Wiy = Wow )

Note that r/n tends to infinity and one can verify that the difference
between X = (Xt(n>)t€[0,l) and Wéﬁ?)<_) is negligible in the sense ex-
plained above.

Conditional on @™ the process X is a concatenation of n indepen-
dent scaled Wiener processes X (™0 ... X=1) in the sense that each
of the components equals (6;W});ep,1/n) in law, where &; > 0 is given
via

67 = n(p(i/n) — (i —1)/n)).

Concatenations of Wiener processes

First we suppose that ¢(™) is deterministic and that s = p. The letters
X0 X®n=1) are independent and the objective function

1
B(ILX") - XOP) =B [ 1% - 20 ¢
0

can be understood as single letter distortion measure. Thus the discus-
sion of Section 7.4.2 yields that for an arbitrary rate ¥ > 0 the DRF
D(7|X™) || - ||’) is naturally related to a rate allocation problem. One
has

n—1

D(F XM, || -|7) = %?f)ZD(T”&iWa -]
=0

Lo [0ﬁ1/n,))7 (7.30)

=67 D(ri|W,[I-llLrp.1/n)p)?

where the infimum is taken over all non-negative vectors (7;)i=o,....n—1
. —1 _
with """ " r; = 7. Moreover, the map

m: LP [07 ]./TL) - Lp[o’ 1), (xt)f,e[o,l/n,) = (nil/pxt/n)te[o,l)
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is an isometric isomorphism so that

_1_1
D(ri| W, - Nlerfoa/n)sp) = D(riln™r = 2/nW 0, || - e 0,1, )
_1_1
=n"7" 2D W, || - |lze 0,1, P) -

—1/2

NI‘C[, 7‘,
Supposing that the rates r; (i = 0,...,n— 1) are large so that /<;pri_1/2 is
a reasonable approximation to the latter DRF, one concludes together
with (7.30) that D(7|X™), || - ||,p) is approximately equal to

n—1 AP

1 o 1/p
inf [ — L . 7.31
ﬂp%ﬂ)(n%(nr”f’ﬂ) ( )

The infimum can be evaluated explicitly by applying the reverse Holder
inequality analogously to the computations in (7.9). It is equal to

n—1
1 , (r+2)/2p 1
(72 |&Z-|2P/<P+2>) . (7.32)
n)iZO \/;

Next, let 6; := &; fori =0,...,n—1and ¢t € [i/n,(i+1)/n) and observe
that (7.32) can be rewritten as

(r+2)/2p 1
/ 6o/ ) . (7.33)
NG

Rigorously one can prove that one infers (asymptotically) the same
error for the other information constraints and for all other moments s.
We quote the exact result:

Lemma 7.20 For fized s € (0,00) there exists a real valued function
h = hsp : Ry — Ry with lime_ o h(F) = 1 such that the following
statements are valid.

Suppose that $™) is deterministic and let X be a reconstruction for
X of rate 7 > 0. Then there exists a [0, 00)-valued sequence (7; )i,
with >~ 01 r; <7 such that for any r. > 0:

n—1

v (n % S S 1 a-t ’ l/p
E[|X™ — X|*]"* > h(r.) &, (g > l))P/?) ‘

— (n(ri + 7«

On the other hand, for any R, -valued vector (r;)i=o,...n—1, there exists
a codebook C  LP[0,1] with log|C| < S r; and

n—1
1 6,7\
n) _ als1l/s < s (47 i )

Bl 1K) 171" <hir) oy (5 32 )
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where r* = min;_g__,—17;.

The lower bound

In the discussion above we have assumed that the time change ¢ is
deterministic. Now we switch back to the original problem and suppose
that ¢ and X (n € N) are as introduced in the beginning of this
subsection. In particular, (") is again assumed to be random. Again
the parameter n is linked to r > 0 via n = [r¢].

We fix a family (X (T))rzo of reconstructions such that each reconstruc-
tion has finite mutual information I(X®); X (")) to be finite, and we set
r(¢) = I(X™); X)) = ¢) and R = r(4"™)). The random variable R
is to be conceived as the random rate reserved for coding X ) given the
time change ¢().

Using the lower bound (7.33) for the approximation error, one gets

EHlX(n) _ X@)Hg}l/e _ E[E[HX(H) _ X(T)H9|¢(n)]]l/s

1 s(p+2)/2p 1 1/
2E[( [ 1o ar) "W]
0

It remains to translate a given information constraint into a condition
onto the random rate R.

The quantization constraint

Let us now assume that the family (X (")) satisfies the quantization con-
straint log | range X (r)\ < r. Then R < r almost surely so that one gets
the lower bound

_ . 1 s(p+2)/2p71/s 1
E[HX(”) — X(T)HS]l/S > E[(/ |&t|2p/(p+2) dt) } .
0 VT

Since fol |6¢|%/+2) dt converges to fol |o: |/ (P*2) dt one finally obtains
1
L®) fr
The mutual information constraint
Now we assume that I(X;X(">) < . Then

E[||X(n> - XO‘)HS]I/S 2 H||U~HL2p/<z:+2)[o,1]’

I(X;X|cﬁ) < I(X;X7g§(”)) < I()_(;)A(m) —|—log\rangegﬁ<")| <r
Therefore,

ER <7, (7.34)
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and one gets an asymptotic lower bound for the distortion rate function
when minimizing

1 s(p+2)/2p 1 q1/s
5 120/ (p+2)
E[(/U 5] d) .

under the constraint (7.34). Also in this rate allocation problem the
Holder inequality for negative exponents solves the problem and one
gets:

i e 1
E[ X" — XC|lo1e > 1811 z20r0420,11 | 200 ) ER
S 1
z H||O—~HL‘21'/(1)+2)[0,1]HLZs/(sﬁ)([P)W‘

7.6 Further results on asymptotic approximation of
stochastic processes

As mentioned before, quantization of stochastic processes has been a
vivid research area in recent years. So far we have restricted ourselves
to surveying results that lead to strong asymptotic formulae and that
are related to intermediate optimization problems. In this section we
want to complete the paper by giving two further results which yield
the correct weak asymptotics in many cases.

7.6.1 Estimates based on moment conditions on the
increments

Let us next describe a very general approach undertaken in [41] to pro-
vide weak upper bounds for the quantization error. It is based on mo-
ment conditions on the increments of a stochastic process. Let (X;);efo,1
denote a real-valued stochastic process, that is X : Qx[0, 1] — Ris prod-
uct measurable. We fix ( > 0 and assume that the marginals of X are
in L¢(P).

We state the main result.

Theorem 7.21 Let ¢ : [0,1] — [0,00) be a regularly varying function at
0 with index b > 0, that is ¢ can be represented as ¢(t) = t°4(t), where
¢ is continuous and satisfies £(at) ~ €(t) ast | O for any o > 0 (€ is
called slowly varying). Moreover, we assume that for all 0 <u <t <1

E[|X; — X |1V < o(t — u),
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in the case where ( > 1, and
E[ sup X, — XS|<]1/C < o(t —u),
vEu,t]

otherwise. Then for p,s € (0,(), one has
DD (r,s|X, || lero)) 3 (1/7)-

This theorem allows us to translate moment estimates for the incre-
ments into upper bounds for the quantization error. Let us demonstrate
the power of this result by applying it to a class of diffusion processes.

Let X = (Xi)iepo,1) satisfy

t t
thxg—i—/ Gudu—i—/ H,dWwW,,
0 0

where W = (W;);¢j0,1) denotes a Wiener process, and G' = (G} )¢[,1) and
H = (Hy)ep,) are assumed to be progressively measurable processes
w.r.t. the canonical filtration induced by W. Supposing that for some
¢>2

sup IEHGHC + |Ht|c] < 00,
tel0,1]

one can infer that for a constant ¢ € R, one has
X — Xullpe ) < c(t—u)'/?

for all 0 < u <t < 1. Consequently,

D, s X - o) 3 %
As we have seen above this rate is optimal for the solutions to the au-
tonomous stochastic differential equations studied above.

Moreover, the main result can be used to infer upper bounds for sta-
tionary processes and Lévy processes or to recover the weak asymptotics
for fractional Brownian motions. For further details we refer the reader
to [41].

7.6.2 Approximation of Lévy processes

Let now X = (X;),e[o,1) denote a cadlag Lévy process. Owing to the
Lévy-Khintchine formula the marginals X; (¢ € [0,1]) admit a represen-
tation

Ee'tXt = ¢~t¥ () (u € R),
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where
2

() = %uz —ifu+ / (1= €™ + Ly <ayiua) v(d),
R\ {0}

for parameters o® € [0,00), 3 € R and a non-negative measure v on

R\{0} with
/ 1A z?v(de) < .
R\{0}

The complexity of Lévy processes has been analyzed recently in [2] when
the underlying distortion measure is induced by the L?[0, 1]-norm for a
fixed p > 1. Its complexity is related to the function

Fle)= 2 + /R\{O} [(32 A 1) +log, @} v(dz) (e >0).

g? €

In the following, we assume that F'(g) is finite. Let us state the main
results.

Theorem 7.22 (Upper bound) There exist positive constants ¢; =
c1(p) and ¢y such that for any e >0 and s > 0

D) (¢ F(e), s) < coe.
The constants ¢; and ¢y can be chosen independently of the choice of the
Lévy process. Additionally, if for s > 0 one has
o E||X|3, 0,1] < 00 for some s >s

e for some ¢ > 0,

lim su f‘z‘>€(|$|/€)< v{do) < o0
o w([eel)

then there exist constants ¢| and ¢, such that, for all e > 0,
DY (c F(e),s) < che.

For stating the lower bound we will need the function
2

Fi(e) = 74 /]R\{O} (’% A 1) v(dz) (e > 0).

3

Theorem 7.23 (Lower bound) There exist constants ci,ca > 0 de-
pending on p > 1 only such that the following holds. For every e > 0
with Fy(e) > 18 one has

D(c1F(g),p) > cae.
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Moreover, if v(R\{0}) = oo or o # 0, one has for any s > 0,
D(c1Fi(g),s) 2 cae
ase | 0.

The upper and lower bounds often are of the same weak asymptotic
order. Let, for instance, X be an a-stable Lévy process (a being a
parameter in (0,2]). In that case, the bounds provided above are sharp,
and one gets, for s; > 0 and s; € (0, ), that

1

D(r,s1) = D) (r,s1) ~ DD (r, s5) ~ T
r «

The results of this subsection can also be related to a rate allocation
problem. However, this link is weaker than the ones presented before,
and we cannot derive the strong asymptotics of the coding quantities.
The implication of the corresponding rate allocation problem can be
roughly described as follows. When aiming at an accuracy of about ¢,
we need to assign rate of order 1+log(¢/e) to jumps of size £ if the jump is
larger than e. This information is used to code the position and direction
of the jump. For jumps of size ¢ < & one does not code each single jump
separately. Instead one waits until the compensated cumulated sum of
small jumps (plus diffusive component) has size of order &, and then
codes the corresponding exit time and direction. Since the compensated
small jumps constitute a martingale the frequency at which such exits

o? x2
— — v(dz).
= +/[_E’E} = v(dx)

Combining the rates for the small and large jumps leads to the assertions
of the above theorems. For more details we refer the reader to the
original article.

occur is of order
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papers by the authors. These papers address the problem of intermit-
tency for the Parabolic Anderson Model in a time-dependent random
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“catalyst”. Three examples of catalysts are considered: (1) independent
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8.1 The Parabolic Anderson Model
8.1.1 Motivation
The Parabolic Anderson Model is the partial differential equation
0
Eu(m,t) = rAu(x,t) + vE(x, )u(x, t), reZ t>0, (8.1)
for the R-valued random field

u={u(x,t): zcZ t>0}, (8.2)

where k € [0,00) is the diffusion constant, v € [0,00) is the coupling
constant, A is the discrete Laplacian, acting on u as

Au(z,t) = > [uly,t) — u(z,1)] (8.3)
||.1)V—E:IZ ﬁzl

(|| - || is the Euclidian norm), while
E={&x,t): z €2 t >0} (8.4)

is an R-valued random field that evolves with time and that drives the
equation. As initial condition for (8.1) we take

u(-,0)=1. (8.5)

One interpretation of (8.1) and (8.5) comes from population dynamics.
Consider a spatially homogeneous system of two types of particles, A
(catalyst) and B (reactant), subject to:

(i) A-particles evolve autonomously, according to a prescribed sta-
tionary dynamics given by the ¢-field, with £(x,t) denoting the
number of A-particles at site x at time ¢;

(ii) B-particles perform independent simple random walks with jump
rate 2dx and split into two at a rate that is equal to v times the
number of A-particles present at the same location;

(iii) the initial density of B-particles is 1.

Then

u(z,t) = the average number of B-particles at site x at time ¢
conditioned on the evolution of the A-particles.
(8.6)
It is possible to add that B-particles die at rate § € (0, 00). This amounts
to the trivial transformation

u(z,t) — u(z, t)e o (8.7)
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What makes (8.1) particularly interesting is that the two terms on the
right-hand side compete with each other: the diffusion (of B-particles)
described by kA tends to make u flat, while the branching (of B-particles
caused by A-particles) described by ¢ tends to make u irregular.

8.1.2 Intermittency

We will be interested in the presence or absence of intermittency. In-
termittency means that for large ¢ the branching dominates, i.e. the
u-field develops sparse high peaks in such a way that v and its moments
are each dominated by their own collection of peaks (see Gértner and
Konig [10], Section 1.3). In the quenched situation, i.e. conditional on
&, this geometric picture of intermittency is well understood for several
classes of time-independent random potentials £ (see e.g. Sznitman [16]
for Poisson clouds and Gértner, Konig and Molchanov [11] for i.i.d. po-
tentials with double-exponential and heavier upper tails; Gértner and
Konig [10] provides an overview). For time-dependent random potentials
£, however, such a geometric picture is not yet available. Instead one
restricts attention to understanding the phenomenon of intermittency
indirectly by comparing the successive annealed Lyapunov exponents

Ap = flggo Ap (), pEN, (8.8)
with
1 ,
Ay (t) = S 1ogE([u(0,0)")""",  peN,t>0, (8.9)

where E denotes expectation w.r.t. £&. One says that the solution u is
p-intermittent if

)\p > )\p,h (810)

and intermittent if (8.10) holds for all p € N\ {1}.

Carmona and Molchanov [2] succeeded in investigating the annealed
Lyapunov exponents, and in obtaining the qualitative picture of inter-
mittency (in terms of these exponents), for potentials of the form

E(w,t) = Wa(b), (8.11)

where {W, (t): z € Z%, t > 0} denotes a collection of independent Brow-
nian motions. (In this case, (8.1) corresponds to an infinite system of
coupled Ito-diffusions.) They showed that for d = 1,2 intermittency
holds for all s, whereas for d > 3 p-intermittency holds if and only if
the diffusion constant « is smaller than a critical threshold &, = k,(d, )
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tending to infinity as p — oco. They also studied the asymptotics of the
quenched Lyapunov exponent in the limit as £ | 0, which turns out to
be singular. Subsequently, the latter was more thoroughly investigated
in papers by Carmona, Molchanov and Viens [3], Carmona, Koralov and
Molchanov [1], and Cranston, Mountford and Shiga [4].

In Sections 8.2-8.4 we consider three different choices for £, namely:

(1) Independent Simple Random Walks
(2) Symmetric Exclusion Process
(3) Symmetric Voter Model.

For each of these examples we study the annealed Lyapunov exponents
as a function of d, x and . Because of their non-Gaussian and non-
independent spatial structure, these examples require techniques differ-
ent from those developed for (8.11). Example (1) was studied earlier in
Kesten and Sidoravicius [12]. We describe their work in Section 8.2.2.
By the Feynman-Kac formula, the solution of (8.1) and (8.5) reads

u(z,t) = E, <exp [7 /0 s €(X"(s),t — S)D : (8.12)

where X" is a simple random walk on Z? with step rate 2dx and E,
denotes expectation with respect to X* given X"(0) = x. This for-
mula shows that understanding intermittency amounts to studying the
large deviation behaviour of a random walk sampling a time-dependent
random field.

8.2 Independent simple random walks

In this section we consider the case where £ is a Poisson field of indepen-
dent simple random walks (ISRW). We first describe the results obtained
in Kesten and Sidoravicius [12]. After that we describe the refinements
of these results obtained in Gértner and den Hollander [6].

8.2.1 Model
ISRW is the Markov process with state space

Q= (Nu{oph* (8.13)

whose generator acts on cylindrical functions f as

(LN = 52 S u@IF6r™) — fn), (314
(2,y)



Intermittency on catalysts 239

where the sum runs over oriented bonds between neighboring sites, and

n(z) if 2 # z,y,
() =n(x) -1 ifz=u, (8.15)

ny)+1 ifz=y,

i.e. n*™Y is the configuration obtained from n by moving a particle from
x to y. We choose £(-, 0) according to the Poisson product measure with
density p € (0,00), i.e. initially each site carries a number of particles
that is Poisson distributed with mean p. For this choice, the &-field is
stationary and reversible in time (see Kipnis and Landim [13]).

Under ISRW, particles move around independently as simple random
walks, stepping at rate 1 and choosing from neighboring sites with prob-
ability 1/2d each.

8.2.2 Main theorems

Kesten and Sidoravicius [12] proved the following. They considered the
language of A-particles and B-particles from population dynamics, as
mentioned in Section 8.1.1, and included a death rate § € [0, 00) for the
B-particles (recall (8.7)).

(1) If d = 1,2, then — for any choice of the parameters — the average
number of B-particles per site tends to infinity at a rate that is
faster than exponential.

(2) If d > 3, then — for v sufficiently small and § sufficiently large — the
average number of B-particles per site tends to zero exponentially
fast.

(3) If d > 1, then — conditional on the evolution of the A-particles
— there is a phase transition: for small § the B-particles locally
survive, while for large ¢ they become locally extinct.

Properties (1) and (2) — which are annealed results — are implied by
Theorems 8.2 and 8.3 below, while property (3) — which is a quenched
result — is not. The main focus of [12] is on survival versus extinction.
The approach in [12], being based on path estimates rather than on the
Feynman-Kac representation, produces cruder results, but it is more
robust against variations of the dynamics.

In Gértner and den Hollander [6] the focus is on the annealed Lya-
punov exponents. Theorems 8.1-8.3 below are taken from that paper.
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Theorem 8.1 ([6, Theorem 24]) Letd > 1, p,v € (0,00) and p € N.
(i) For all k € [0,00), the limit in (8.8) exists.

(i) If Ap(0) < oo, then k — A, (k) is finite, continuous, non-increasing
and convez on [0, 00).

Let p;(z,y) denote the probability that simple random walk stepping
at rate 1 moves from z to y in time ¢. Let

Gy = / p:(0,0) dt (8.16)
0
be the Green function at the origin of the simple random walk.

Theorem 8.2 ([6, Theorem 25]) Letd > 1, p,v € (0,00) and p € N.
Then, for all k € [0,00), Ay(k) < oo if and only if p < 1/Gq7y.

It can be shown that, if p > 1/Gy~, then A, (¢) in (8.9) grows exponen-
tially fast with ¢, i.e. the pth moment of u(0,t) grows double exponen-
tially fast with t. The constant in the exponent can be computed.

In the regime p < 1/Gy7y, K +— A, (k) has the following behaviour (see
Fig. 8.1):

Theorem 8.3 ([6, Theorem 26]) Letd > 1, p,vy € (0,00) and p € N
such that p < 1/Ggy.

(1) k — N\, (K) is continuous, strictly decreasing and convex on [0, c0).
(i) For k=0,

(1/Ga)
A (0) = _— 8.17
(#ii) For k — oo,
lim 2d[), (5) — py] = p7*Ga + La=s (2d)* (p7*p)* Ps (8.18)
with
1
Ps = sup /dxfo/dyfy27
3 fg[[l(R.‘i)[ R3 | ( )| R3 ‘ ( )| 47T||£L'—y||
7 =1 (8.19)

- [ asl9s@)P].
8
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Fig. 8.1. K +— Ay (k) for p = 1,2,3 when p < 1/Gg7y for a simple random walk
ind=3andd > 4.

8.2.3 Discussion

Theorem 8.2 says that if the catalyst is driven by a recurrent random
walk (G4 = 00) then it can pile up near the origin and make the reactant
grow at an unbounded rate, while if the catalyst is driven by a transient
random walk (G4 < o0) then small enough moments of the reactant
grow at a finite rate. We refer to this dichotomy as the strongly catalytic,
respectively the weakly catalytic, regime.

Theorem 8.3(i) shows that, even in the weakly catalytic regime, some
degree of clumping of the catalyst occurs, in that the growth rate of
the reactant is > p~y, the average medium growth rate. As the diffusion
constant k of the reactant increases, the effect of the clumping of the
catalyst on the reactant gradually diminishes, and the growth rate of
the reactant gradually decreases to pvy.

Theorem 8.3(ii) shows that, again in the weakly catalytic regime, if
the reactant stands still, then the system is intermittent. Apparently,
the successive moments of the reactant are sensitive to successive degrees
of clumping. By continuity, intermittency persists for small .

Theorem 8.3(iii) shows that all Lyapunov exponents decay to py as
Kk — 00 in the same manner when d > 4 but not when d = 3. In fact,
in d = 3 intermittency persists for large . It remains open whether the
same is true for d > 4. To decide the latter, we need a finer asymptotics
for d > 4. A large diffusion constant of the reactant hampers localization
of the reactant around regions where the catalyst clumps, but it is not a
priori clear whether this is able to destroy intermittency for d > 4. We
conjecture:
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Conjecture 8.1 In d = 3, the system is intermittent for all k € [0, 0).

Conjecture 8.2 In d > 4, there exists a strictly increasing sequence
0 < ke < K3 < ... such that for p=2,3,... the system is p-intermittent
if and only if K € [0, Ky).

In words, we conjecture that in d = 3 the curves in Fig. 8.1 never merge,
whereas for d > 4 the curves merge successively.

What is remarkable about the scaling of A,(k) as k — oo in (8.18) is
that Pj is the variational problem for the so-called polaron model. Here,
one considers the quantity

0(t; ) = %logEo <exp {a/ot ds /f du MD (8.20)

where o > 0 and (3(t));>0 is standard Brownian motion on R? starting
at 6(0) = 0. Donsker and Varadhan [5] proved that
lim lim 0(t; ) = 4/7 Ps. (8.21)

a—o00t—00
Lieb [14] proved that (8.19) has a unique maximizer modulo translations
and that the centered maximizer is radially symmetric, radially non-
increasing, strictly positive and smooth. A deeper analysis shows that
the link between the scaling of A,(x) for K — oo and the scaling of
the polaron for @ — co comes from moderate deviation behaviour of &
and large deviation behaviour of the occupation time measure of X* in
(8.12). For details we refer the reader to Gértner and den Hollander [6].

8.3 Symmetric exclusion process

In this section we consider the case where £ is the symmetric exclusion
process (SEP) in equilibrium. We summarize the results obtained in
Gértner, den Hollander and Maillard [7, 8].

8.3.1 Model

Let p: Z¢ x Z¢ — [0,1] be the transition kernel of an irreducible sym-
metric random walk. SEP is the Markov process with state space

Q= {0,1}* (8.22)
whose generator L acts on cylindrical functions f as

ZhHm =Y vy [f o) = )], (8:23)

{z.y}cz!
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where the sum runs over unoriented bonds between any pair of sites,
and

n(z) ifz# z,y,
n"Y(z) = nly) ifz=u, (8.24)
n(z) ifz=y.

In words, the states of 2 and y are interchanged along the bond {z,y}
at rate p(z,y). We choose £(-,0) according to the Bernoulli product
measure with density p € (0,1). For this choice, the ¢-field is stationary
and reversible in time (see Liggett [15]).

Under SEP, particles move around independently according to the
symmetric random walk transition kernel p(-,-), but subject to the re-
striction that no two particles can occupy the same site. A special case
is simple random walk

s ifflz—yll=1
zy) =42 ’ 8.25
p(@y) {0 otherwise. ( )

8.3.2 Main theorems

Theorem 8.4 Let d > 1, p € (0,1), v € (0,00) and p € N.
(i) For all k € [0,00), the limit in (8.8) exists and is finite.
(i1) On [0,00), k — Xy (k) is continuous, non-increasing and conver.

The following dichotomy holds (see Fig. 8.2):

Theorem 8.5 Let d > 1, p € (0,1), v € (0,00) and p € N.

(i) If p(-,-) is recurrent, then A\, (k) = for all k € [0,00).

(1t) If p(-,-) is transient, then py < X\,(k) < 7 for all K € [0,00).
Moreover, k — X,(k) is strictly decreasing with lim,_.. A, (k) = py.
Furthermore, p — A, (0) is strictly increasing.

For transient simple random walk, x — X, (k) has the following be-
haviour (similar to Fig. 8.1):

Theorem 8.6 Let d > 3, p € (0,1), v € (0,00) and p € N. Assume
(8.25). Then

lim 2dk[X, (k) = pv] = p(1 — p)7V*Ga + 11a—sy (2d)*[p(1 — p)7*p]*Ps

T (8.26)
with Gq and Ps as defined in (8.16) and (8.19).
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Ap (H) Ap (H)
:\
K K
0 0

Fig. 8.2. Qualitative picture of x — ), (k) for a recurrent (left) and a transient
(right) random walk.

8.3.3 Discussion

The intuition behind Theorem 8.5 is the following. If the catalyst is
driven by a recurrent random walk, then it suffers from “traffic jams”,
i.e. with not too small a probability there is a large region around the
origin that the catalyst fully occupies for a long time. Since with not too
small a probability the simple random walk (driving the reactant) can
stay inside this large region for the same amount of time, the average
growth rate of the reactant at the origin is maximal. This phenomenon
may be expressed by saying that for recurrent random walk clumping of
the catalyst dominates the growth of the moments. For transient random
walk, on the other hand, clumping of the catalyst is present (the growth
rate of the reactant is > pv), but it is not dominant (the growth rate
of the reactant is < 7). Again, when the reactant stands still or moves
slowly, the successive moments of the reactant are sensitive to successive
degrees of clumping of the catalyst. As the diffusion constant x of the
reactant increases, the effect of the clumping of the catalyst on the reac-
tant gradually diminishes and the growth rate of the reactant gradually
decreases to py.

Theorem 8.6 has the same interpretation as its analogue Theorem 8.3
(iii) for ISRW. We conjecture that the same behaviour occurs for SEP
as in Conjectures 8.1-8.2 for ISRW.

8.4 Symmetric voter model

In this section we consider the case where £ is the symmetric voter model
(SVM) in equilibrium, or converging to equilibrium from a product mea-
sure. We summarize the results obtained in Géartner, den Hollander and
Maillard [9].
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8.4.1 Model

As in Section 8.3, we abbreviate Q0 = {0, 1}Zd and we let p: Z¢ x Z¢ —
[0,1] be the transition kernel of an irreducible symmetric random walk.
The SVM is the Markov process on 2 whose generator L acts on cylin-
drical functions f as

z,y€Zl

where

() = {n(z) if 2 £y, (5.28)

o) ifz=y.

In words, site z imposes its state on site y at rate p(z,y). The states
0 and 1 are referred to as opinions or, alternatively, as vacancy and
particle. Contrary to ISRW and SEP, SVM is a non-conservative and
non-reversible dynamics: opinions are not preserved.

We will consider two choices for the starting measure of :

v,, the Bernoulli product measure with density p € (0, 1), (8.29)
lp, the equilibrium measure with density p € (0,1). ’

The ergodic properties of the SVM are qualitatively different for recur-
rent and for transient transition kernels. In particular, when p(:,-) is
recurrent all equilibria are trivial, i.e. p, = (1 — p)dy + pd1, while when
p(-,-) is transient there are also non-trivial equilibria, i.e. ergodic y, pa-
rameterized by the density p. When starting from v,, (-, t) converges
in law to p, as t — oo.

8.4.2 Main theorems

Theorem 8.7 Let d > 1, k € [0,00), p € (0,1), v € (0,00) and p € N.
(i) For all k € [0,00), the limit in (8.8) exists and is finite, and is the
same for the two choices of starting measure in (8.29).

(i) On k € [0,00), K — Ap(K) is continuous.

The following dichotomy holds (see Fig. 8.3):

Theorem 8.8 Suppose that p(-,-) has finite variance. Fix p € (0,1),
v € (0,00) and p € N.

(i) If 1 < d < 4, then \,(k) =~ for all k € [0, c0).

(it) If d > 5, then py < A\, (k) <7 for all k € [0,00).
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Ap (k) Ap (K)
:\
K K
0 0

Fig. 8.3. Qualitative picture of kK — A, (k) for a symmetric random walk with
finite variance in d = 1,2, 3,4, and in d > 5.

Theorem 8.9 Suppose that p(-,-) has finite variance. Fiz p € (0,1) and
v € (0,00). If d > 5, then p — X, (0) is strictly increasing.

8.4.3 Discussion

Theorem 8.8 shows that the Lyapunov exponents exhibit a dichotomy
similar to those found for ISRW and SEP (see Fig. 8.3). The crossover
in dimensions is at d = 5 rather than at d = 3. Theorem 8.9 shows that
the system is intermittent at x = 0 when the Lyapunov exponents are
nontrivial, which is similar as well.

We conjecture that the following properties hold, whose analogues for
ISRW and SEP are known to be true:

Conjecture 8.3 Let d > 5. Then on [0,00), k — A,(K) is strictly
decreasing and conver with lim,_.. A\, (k) = p7.

We close with a conjecture about the scaling behaviour for k — oc.

Conjecture 8.4 Let d > 5, p € (0,00) and p € N. Assume (8.25).
Then
2

]725

. G 1
lim 2dk[\, (1) = py] = p(1=p)y* =L + 145y (2d)° {p(l -

K—00 Gd G(7dp
(8.30)
with
Gdz/ 2:(0,0)dt,
0 (8.31)

0
0
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and
1
Ps = sup /dxfx2/dyfy27
= [ @r | ol sy
I 112=1 (8.32)

- [ asl9s@)].
.

8.5 Concluding remarks

The theorems listed in Sections 8.2-8.4 show that the intermittent be-
haviour of the reactant for the three types of catalyst exhibits inter-
esting similarities and differences. ISRW, SEP and SVM each show a
dichotomy of strongly catalytic versus weakly catalytic behaviour, for
ISRW between divergence and convergence of the Lyapunov exponents,
for SEP and SVM between maximality and non-maximality. Each also
shows an interesting dichotomy in the dimension for the scaling be-
haviour at large diffusion constants, with d = 3 being critical for ISRW
and SEP, and d = 5 for SVM. For ISRW and SEP the same polaron
term appears in the scaling limit, while for SVM an analogous but dif-
ferent polaron-like term appears. Although the techniques we use for
the three models differ substantially, there is a universal principle be-
hind their scaling behaviour. See the heuristic explanation offered in [6]
and [7].

Both ISRW and SEP are conservative and reversible dynamics. The
reversibility allows for the use of spectral techniques, which play a key
role in the analysis. The SVM, on the other hand, is a non-conservative
and irreversible dynamics. The non-reversibility precludes the use of
spectral techniques, and this dynamics is therefore considerably harder
to handle.

Both for SEP and SVM, the graphical representation is a powerful
tool. For SEP this graphical representation builds on random walks, for
SVM on coalescing random walks (see Liggett [15]).

The reader is invited to look at the original papers for details.
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Stochastic dynamical systems in infinite
dimensions
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Abstract

We study the local behaviour of infinite-dimensional stochastic semiflows
near hyperbolic equilibria. The semiflows are generated by stochastic
differential systems with finite memory, stochastic evolution equations
and semilinear stochastic partial differential equations.

9.1 Introduction

In this paper, we summarize some results on the existence and qualita-
tive behavior of stochastic dynamical systems in infinite dimensions. The
three main examples covered are stochastic systems with finite memory
(stochastic functional differential equations: sfde’s), semilinear stochas-
tic evolution equations (see’s) and stochastic partial differential equa-
tions (spde’s). Owing to limitations of space, our summary is by no
means intended to be exhaustive: The emphasis will be mainly on the
local behavior of infinite-dimensional stochastic dynamical systems near
hyperbolic equilibria (or stationary solutions).

The main highlights of the paper are:

e Infinite-dimensional cocycles

e Ruelle’s spectral theory for compact linear cocycles in Hilbert space

e Stationary points (equilibria). Hyperbolicity
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Existence of stable/unstable manifolds near equilibria
Cocycles generated by regular sfde’s. Singular sfde’s
Cocycles generated by semilinear see’s and spde’s

Solutions of anticipating semilinear sfde’s and see’s.

9.2 What is a stochastic dynamical system?

We begin by formulating the idea of a stochastic semiflow or an infinite-
dimensional cocycle which is central to the analysis in this work.

First, we establish some notation. Let (Q,F,P) be a probability
space. Denote by F the P-completion of F, and let (Q, F, (F;)i>0, P) be
a complete filtered probability space satisfying the usual conditions [32].

If E is a topological space, we denote by B(F) its Borel o-algebra.
If F is a Banach space, we may give the space L(FE) of all bounded
linear operators on E the strong topology, viz. the smallest topology
with respect to which all evaluations L(E) 5T +— T(x) € E, z € E, are
continuous. Denote by B (L(E)) the o-algebra generated by the strong
topology on L(E). Let R denote the set of all reals, and R™ := [0, c0).
We say that a process T : RT x Q — L(E) is strongly measurable if it is
(B(RT) ® F,B;(L(E)))-measurable.

Let k& be a positive integer and 0 < ¢ < 1. If E' and N are real Banach
spaces with norms |- |, we will denote by L*)(E, N) the Banach space of
all continuous k-multilinear maps A : E¥ — N with the uniform norm
Al := sup{]A(v1,ve, - ,ox)| : vi € E,|v;| < 1,0 =1,---,k}. We let
L¥)(E) stand for L") (E, E). Suppose U C FE is an open set. A map
f :U — N is said to be of class C*¢ if it is C* and if D®)f : U —
LF)(E,N) is e-Holder continuous on bounded sets in U. A C*¢ map
f:U — N issaid to be of class C{f’ﬁ if all its derivatives DU) f,1 < j < k,
are globally bounded on U, and D" f is e-Hélder continuous on U. If
U C E is open and bounded, denote by C*:¢(U, N) the Banach space of
all C*€ maps f: U — N given the norm:

; D* f(x1) — D* (s
Il fllg.c :== sup [[D f(z)|| + sup D" f (@) - ()]
z el z1.79€U |x1 — mg‘
0<;j <k 1779

We now define a cocycle on Hilbert space.
Definition 9.1 (Cocycle) Let § : R x Q — Q be a (B(R) ® F,F)-

measurable group of P-preserving transformations on the probability space
(Q,F,P), H a real separable Hilbert space, k a non-negative integer and
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e € (0,1]. A C%< perfect cocycle (U,0) on H is a (B(R") ® B(H) ®
F,B(H))-measurable random field U : RT x H x Q — H with the fol-

lowing properties:

(i) For each w € Q, the map RT x H 3 (t,z) — U(t,z,w) € H is
continuous; and for fized (t,w) € Rt x Q, the map H > z —
Ult,z,w) € H is CF<.

(i) Ut +s,,w) =U(t,,0(s,w)) oU(s,,w) for all s,t € RY and all
w € Q.

(i1i) U0, z,w) =x for allz € Hyw € Q.

Using Definition 9.1, it is easy to check that a cocycle (U,#) corre-
sponds to a one-parameter semigroup on H x €.

Throughout this paper we will assume that each P-preserving trans-
formation 0(t,-) : Q@ — Q is ergodic.

9.3 Spectral theory of linear cocycles: hyperbolicity

The question of hyperbolicity is central to many studies of finite, and
infinite-dimensional (stochastic) dynamical systems. This question fo-
cuses on the characterization of almost-sure “saddle-like behavior” of the
nonlinear stochastic dynamical system when linearized at a given statis-
tical equilibrium. Statistical equilibria are viewed as random points in
the infinite-dimensional state space called stationary points of the non-
linear cocycle. For the underlying stochastic differential equation, the
stationary points correspond to stationary solutions.

The main results in this section are the spectral theorem for a compact
linear infinite-dimensional cocycle (Theorem 9.4) and the saddle-point
property in the hyperbolic case (Theorem 9.6). A discrete version of
the spectral theorem was established in the fundamental work of D. Ru-
elle [34], using multiplicative ergodic theory techniques. A continuous
version of the spectral theorem is developed in [19] within the context
of linear stochastic systems with finite memory. See also work by the
author and M. Scheutzow on regular stochastic systems with finite mem-
ory [22], and joint work with T.S. Zhang and H. Zhao [27]. The spectral
theorem gives a deterministic discrete Lyapunov spectrum or set of ex-
ponential growth rates for the linear cocycle. The proof of the spectral
theorem uses infinite-dimensional discrete multiplicative ergodic theory
techniques and interpolation arguments in order to control the excur-
sions of the cocycle between discrete times. A linear cocycle is hyperbolic
if its Lyapunov spectrum does not contain zero.
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For a nonlinear cocycle, a stationary point is defined to be hyperbolic if
the linearized cocycle (at the stationary point) is hyperbolic. Under such
a hyperbolicity condition, one may obtain a local stable manifold theorem
for the non linear cocycle near the stationary point (Theorem 9.8).

Throughout the paper we will use the following convention:

Definition 9.2 (Perfection) A family of propositions {P(w) : w € Q}
is said to hold perfectly in w if there is a sure event Q0* € F such that
0(t, ) (¥*) = QF for allt € R and P(w) is true for every w € Q*.

We now define a stationary point for a cocycle (U, 0) in Hilbert space H.

Definition 9.3 (Stationary point) An F-measurable random variable
Y: Q — H is said be a stationary random point for the cocycle (U,0) if
it satisfies the following identity:

U,Y (w),w) =Y(0(t,w)) (9.1)
for allt € R*, perfectly in w € Q.

The reader may note that the above definition is an infinite-dimensional
analog of a corresponding concept of cocycle-invariance that was used
by the author in joint work with M. Scheutzow to give a proof of the
stable manifold theorem for stochastic ordinary differential equations
(sode’s) (Definition 3.1, [21]). Definition 9.3 above essentially gives a
useful realization of the idea of an invariant measure for a stochastic
dynamical system generated by an sode, a stochastic functional differ-
ential equation (sfde), a stochastic evolution equation (see) or an spde.
Such a realization allows us to analyze the local almost-sure stability
properties of the stochastic semiflow in the neighborhood of the station-
ary point. The existence (and uniqueness/ergodicity) of a stationary
random point for various classes of spde’s and see’s has been studied by
many researchers; see for example [7] and the references therein.

The following spectral theorem gives a fixed discrete set of Lyapunov
exponents for a compact linear cocycle (T,0) on H. The discreteness
of the Lyapunov spectrum is a consequence of the compactness of the
cocycle, while the ergodicity of the shift § guarantees that the spectrum
is deterministic. This fact allows us to define hyperbolicity of the linear
cocycle (T,6) and hence that of the stationary point Y of a nonlinear
cocycle (U, 6).
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Theorem 9.4 (Oseledec—Ruelle) Let H be a real separable Hilbert
space. Suppose (T,0) is an L(H)-valued strongly measurable cocycle
such that there exists tg > 0 with T(t,w) compact for all t > ty. Assume
that T : Rt x Q — L(H) is strongly measurable and

E sup log* ||T(t, ey +E sup log™ | T(1 —t,0(t, D) < oo.
0<t<1 0<t<1

Then there is a sure event §y € F such that 6(t,-)(Q) C Qo for all
t € RY and, for each w € Qy, the limit

A(w) := lim [T(t,w)* o T(t7w)]1/(2t)

t—o0

exists in the uniform operator norm. Each linear operator A(w) is com-
pact, non-negative and self-adjoint with a discrete spectrum

M >eM s et s

where the Lyapunov exponents \;’s are distinct and non-random. Fach
A >0 has a fized finite non-random multiplicity m; and a
corresponding eigenspace F;(w), with m; := dim F;(w). Set i = oo when
A; = —o0. Define

eigenvalue e

Ey(w):=H, Ejw):= [@;;%Fj(w)]l, i>1, Fs = kerA(w).
Then

ErxC--C--CE(w) CEi(w) - C Ey(w) C Ey(w) = H,

Ai if v € Ej(w)\Ei1(w),

1
lim = log |T'(¢t,w)z| =
t—oo ¢ —00  if 2 € Ex(w),

and T(t,w)(E;(w)) C E;(0(t,w)) for all t >0, i > 1.

The figure below illustrates the Oseledec—Ruelle theorem.
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T(t,w)
—
—H

Ei=H— ﬂ ﬂ By(0(t,w))
Eg(w) ' E3(9(t’w))
ES(W) | |

| |

1 1

1 o(t,) 1

-
& w 0(t,w)

Proof The proof is based on a discrete version of Oseledec’s multiplica-
tive ergodic theorem and the perfect ergodic theorem ([33], pp. 303-304;
cf. [31], [19], Lemma 5). Details of the extension to continuous time are
given in [19] within the context of linear stochastic functional differential
equations with finite memory. The arguments in [19] extend directly to
general linear cocycles in a separable Hilbert space. Cf. [10].

Definition 9.5 Let (T, 6) be a linear cocycle on a Hilbert space H satis-
fying all the conditions of Theorem 9.4. The cocycle (T, 0) is said to be
hyperbolic if its Lyapunov spectrum {--- < Xjj1 < X < +++ < Ay < A1}
does not vanish, in the sense that \; # 0 for all ¢ > 1.

The following result is a “random saddle point property” for hyper-
bolic linear cocycles. A proof is given in [19], Theorem 4, Corollary 2
and [24], Theorem 5.3 within the context of stochastic differential sys-
tems with finite memory; but the arguments therein extend immediately
to linear cocycles in a separable Hilbert space.

Theorem 9.6 (The saddle point property) Let (T,0) be a hyperbolic
linear cocycle on a Hilbert space H. Assume that

Blog* sup [T{ts, 0001, lon) < oo
0<t,t2<1

and denote by {--- < Aiz1 < A < -+ < Ay < A} the non-vanishing
Lyapunov spectrum of (T,0). Pick iy > 1 such that i, < 0 < Xj—_1.
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Then the following assertions hold perfectly in w € Q: There exist stable
and unstable subspaces {S(w),U(w)}, F-measurable (into the Grassman-
nian), such that
(i) H=U(w)DS(w). The unstable subspace U(w) is finite-dimensional
with a fized non-random dimension, and the stable subspace S(w)
is closed with a finite non-random codimension. In fact, S(w) :=
E.

0
(ii) (Invariance)

T(t,w)U(w)) =UO(t,w)), T(t,w)(Sw)) € SOt w)),

for allt >0,
(iii) (Exponential dichotomies)

IT(t,w)(x)| > |zt forall t>71F xeclU(w),
|T(t,w)(x)| < |z|e™®  forall t>752cSW),

where 7F = 17 (x,w) > 0,i = 1,2, are random times and 6; >
0,i=1,2, are fized.

T(t,w)
—

S(w) 0 S(0(t,w))
U(w) P UWO(t,w))

| |

| |

-

|

L >

Q | |

0(t,w)

We are now in a position to define the concept of hyperbolicity for a
stationary point Y of the nonlinear cocycle (U, 6):

Definition 9.7 Let (U,0) be a C*¢ (k > 1,€ € (0,1]) perfect cocycle on
a separable Hilbert space H and there exists ty > 0 such that U(t, ,w) :
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H — H takes bounded sets into relatively compact sets for each (t,w) €
(to, 00) x Q. A stationary point Y : Q — H of the cocycle (U, ) is said
to be hyperbolic if

(a) For any a € (1, ),

/10g+ sup  [|DU (b2, Y (0(t1,w)), 0(t1, w)) | p(ar) dP(w) < o0.

Q 0<t1,t2<a

(b) The linearized cocycle (DU (t,Y (w),w), 0(t,w)) has a non-vanishing
Lyapunov spectrum {--- < Ny < N < -+ < Ay < A}, viz
Ai #0 foralli > 1.

Note that, in Definition 9.7, the linearized cocycle (DU (t,Y (w),w), 0(t,w))
has a discrete non-random Lyapunov spectrum because of the compact-
ness hypothesis on (U, #) and the integrability condition (a). This follows
immediately from the Oseledec—Ruelle spectral theorem (Theorem 9.4).

9.4 The local stable manifold theorem

In this section, we will show that, within a stationary random neigh-
borhood of a hyperbolic stationary point, the long-time asymptotics of
the cocycle are characterized by local stable and unstable manifolds.
The stable/unstable manifolds are smooth, random and asymptotically
forward /backward invariant (viz. stationary) under the nonlinear co-
cycle. Unlike the issue of ergodicity, the quest for hyperbolic behavior
is driven by the need to identify generic classes of stochastic dynami-
cal systems. Indeed, our approach is philosophically distinct from the
search for uniquely ergodic statistical equilibria in stochastic differential
equations, or for globally asymptotically stable critical points for deter-
ministic dynamical systems. There is a considerable volume of current
and recent research on the ergodicity of stochastic partial differential
equations. See [7], [14] and the references therein. However, little is
known regarding generic behavior of stochastic dynamical systems. It
is hoped that the results in this paper will open the door for further
research in this direction.

The main result in this section is the local stable manifold theorem
(Theorem 9.8 below). This result characterizes the asymptotic behavior
of the cocycle (U, 6) in a random neighborhood of a hyperbolic stationary
point. The local stable manifold theorem is the main tool that we use
to analyze the almost-sure stability of cocycles generated by stochastic
systems with memory, semilinear see’s and spde’s. The proof of the
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theorem is a non-trivial refinement and extension to the continuous-time
setting of discrete-time results due to D. Ruelle [33, 34]. An outline of
the main ideas in the proof of Theorem 9.8 is given after the statement
of the theorem. For further details the reader may consult [21], [22] and
[27].

In what follows, we denote by B(z,p) the open ball, radius p and

center x € H, and by B(x, p) the corresponding closed ball.

Theorem 9.8 (The local stable manifold theorem) Let (U,0) be
a C*¢ (k > 1,e € (0,1]) perfect cocycle on a separable Hilbert space
H such that, for each (t,w) € (0,00) x Q, U(t,-,w) : H — H takes
bounded sets into relatively compact sets. For any p € (0,00), denote by
|- |lx.c the C*<-norm on the Banach space C*<(B(0,p), H). Let Y be a
hyperbolic stationary point of the cocycle (U,0) satisfying the following
integrability property:

/log+ sup  ||U(ta, Y (0(t1,w)) + (-), 0(t1,w))[[k,c dP(w) <00 (%)
0 0<t1,t2<a

for any fixred 0 < p,a < oo and € € (0,1]. Denote by {--- < \iy1 <
Ai < -0 < Ay < M} the Lyapunov spectrum of the linearized cocycle
(DU, Y (w),w),8(t,w),t > 0). Define Ay := maz{\; : \; < 0} if at
least one A\; < 0. If all finite A; are positive, set \;, := —oo. (Thus \j,—1
18 the smallest positive Lyapunov exponent of the linearized cocycle, if at
least one A; > 0; when all the \;’s are negative, set A\;,—1 == 00.)

Fiz e, € (0,—X;,) and ez € (0, A\;,—1). Then there exist

(1) a sure event Q* € F with 0(t,-)(Q*) = Q* for all t € R,
(ii) F-measurable random variables p;, 3; : Q* — (0,1), B; > pi >
0,1 =1,2, such that, for each w € Q*, the following is true:
There are C*< (e € (0,1]) submanifolds S(w), U(w) of B(Y (w), p1(w))
and B(Y (w), pa(w)) (resp.) with the following properties:
(a) For )\, > —o0, S(w) is the set of all = € B(Y (w), p1(w)) such
that

|U(n,z,w) = Y(8(n,w))| < B (w) oPigten

for all integers n. > 0. If \;, = —o0, then S(w) is the set of all
r € B(Y(w), p1(w)) such that

U (n,z,w) =Y (8(n,w))| < Bi(w) e
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for all integers n > 0 and any A € (—o0,0). Furthermore,

1

lim sup n log|U(t,z,w) = Y (0(t,w))| < A (9.2)
t—oo

forallz € S(w). Each stable subspace S(w) of the linearized co-

cycle (DU(L, Y (+),),0(t,-)) is tangent at Y (w) to the submani-

fold S(w), viz. Ty (,\S(w) = S(w). In particular, codim S(w) =

codim S(w), is fized and finite.

1
limsup — log

t—o0 t

[Sup { Ut 1,w) = Ut an,w)]

|21 — 22

1 # Tg, T1, T2 € S(w)}} < gy

(¢) (Cocycle-invariance of the stable manifolds):
There exists 71(w) > 0 such that

Ut w)(S(w)) € S(O(t,w)) (9.3)
for allt > 7 (w). Also
DU (t,Y (w),w)(S(w)) € S(O(t,w)), t=>0. (9.4)

(d) For \i,1 < oo, U(w) is the set of all x € B(Y (w), pa(w))
with the property that there is a discrete-time “history” process
y(,w): {—n:n >0} — H such that y(0,w) = x and, for each
integer n > 1, one has U(1,y(—n,w),0(—n,w)) = y(—(n —
1),w) and

[y(=n,w) = Y (8(—n,w))| < Bp(w)e™ Comrmeam,

If Xiy—1 = 00, U(w) is the set of all z € B(Y (w), p2(w)) with the
property that there is a discrete-time “history” process y(-,w) :
{-n:n >0} — H such that y(0,w) = x and, for each integer
n>1,

[y(—n,w) = Y (0(—n,w))| < Ba(w)e™™",

for any A € (0,00). Furthermore, for each = € U(w), there

s a unique continuous-time “history” process also denoted by
y(,w) : (—00,0] = H such that y(0,w) =z, U(t,y(s,w),8(s,w)) =
y(t + s,w) for all s < 0,0 <t < —s, and

1
lim sup n log |y(—t,w) = Y(0(—t,w))| < —Xjj—1-

t—o0
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Each unstable subspace U(w) of the linearized cocycle

is tangent at Y (w) to U(w), viz. Ty(w)l;{(w) =U(w). In partic-
ular, dim U(w) is finite and non-random.

(e) Let y(-,x;,w),i = 1,2, be the history processes associated with
x; = y(0,z;,w) €U(w), i =1,2. Then

thllp log |:Sup{ ‘y( ’xhw) y( 71’2,W)| :
t—o0 |$1 _ .T2|

Ty # To, T; € Z:{(w),i = 1,2” < —Xjg—1-

(f) (Cocycle-invariance of the unstable manifolds):

There exists Ta(w) > 0 such that
Uw) S UL, 0(—t,w))UO(—t,w))) (9.5)
for all t > (w). Also
DU(t,-,0(-t,w))U(0(-t,w))) =U(w), t=0;
and the restriction
DU(t,-,0(=t,w)U(0(—t,w)) : U(B(~t,w)) = U(w), =0,

18 a linear homeomorphism onto.

(9) The submanifolds U(w) and S(w) are transversal, viz.

H =Ty () U(w) ® Ty (oS (w).

Assume, in addition, that the cocycle (U,6) is C°°. Then the local
stable and unstable manifolds S(w), U(w) are also C°.

The following figure illustrates the local stable manifold theorem.
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t>71(w)

Owing to limitations of space, it is not possible to give a complete
proof of the local stable manifold theorem (Theorem 9.8). However, we
will outline below its main ingredients. For further details, the reader
may consult [21], [22], [27].

Proof [An outline of the proof of Theorem 9.8:]

e Develop perfect continuous-time versions of Kingman’s subaddi-
tive ergodic theorem as well as the ergodic theorem (see [27],
Lemma 2.3.1 (ii), (iii)). The linearized cocycle (DU(¢,Y),6(t))
at the hyperbolic stationary point Y can be shown to satisfy the
hypotheses of these perfect ergodic theorems. As a consequence
of the perfect ergodic theorems one obtains stable/unstable sub-
spaces for the linearized cocycle, which will constitute tangent
spaces to the local stable and unstable manifolds of the nonlinear
cocycle (U, 0).

e The nonlinear cocycle (U, ) may be “centered” around the hyper-
bolic equilibrium Y (6(¢)) by using the auxiliary perfect cocycle
(Z,0):

Z(t,w)=U(t, (") +Y(w),w) —Y(0(tw)), tc R",we Q.
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Hence 0 € H becomes a fixed hyperbolic equilibrium for the
auxiliary cocycle (Z,0). We then use hyperbolicity of Y, the
continuous-time integrability condition (%) on the cocycle and
perfect versions of the ergodic and subadditive ergodic theorems
to show the existence of local stable/unstable manifolds for the
discrete auxiliary cocycle (Z(n, -, w), 8(n,w)) near 0 (cf. [34], The-
orems 5.1 and 6.1). These manifolds are random objects and are
perfectly defined for w € Q. Local stable/unstable manifolds for
the discrete cocycle U(n,-,w) near the equilibrium Y are then
obtained via translating the corresponding local manifolds for Z
by the stationary point Y (w). Using interpolation between dis-
crete times and the (continuous-time) integrability condition (x),
it can be shown that the above manifolds for the discrete-time
cocycle (U(n,-,w),0(n,w)),n > 1, also serve as perfectly defined
local stable/unstable manifolds for the continuous-time cocycle
(U,0) near Y (see [21], [22], [27], [34])).

e Using the integrability condition (*) on the nonlinear cocycle and
its Fréchet derivatives, it is possible to control the excursions of
the continuous-time cocycle (U, 0) between discrete times. In view
of the perfect subadditive ergodic theorem, these estimates show
that the local stable manifolds are asymptotically invariant under
the nonlinear cocycle. The asymptotic invariance of the unstable
manifolds is obtained via the concept of a stochastic history pro-
cess for the cocycle. The existence of a stochastic history process
is needed because the cocycle is not invertible.

This completes the outline of the proof of Theorem 9.8.

9.5 Stochastic systems with finite memory

In order to formulate the stochastic dynamics of systems with finite
memory (sfde’s), we will first describe the class of regular stde’s which
admit locally compact smooth cocycles.

It is important to note that not all sfde’s are regular: indeed, consider

the simple one-dimensional linear stochastic delay differential equation
(sdde):

da(t) = z(t — 1)dW(t), t >0, } 06)

(2(0), 20) = (v,n) € R x L*([~1,0],R),

with initial condition (v,7) € R x L*([~1,0],R). In (9.6), we use
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the symbol (""z; € L?*([~1,0],R) to represent the segment (or slice)
of the solution path Mz : [-1,00) x Q@ — R at time t > 0, viz.:
WMy (s) =0 2(t +s5), s € [~1,0],t > 0. The trajectory {*""a; :
t>0,veR,ne L*([-1,0,R)} of (9.6) does not admit a measurable
version RT x R x L*([-1,0],R) x Q — L?*([~1,0],R) that is pathwise
continuous (or even linear) in n € L%*([-1,0],R), (see [17], pp. 144
149; [18]). Sfde’s such as (9.6) above, which do not admit continuous
stochastic semiflows, are called singular.
At this point, we should note that in spite of the easy estimate

EH(OJH)‘(I’.I —(Om2) legl) < 0”771 - 772”3177 m, N2 € LQ([_]'?O]?R)v D= 1,

Kolmogorov’s continuity theorem fails to yield a pathwise continuous
version of the random field {*" 2, : n € L*([~1,0],R)}.

Owing to the pathological behavior of infinite-dimensional stochastic
dynamical systems such as (9.6), it is imperative that one should address
perfection issues for such systems with due care.

The construction of the cocycle for regular sfde’s is based on the theory
of stochastic flows for stochastic ordinary differential equations (sode’s)
in finite dimensions. Once the cocycle is established, we then identify
sufficient regularity and growth conditions on the coefficients of the sfde
that will allow us to apply the local stable manifold theorem (Theo-
rem 9.8). This yields the existence of local stable/unstable manifolds
near hyperbolic stationary solutions of the regular sfde.

9.5.1 Existence of cocycles for regular sfde’s

Let (Q,F, P) be the Wiener space where Q := C(R,RP?;0) is the space
of all continuous paths w : R — R? with w(0) = 0, F is the Borel o-field
generated by the topology of uniform convergence on compacta, and P
is the Wiener measure on C'(R*, R?;0). Denote by F the P-completion
of F, and by F; the P-completion of the sub-o-algebra of F generated
by all evaluations Q > w — w(u) € R?, u < t. Thus (Q,F, (F)i>0, P)
is a complete filtered probability space satisfying the usual conditions
[32]. Fix an arbitrary delay r > 0 and a positive integer dimension d.
Consider the stochastic functional differential equation (sfde):

dz(t) = H(z(t),z;) dt + G(z(t))dW(t), t>0
(9.7)
z(0) =veR?, x9=n¢c L*([-r0,R%.
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A solution of (9.7) is a process z : [—7,00) x Q — R? whereby z; denotes
the segment

(- w)(s) = z(t + s,w), se€[-n0], we, t>0,

and (9.7) holds a.s. The state space for (9.7) is the Hilbert space My :=
R? x L?([-r,0],R?) endowed with the norm

0., = (ol + Imll72)"?, v € RY n e L*([—r,0,RY).

The drift is a globally bounded C*9 functional H : My — R?, the noise
coefficient is a C’f +0 mapping G : R — R4*? and W is p-dimensional
Brownian motion on (Q, F, (F;)i>0, P):

W(t,w):=w(t), teR " we
Denote by 6 : Rt x Q — Q the P-preserving ergodic Brownian shift
0(t,w)(s) ==w(t+s) —w(t), t,seRwell

It is known that the sfde (9.7) admits a unique family of trajecto-
ries {("Ma(t),"M a;) 1 t > 0,(v,n) € My} (see [17], [20]). In our next
result, we will show that the ensemble of all these trajectories can be
viewed as a C*¢ (0 < e < §) locally compact cocycle (U, #) on M, sat-
isfying U(t, (v,n),-) = (“Dax(t)," x,) for all (v,n) € My and t > 0,
a.s. (Definition 9.1). The cocycle property is still maintained if H and
G are allowed to be stationary, or if the diffusion coefficient G(z(t)) is
replaced by a smooth memory-dependent term of the form G(z(t), g(x:))
where the path R* > ¢ +— g(2;) € R is locally of bounded variation.
More general noise terms such as Kunita-type spatial semimartingales
may also be allowed [16]. The construction of the cocycle uses the finite-
dimensional stochastic flow for the diffusion term coupled with a nonlin-
ear variational technique. The nonlinear variational approach reduces
the sfde (9.7) to a random (pathwise) neutral functional integral equa-
tion.

Stability issues for linear versions of the sfde (9.7) are studied in [26],
[19], [20], [23]-[25].

For general white noise, an invariant measure on M, for the one-point
motion of the sfde (9.7) gives a stationary point of the cocycle (U, 6) by
enlarging the probability space. On the other hand, if Y : Q — M, is a
stationary random point for (U, 6) independent of the Brownian motion
W(t), t > 0, then the distribution p :== PoY~! of Y is an invariant
measure for the one-point motion of (9.7). This is because Y and W are
independent [22], Part II.



264 Salah-Eldin A. Mohammed

Theorem 9.9 Under the given assumptions on the coefficients H and G,
the trajectories of the sfde (9.7) induce a locally compact C*< (0 < € < 6)
perfect cocycle (U,0) on My, where U : RT x My x Q — My satisfies the
following conditions:

(i) For each w € Q and t > r the map U(t,-,w) : My — My car-
ries bounded sets into relatively compact sets. In particular, each
Fréchet derivative, DU (t, (v,n),w) : My — Ma, of U(t,-,w) with
respect to (v,nm) € Ma, is a compact linear map for t > r,w € .

(ii) The map DU : R" x My x Q — L(M,) is (B(R") ® B(Ms) ®
F,Bs(L(My)))-measurable. Furthermore, the function

R* x My x Q5 (¢, (v,n),w) — [[DU(¢, (v,n),w)||L ) € RT
is (B(R') @ B(M;) @ F, B(R"))-measurable.
(i) If Y : Q — My is a stationary point of (U, 0) such that
E(IY37,) < oo

for some ey > 0, then the following integrability condition

/10g+ sup  [[U(ta, Y (0(t1,w)) + (-), 0(t1,w))|r,e dP(w) < 00
Q 0<t1,t2<a

(9.8)
holds for any fixed 0 < p,a < oo and € € (0,9).

Idea of proof. The construction and regularity of the cocycle (U, 0) is
based on the following observation:
The sfde (9.7) is equivalent to the random neutral integral equation:

t
Ct,z(t,w),w) =v+ / F(u, ¢(u, z(u, w),w), z(u,w), 2, (-,w),w) du,
0
(9.9)
t > 0,(v,n) € My. In the above integral equation, F : [0,00) x R? x
M, x Q — R? is given by

F(t,z,v,m,w) = {D(t, z,w)} ' H(v,n),

t>0,z (v,n) € My,w € Q; and ¢ : [0,00) x R? x Q@ — R? is the inverse
flow defined by

C(taxaw) = w(tv '7w)_1($)a t> Oa LS Rda w € Qv
where v is the CF+1¢

(
dy(t) = Gy (1)) dW (1), t=> 0,}

0 < € < §) perfect cocycle of the sode

¥(0) =z € R%.
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[16, 15]. The existence, perfection and regularity properties of the cocy-
cle (U, 0) may be read from the integral equation (9.9). The integrability
property (9.8) also follows from (9.9) coupled with spatial estimates on
the finite-dimensional flows ¢ and ¢ [22].

Example 9.10 Consider the affine linear sfde
dz(t) = H(z(t),z;) dt + GAW (t), t>0 (9.10)
z(0) =veR?, xy=ne L*(-r0,R) '
where H : M, — R is a continuous linear map, G is a fixed (d x p)-

matrix, and W is p-dimensional Brownian motion. Assume that the
linear deterministic (d x d)-matrix-valued fde

dy(t) = H o (y(t),y:) dt (9.11)
has a semiflow
T, : L(RY) x L*([-7,0], L(RY)) — L(RY) x L*([-7,0], L(RY)), t > 0,

which is uniformly asymptotically stable [13]. Set
0
Y ::/ T_,(I,0)G dW (u) (9.12)

where I is the identity (d X d)-matrix. It is easy to see that the tra-
jectories of the affine sfde (9.10) admit an affine linear cocycle U :
Rt x My x Q — M,. Integration by parts and the heliz property

W(t279(t1,w)) = W(tQ + tl,w) — W(tl,w), ti,ts € R, w € Q, (913)
imply that Y has a measurable version satisfying the perfect identity
Ut,Y(w),w)=Y(0(tw), teR" we.

Note that the stationary point Y (as given by (9.12)) is Gaussian and
thus has finite moments of all orders. (See [17], Theorem 4.2, Corollary
4.2.1, pp. 208-217.) More generally, if the semigroup generated by the
linear fde (9.11) is hyperbolic, then the sfde (9.10) has a stationary point
17, 26).

Theorem 9.11 [22] (The stable manifold theorem for sfde’s] Assume
the given regularity hypotheses on H and G in the sfde (9.7). Let Y :
Q — My be a hyperbolic stationary point of the sfde (9.7) such that
E([[Y()lr,) < oo for some eg > 0. Then the cocycle (U,0) of (9.7)
satisfies the conclusions of the stable manifold theorem (Theorem 9.8)
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with H = M,. If, in addition, the coefficients H,G of (9.7) are Cg°,
then the local stable and unstable manifolds S(w), U(w) are C°, perfectly
mw.

Proof [Outline of proof of Theorem 9.11] In view of the integrability
property (9.8), the local compactness of U(t,-,w), t > r, and the ergod-
icity of the Brownian shift 6, it is possible to define hyperbolicity for the
stationary point Y : Q — M. The conditions of the local stable mani-
fold theorem (Theorem 9.8) now apply to the cocycle (U,8). So Theo-
rem 9.11 follows from Theorem 9.8 with H = M, and = = (v,n) € M.

9.6 Semilinear see’s

In this section, we will first address the question of the existence of
a regular cocycle for semilinear stochastic evolution equations (see’s) in
Hilbert space. Using the cocycle together with suitable integrability esti-
mates, we will establish a local stable manifold theorem near hyperbolic
stationary points for these equations.

The existence of local stable/unstable manifolds for nonlinear stochas-
tic evolution equations (see’s) and stochastic partial differential equa-
tions (spde’s) has been an open problem since the early nineties (see
[10], [3], [2], [8], [9]). The analysis in this section will be carried out in
the spirit of Section 9.5, although the construction of the cocycle will
require entirely different techniques. Further details are made available
in the forthcoming paper by the author with T.S. Zhang and H. Z. Zhao
[27].

In [10], the existence of a random evolution operator and its Lya-
punov spectrum is established for a linear stochastic heat equation on
a bounded Euclidean domain, driven by finite-dimensional white noise.
For linear see’s with finite-dimensional white noise, a stochastic semi-
flow (i.e. a random evolution operator) is obtained in [3]. A multiplica-
tive ergodic theorem for hyperbolic spde’s is developed in [11]. Subse-
quent work on the dynamics of nonlinear spde’s has focused mainly on
the question of existence of continuous semiflows and the existence and
uniqueness of invariant measures and/or stationary solutions. Existence
of global invariant, stable/unstable manifolds (through a fixed point)
for semilinear see’s is established in [4] and [5], when the global Lips-
chitz constant is relatively small with respect to the spectral gaps of the
second-order term.

The main objectives in this section are to:
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e construct a Fréchet differentiable, locally compact cocycle for
mild/weak trajectories of the semilinear see

e derive appropriate estimates on the cocycle of the see so as to
guarantee applicability of the local stable manifold theorem;

e show the existence of local stable/unstable manifolds near a hy-
perbolic stationary point, in the spirit of Theorem 9.8.

9.6.1 Smooth cocycles for semilinear see’s and spde’s

As was indicated at the beginning of Section 9.5, there are no general
techniques which give the existence of infinite-dimensional smooth cocy-
cles. In this section we will use a combination of lifting techniques, chaos-
type expansion and variational methods in order to construct smooth
cocycles for semilinear see’s.

The problem of the existence of semiflows for see’s (and spde’s) is
nontrivial, mainly because of the well-known fact that finite-dimensional
methods for constructing (even continuous) stochastic flows break down
in the infinite-dimensional setting of spde’s and see’s. More specifically,
for see’s in Hilbert space, our construction employs a “chaos-type” rep-
resentation in the Hilbert—Schmidt operators, using the linear terms,
(see [27], Theorems 1.2.1-1.2.4). This technique bypasses the need for
Kolmogorov’s continuity theorem. A variational technique is then em-
ployed in order to handle the nonlinear terms. Applications to specific
classes of spde’s are given in Section 9.7.

It should be noted that the case of nmonlinear multiplicative noise is
largely open: it is not known to us whether see’s driven by nonlinear
multidimensional white noise admit perfect (smooth, or even continuous)
cocycles.

We now formulate the setup for the class of semilinear see’s we wish
to consider.

Denote by (2, F, (Fi)i>0, P) the complete filtered Wiener space of all
continuous paths w : R — E, w(0) = 0, where E is a real separable
Hilbert space, Q := C(R™, F;0) has the compact open topology, F is
the Borel (completed) o-field of ; F; is the sub-o-field of F generated
by all evaluations 2 3 w — w(u) € F,u < t; and P is Wiener measure on
Q. Define the group of P-preserving ergodic Wiener shifts § : R xQ — Q
by (Q, F, P):

O(t,w)(s) ==w(t+s)—w(t), tseR,wel.
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Let H be a real (separable) Hilbert space, with norm | - |. Recall that
B(H) is its Borel o-algebra, and L(H) the Banach space of all bounded
linear operators H — H given the uniform operator norm || - ||z ()

Let W denote E-valued Brownian motion W : R x Q — E with sep-
arable covariance Hilbert space K C E, a Hilbert—Schmidt embedding.
Write

W(t) = iw’“(t)fk, t R,

k=1

where {f; : k > 1} is a complete orthonormal basis of K; Wk k>
1, are standard independent one-dimensional Wiener processes (see [6],

Chapter 4). The series Z Wk fr converges absolutely in E' but not
necessarily in K. Note that (W, 0) is a helix:
W(tl + t2,(4)> — W(tl,w) = W(t2,9(t1,w)), t1,ts e R, w e .

Denote by Lo(K, H) the Hilbert space of all Hilbert—Schmidt opera-
tors S : K — H, furnished with the norm

1/2
15z = [Z () |H] |

Consider the semilinear It6 stochastic evolution equation (see):
du(t,z) = —Au(t,z) dt + F (u(t,z)) dt + Bu(t,z) dW(t),}
u(0,x) =x € H
in H.

(9.14)

In the above see, A : D(A) C H — H is a closed linear operator
on H. Assume A has a complete orthonormal system of eigenvectors
{e, : n > 1} with corresponding positive eigenvalues {u, : n > 1};
ie. Ae, = upe,, n > 1. Suppose —A generates a strongly continuous
semigroup of bounded linear operators 7; : H — H,t > 0. Assume
that F : H — H is (Fréchet) CF° (k > 1,e € (0,1]); thus F has a
continuous and globally bounded Fréchet derivative F' : H — L(H).
Suppose B : H — Ly(K, H) is a bounded linear operator.

The stochastic It6 integral in the see (9.14) is defined in the following
sense (see [6], Chapter 4): Let ¢ : [0,a] x Q@ — Lo(K, H) be jointly
measurable, (F;);>o-adapted and

a
/0 B2, i dt < 0.
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Define the It6 integral

/w B AW (1 Z/w (fo) AW (1)

where the H-valued It6 integrals on the right-hand side are with respect
to the one-dimensional Wiener processes W*, k > 1. The above series
converges in L?(£2, H) because

‘/ s a0 = [ B0l 50y < oo
The following standing hypotheses will be invoked throughout this sec-
tion.
Hypothesis (A): ZNQIHB (€12 y(ac.m) < 00

n=1
Hypothesis (B): Assume that B : H — Lo(K, H) extends to a bounded
e}

linear operator B € L(H, L(FE, H)), and the series Z | Bi||* converges,

where By, € L(H) is defined by By (x) := B(z)(f), :CEH k>1.

Observe that Hypothesis (A4) is implied by the following two require-
ments:

(a) The operator B : H — Ly(K, H) is Hilbert—Schmidt.
(b) liminf u, > 0.

n—0o0

The requirement (b) above is satisfied if A = —A, where A is the
Laplacian on a compact smooth d-dimensional Riemannian manifold M
with boundary, under Dirichlet boundary conditions. Moreover, Hy-
pothesis (A) does not place any restriction on the dimension of M.

A mild solution of the semilinear see (9.14) is a family of (B(R') ®
F,B(H))-measurable, (F;);>o-adapted processes u(-,z,-) : RT x Q@ —
H, x € H, satisfying the following It6 stochastic 1ntegral equation:

¢

u(t,z, ) = Tix —|—/ Ti s F(u(s,z,-))ds

~ (9.15)

+/ thsBu(Sy% ) dW(8)7 t> 07
0

(see [6], [7]).
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Theorem 9.12 Under Hypotheses (A) and (B), the see (9.14) admits a
perfect (B(RY) @ B(H) ® F,B(H))-measurable C*¢ cocycle (U, ) with
U:R" x HxQ — H. Furthermore, if Y : Q — H is a stationary point
of (U, 0) such that E|Y| < oo for some €y > 0, then the integrability es-
timate (%) of Theorem 9.8 holds. Indeed, the following (stronger) spatial
estimates hold

‘U(t% Z, H(tla ))‘21)

E su < 00, > 17
{KW?@ (1 + [=[?) "=

zel

and

E sup  {|DYVU(tz, 2,00t )l porm my} < oo

0<tq,ty<a

v €H, 1<) <k
Proof. We will only sketch the proof of Theorem 9.12. For more details
of the arguments involved the reader may consult [27], Theorem 1.2.6
and [28].
Step 1:

We first construct an L(H)-valued linear cocycle for mild solutions of
the following associated linear see (F' =0 in (9.14)):

du(t,z,-) = —Au(t,z,-) dt + Bu(t,z,-) dW(t), t>0, (9.16)
u(0,z,w) =z € H. '

A mild solution of the above linear see is a family of jointly measurable,
(Fi)i>o-adapted processes u(-,z,-) : Rt x Q@ — H, x € H, such that
t
u(t,x, ) = Tix —I—/ T,_sBu(s,z,-)dW(s), t>0.

0
The above integral equation holds x-almost surely, for each © € H. The
crucial question here is whether wu(t, z,w) is pathwise continuous linear
in z perfectly in w? In view of the failure of Kolmogorov’s continuity
theorem in infinite dimensions (as pointed out in Section 9.5), we will
use a chaos-type expansion technique to show that u(¢,-,w) € L(H)
perfectly in w € €, for all ¢ > 0. In order to do this, we first lift
the linear see (9.16) to the Hilbert space Lo(H) of all Hilbert—Schmidt
operators H — H. This is achieved as follows:

e Lift the semigroup 7; : H — H,t > 0, to a strongly continuous
semigroup of bounded linear operators T : Lo(K, H) — Lo(K, H),t >
0, defined by the composition 7;(C) :=T; o C, C € Ly(K,H), t > 0.
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e Lift the It6 stochastic integral

t
[ T B o)) dWs), o e Ht 0,
0
to Ly(H) for adapted square-integrable v : RT x Q@ — Ly(H). Denote

t
the lifting by / Ti_sBv(s)dW(s) € Ly(H). That is:
0

[t s awe)|@ = [ e dionar

for all £ > 0, z-a.s.
Step 2:

Next we solve the “lifted” linear see using the following “chaos-type”
series expansion in Lo(H) for its solution ®(t,w) € Ly(H),t > 0,w € O

oo t S1
(t,) =T, + Z/ Tt_slB/ Ty, —s,B
n=1"0 0

9 9.17)
y / T, . BT, dW(sy)--- dW(ss)dIW(sy).
0

In the above expansion, the iterated It6 stochastic integrals are lifted

integrals in Ly(H). More specifically, denote by ¥"(¢) € Lyo(H) the
general term in the series (9.17), viz.

t S1
o (t) = / E—.slB/ 1151—823
0 0

Sn —1
T BT AW (s,) AW () W (),
0
for t > 0,n > 1. Observe that

T (t)

t
/ T, s, BU" (s))dW (s1), n>2,
0
. (9.18)
v (t) = / Ty o BT, dW(sy),
0

for t > 0. Using Hypotheses (A) and (B) and induction on n > 1, one
may obtain the following estimate from (9.18):

(K‘Qt)nfl
E sup || 0" (s)|? <K ~—~2—  tecl0,a],
USSI; 1" ()7, 0y < Ka (n—1)! [0, a]
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for fixed a > 0 and for all integers n > 1, where K, K, are positive con-
stants depending only on a. The above estimate implies that the series
on the right-hand-side of (9.17) converges absolutely in L?(£2, Ly(H)) for
any fixed t > 0.

Step 3:

We now approximate the Brownian noise W in (9.16) by a sequence of
smooth helices
t 0
W, (t,w) :=n W(u,w)du —n Wu,w)du, ¢>0,w €.
t—1/n —1/n
Thus we obtain a perfect linear cocycle ®(t,w) € Lo(H), t > 0, w € Q,
for (9.16):

O(t+ s,w) = P(t,0(s,w)) o P(s,w), s,t>0,weN
satisfying the estimate

sup [|®(t —s,0(s,w))l|L(m) <00
0<s<t<a

for any w €  and any fixed a € (0, c0).
Step 4:

Now we consider the semilinear It6 see (9.14). Since the linear cocycle
(®,0) is a mild solution of (9.16), it is not hard to see that solutions of
the random integral equation

Ult,z,w) = ®(t,w)(z) + /0 Ot — 5,0(s,w))(F(U(s,z,w)))ds, (9.19)

for each t > 0, z € H, give a version of the mild solution of the see
(9.14). Using successive approximations on the above integral equation
together with the cocycle property for (®,6), we obtain a C* perfect
cocycle (U, 0) for mild solutions of the semilinear see (9.14).

Step 5:

The integrability estimate (*) of Theorem 9.8, as well as the two esti-
mates in Theorem 9.12, follow from the random integral equation (9.19)
and a “Gronwall-type” argument using Lemma 2.1 in [28]. Cf. the proof
of Theorem 2.2 in [28].

We may now state the stable manifold theorem for the semilinear see
(9.14). It is a direct consequence of Theorems 9.8 and 9.12.
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Theorem 9.13 Mohammed et al. [27] (The stable manifold theorem
for semilinear see’s] In the see (9.14) assume Hypotheses (A) and (B)
and let F be Cg”f. Let Y : Q — H be a hyperbolic stationary point of
(9.14) such that E(||Y (+)||%) < oo for some ey > 0. Then the local stable
manifold theorem (4.1) holds for the cocycle (U,0) of (9.14). If F is
Cg°, the local stable and unstable manifolds S(w), U(w) of (9.14) are
C*°, perfectly in w.

9.7 Examples: semilinear spde’s

In this section, we will examine applications of the ideas in Section 9.6
to two classes of semilinear spde’s: Semilinear parabolic spde’s with Lip-
schitz nonlinearity and stochastic reaction diffusion equations with dis-
sipative nonlinearity. In particular, we obtain smooth globally defined
stochastic semiflows for semilinear spde’s driven by cylindrical Brownian
motion. In constructing such semiflows, it turns out that, in addition
to smoothness of the nonlinear terms, one requires some level of dis-
sipativity or Lipschitz continuity of the nonlinear terms. A discussion
of the stochastic semiflow for Burgers equations with additive infinite-
dimensional noise is given in [27].

Consider the semilinear spde

1
du(t) = =Au(t)dt + f(u(t))dt + Y  oyu(t)dW(t), t>0,
=73 Z (9.20)

u(0) = ¢ € HY (D).

d
1 2

In the above spde, A is the Laplacian — Z ;{2 on a bounded domain D
in R?, with a smooth boundary 0D and Dlrlchlet boundary conditions.
The nonlinearity in (9.20) is given by a Cp° function f : R — R. We
consider weak solutions of (9.20) with initial conditions % in the Sobolev
space HE (D), the completion of C$°(D, R) under the Sobolev norm

Il o= 30 [ 17wl de

|| <k

with d¢ Lebesgue measure on R?. The noise in (9.20) is given by a family
Wi, i > 1, of independent one-dimensional standard Brownian motions
with W(0) = 0 defined on the canonical complete filtered Wiener space
(Q, F, (F)ier, P). The Brownian shift on 2 := C(R,R°;0) is denoted
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by 6. Furthermore, we assume that o; € H(D) for all ¢ > 1, and the
series

oo

Z o] %—15
i=1
converges, where s > k + % > d. Note also that f induces the C;*
(Nemytskii) map

F: Hy(D) — Hy (D), F(¢) := f o1, ¢ € Hy (D).

Under these conditions and using similar ideas to those in Section 9.6,
one can show that the random field of weak solutions of the initial-value
problem (9.20) yields a perfect smooth cocycle (U,6) on the Sobolev
space HY (D) which satisfies the integrability estimate () of Theorem 9.8
with H := H} (D). Suppose Y : Q — HF(D) is a hyperbolic stationary
point of the cocycle (U, 8) of (9.20) such that Elog™ ||V < co. Then
the local stable manifold theorem (Theorem 9.8) applies to the cocycle
(U, 0) in a neighborhood of Y. Indeed, we have:

Theorem 9.14 Assume the above hypotheses on the coefficients of the
spde (9.20). Then the weak solutions of (9.20) induce a C™ perfect
cocycle U : RT x HE(D) x Q — HEF(D). Suppose the cocycle (U, 0)
of (9.20) has a hyperbolic stationary point Y : Q — H}(D) such that
Elog" 1Y[|gzp < 0o. Then (U,0) has a perfect family of C local stable
and unstable manifolds in HE (D) satisfying all the assertions of Theo-
rem 9.8 with H := HY (D).
For further details on the proof of Theorem 9.14, see [27].

We close this section by discussing the dynamics of the following
stochastic reaction diffusion equation with dissipative nonlinearity:

du = vAudt +u(l — [u*)dt + Y ou(t)dW'(t), >0, 9.21)
- 9.21
i=1

u(0) = ¢ € L*(D),

defined on a bounded domain D C R¢ with a smooth boundary dD. In
(9.21), D and the W' i > 1, are as in (9.20), and the series

o0
S ol
i=1

converges for s > 2+ % For weak solutions of (9.21), one can construct
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a C' cocycle (U, ) on the Hilbert space H := L?*(D) [27]. Under appro-
priate choice of the diffusion parameter v, a unique stationary solution
of (9.21) exists [7].

The following local stable manifold theorem holds for (9.21) [27].

Theorem 9.15 Assume the above hypotheses on the coefficients of the
spde (9.21). Let a < 4/d. Then the weak solutions of (9.21) generate a
Ct cocycle U : RT x L*(D) x Q — L*(D). Suppose Y : Q — L*(D) is a
hyperbolic stationary point of the cocycle (U,0) such that Elog* ||Y]|z2 <
oo. Then (U,0) has a perfect family of C* local stable and unstable
manifolds in L?(D) satisfying the assertions of Theorem 9.8 with H :=
L?*(D).

A proof of Theorem 9.15 is given in [27].

9.8 Applications: anticipating semilinear systems

In this section we give dynamic representations of infinite-dimensional
cocycles on their stable/unstable manifolds at stationary points. This
is done via substitution theorems which provide pathwise solutions of
semilinear sfde’s or see’s when the initial conditions are random, an-
ticipating and sufficiently regular in the Malliavin sense. The need for
Malliavin regularity of the substituting initial condition is dictated by
the infinite-dimensionality of the stochastic dynamics. Indeed, existing
substitution theorems (see [12], [1]) do not apply in our present con-
text because the substituting random variable may not take values in a
relatively compact or o-compact space.

9.8.1 Anticipating semilinear sfde’s

Consider the following Stratonovich version of the sfde (9.7) of Sec-
tion 9.5

dz(t) = H(z(t), =) dt

IS G+ Gt o awe, t>0,0 (922
k=1
(.’E(O), x()) - }/7

with anticipating random initial condition ¥ : Q@ — M, := R? x
L*([-r,0],R?) and with linear noise coefficient G : R? — R¥*?. Us-



276 Salah-Eldin A. Mohammed

ing a coordinate basis { f; }7_; of R?, write the p-dimensional Brownian
motion W in the form

W(t)=> Wt fp, t>0,
k=1

where the W*, 1 < k < p, are independent standard one-dimensional
Wiener processes. The linear maps G, € L(R?), 1 < k < p, are defined
by Gr(v) == G)(fr),v € R:, 1 < k < p. Assume the rest of the
conditions in Section 9.5.

The following theorem establishes the existence of a solution to (9.22)
when Y is Y : Q@ — M, which is sufficiently regular in the Malliavin
sense; i.e. Y € DY4(, Ms), the Sobolev space of all F-measurable ran-
dom variables Y : Q@ — H which have fourth-order moments together
with their Malliavin derivatives DY [29], [30]. Throughout this section,
we will denote Fréchet derivatives by D and Malliavin derivatives by D.

Theorem 9.16 In the semilinear sfde (9.22) assume that H is C} and
Y € DY4(Q, My). Then (9.22) has a solution x € L>=([0, a], D*2(Q2, R?))
satisfying

sup |z(t,w)] < K(w)[1+ Y (w)|r], @0 weQ,
te(0,a]

for any a € (0,00), where K is a positive random variable having mo-
ments of all orders. When H is C7, a similar substitution result holds
for the linearized version of (9.22).

Proof [Sketch of Proof of Theorem 9.16] Denote by ¥ (¢, -, w) € L(R?),t €
R, w € Q, the linear cocycle for the linear It6 sode
dU(t) =Go¥(t)dW(t), t=>0,
¥(0) =TI € L(RY). }
From the construction in Section 9.5, the semilinear sfde (9.22) has a

perfect cocycle U : RT x My x Q0 — M, satisfying the following random
functional integral equation:

(Ut (0,1),w)) = T(t,w)(0)
4 / Wt — u, 6w, w))(H(U (v, 1), w)) d,
0

pQ(U(Ov (v,n),w)) =n¢€ LQ([_T’ O]7Rd)7
(9.23)
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for each w € Q, t > 0, (v,1) € My. In (9.23), p; : My — R?, py : My —
L*([-r,0],R?) denote the projections onto the first and second factors
respectively.

We will show that U(t,Y), ¢t > 0, is a solution of (9.22) satisfying
the conclusion of the theorem. To this aim, it is sufficient to show that
Y can be substituted in place of the parameter (v,7) in the semilinear
Stratonovich integral equation

mU@@mD=v+A1ﬂWw@mDMu

—lp t2 u, (v u
Q;A@mwxmmd 01

ﬁ/G%UW@mmoﬂww,t>Q
0

U(07 (Uﬂ?)) = (Uﬂ?) € M2~

One can easily make the substitution (v,n) = Y in the two Lebesgue
integrals on the right-hand side of (9.24). So it is sufficient to show that
a similar substitution also works for the Stratonovich integral; that is

Acwwwmwmomwm

a/Gmw%mwdww
Y 0

(9.25)
a.s. forallt > 0. We will establish (9.25) in two steps: first, we show that
it holds if Y is replaced by its finite-dimensional projections Y, : Q2 —
H,,n > 1, where H, is the linear subspace spanned by {e; : 1 <i < n}
from a complete orthonormal basis {e;}32; of My; secondly, we pass
to the limit as n goes to oo (in (9.26) below). Denote g(t, (v,n) :=
G(mU(t, (v,m))),t > 0, (v,n) € H,. Using martingale estimates for
p1U(t, (v,m)) it is easy to see that g satisfies all requirements of Theorem
5.3.4 in [29]. Therefore,

t

; G(pU(u, (v,m))) o AW (u)

(v,m)=

:Aawwwmmoaww

(9.26)
a.s. for all m» > 1 and ¢ > 0. The next step is to establish the a.s. limit

(v,n)=Yy

t t
lim G(mU(s,Y,)) o dW(s) = / G(U(s,Y)) o dW(s), t > 0.
n—oo 0 0

(9.27)
Set f(s) = G(mU(s,Y)), fu(s) = G(mU(s,Y,)), s > 0,n > 1. To
prove (9.27), we will show first that f and f, are sufficiently regular to
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allow for the following representations of the Stratonovich integrals in
terms of Skorohod integrals:

/f Yo dW (s /f )W (s /Vf (9.28)

t t t
/ Fuls)o dW(s) = [ fuls) AW (s) + 5 / Vi(s)ds,  (0.29)
0 0 0
where

Vf(s) = (DT f)(s) + (D™ f)(s), (D" f)(s)

= t1ir§1+ D f(t), (D™ f)(s) := Jim D, f(1), (9.30)

for any s > 0. In view of the expression
D, f(t) = GmD;U(t,Y) 4+ Gp DU(t,Y)D,Y, s,t>0, (9.31)

the integrability estimates (9.32) below, and the fact that Y € D%4(€Q, M>),

it can be shown that
/ / E|D, f(t)]*dtds < oo.
0o Jo

This implies that f € LY2, and so the Stratonovich integral in (9.28) is
well-defined. Similarly for f, € L2, n > 1. The following integrability
estimates on the cocycle U of the semilinear sfde are obtained using the
integral equation (9.23) and a Gronwall-type lemma in (see [28], Lemma
2.1; cf. proofs of Theorems 2.2, 2.3):

W) ) _
o<t<a (14 ||(v, 77)“]\12)

(v,n)EMo

E sup ||DU(t,x,~)||2p < o0,
0<t <a
(v,n)EMy

E sup HDZU(ta (U,TI),')HQP < 0,

b

én (9.32)
(v,n)EM o

E| sup [D¥(t—u .

L,q,gfgau (t —u,0(u, >>||LRd]

U (o, ))%';2}@0

E{ sup
(?%)é?{ (]. + ||( )H]\[g)

for any 0 < a < oo and p > 1.
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Using the estimates (9.32) again, together with (9.31) and the integral
equation (9.23), a lengthy computation shows that

lim ' sup  E(|Dsf(t) — (DT f)(s)])ds =0 (9.33)

l—=o0 Jo s<t<s+(1/1)

and

lim sup E(|Dsf(t) — (D™ f)(s)])ds = 0. (9.34)
l=00 Jo ov[s—(1/1)]<t<s
Similar statements also hold for each f,,, n > 1. This justifies (9.28) and
(9.29).
To complete the proof of (9.27), we take limits as n — oo in (9.29)
and note that

li e Dy fo(t) — Do f(t)|* dtds = .
Jm [ [ ED g0 -DsoPwas =0 03
and
lim an(s)ds:/ Vf(s)ds. (9.36)
n—oo O 0

Relations (9.35) and (9.36) follow from (9.31), the fact Y € D4(Q, My),
the estimates (9.32) and the dominated convergence theorem. This com-
pletes the proof of the substitution formula (9.25).

In the second part of this section, we describe a similar substitution
formula for the semilinear see of Section 9.6.

9.8.2 Anticipating semilinear see’s

Here we adopt the setting and hypotheses of Section 9.6. Specifically,
we consider the following Stratonovich version of the see (9.14):

du(t, z) = —Au(t,z) dt + F(u(t,z)) dt

1 o0
=) > Biu(t,z)dt+ Bu(t,z) o dW(t), t > 0,3  (9.37)
k=1
u(0,z) =z € H.
The following result is obtained using similar techniques to those used
in the proof of Theorem 9.16:

Theorem 9.17 Assume that the see (9.37) satisfies all the conditions
of Section 9.6. Let Y € DY(Q,H) be a random wvariable, and U :
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R™ x H x Q — H be the C' cocycle generated by all mild solutions of
the Stratonovich see (9.37). Then U(t,Y), t > 0, is a mild solution of
the (anticipating) Stratonovich see
dU(t,Y) = —AU(t,Y) dt
+ F(U(t,Y)) dt

1 & (9.38)
-3 > BiU(t,Y)dt + BU(t,Y) o dW(t), t >0,

k=1

U@0,Y) =Y.

In particular, if Y € DY4(Q, H) is a stationary point of the see (9.37),
then U(t,Y) = Y (0(t)), t > 0, is a stationary solution of the (antici-
pating) Stratonovich see

AY (0(t)) = —AY (0(t)) dt + F(Y (6(t))) dt
- %iBiYW(t)) dt + BY (6(t)) o dW (t),¢ > 0, »  (9.39)
k=1
Y(6(0)) =Y.

Details of the proof of the above result are given in [28].

Bibliography

[1] Arnold, L., and Imkeller, P., Stratonovich calculus with spatial parameters
and anticipative problems in multiplicative ergodic theory, Stoch. Proc.
Appl., 62 (1996), 19-54.

[2] Bensoussan, A., and Flandoli, F., Stochastic inertial manifold, Stochastics
Stoch. Rep., 53 (1995), 1-2, 13-39.

[3] Brzezniak, Z. and Flandoli, F., Regularity of solutions and random evolution
operator for stochastic parabolic equations Stochastic Partial Differential
Equations and Applications (Trento, 1990), Res. Notes Math. Ser. 268,
Longman Sci. Tech., Harlow (1992), 54-71.

[4] Duan, J., Lu, K. and Schmalfuss, B., Invariant manifolds for stochastic partial
differential equations, Ann. Prob., 31 (2003), 2109-2135.

[5] Duan, J., Lu, K. and Schmalfuss, B., Stable and unstable manifolds for
stochastic partial differential equations, J. Dynamics Diff. Eqns., 16, no. 4
(2004), 949-972.

[6] Da Prato, G., and Zabczyk, J., Stochastic Equations in Infinite Dimensions,
Cambridge University Press (1992).

[7] Da Prato, G., and Zabczyk, J., Ergodicity for Infinite Dimensional Systems,
Cambridge University Press (1996).

[8] Flandoli, F., Regularity Theory and Stochastic Flows for Parabolic SPDE’s,
Stochastics Monographs, 9, Yverdon: Gordon and Breach, 1995.

[9] Flandoli, F., Stochastic flows for nonlinear second-order parabolic SPDE,
Ann. Prob. 24 (1996), no. 2, 547-558.



[10]

(1]

[12]

[13]

[14]

(15]

[16]

[17]

(18]

(19]

[20]

[21]

22]

[23]

24]

[25]

[26]

Stochastic dynamical systems in infinite dimensions 281

Flandoli, F., and Schaumléffel, K.-U., Stochastic parabolic equations in
bounded domains: Random evolution operator and Lyapunov exponents,
Stochastics Stoch. Rep., 29, no. 4 (1990), 461-485.

Flandoli, F., and Schaumléffel, K.-U., A multiplicative ergodic theorem with
applications to a first order stochastic hyperbolic equation in a bounded
domain, Stochastics Stoch. Rep., 34, no. 3—4 (1991), 241-255.

Grorud, A., Nualart, D., and Sanz-Solé, M., Hilbert-valued anticipating
stochastic differential equations, Ann. Inst. Henri Poincaré (B) Probabilités
et Statistiques, 30, no. 1 (1994), 133-161.

Hale, J. K., Theory of Functional Differential Equations, Berlin: Springer-
Verlag, (1977).

Hairer, M., and Mattingly, J. C., Ergodicity of the 2D Navier-Stokes equa-
tions with degenerate stochastic forcing, Ann. Math. 2, 164 (2006), no. 3,
993-1032.

Ikeda, N., and Watanabe, S., Stochastic Differential Equations and Diffu-
sion Processes, second edition, Amsterdam: North-Holland & Kodansha
(1989).

Kunita, H., Stochastic Flows and Stochastic Differential Equations , Cam-
bridge University Press (1990).

Mohammed, S.-E.A., Stochastic Functional Differential Equations, Research
Notes in Mathematics, no. 99, Boston, MA: Pitman Advanced Publishing
Program (1984).

Mohammed, S.-E. A., Non-linear flows for linear stochastic delay equations,
Stochastics, 17, no.3 (1987), 207-212.

Mohammed, S.-E. A., The Lyapunov spectrum and stable manifolds for
stochastic linear delay equations, Stochastics Stoch. Rep., 29 (1990), 89—
131.

Mohammed, S.-E.A.; Stochastic differential systems with memory: theory,
examples and applications. In: Proceedings of The Sizth Workshop on
Stochastic Analysis, Geilo, Norway, July 29-August 4, 1996, ed. L. De-
creusefond, Jon Gjerde, B. Oksendal, A.S. Ustunel, Progress in Probability,
Birkhéuser (1998), 1-77.

Mohammed, S.-E. A., and Scheutzow, M. K. R., The stable manifold the-
orem for stochastic differential equations, Ann. Prob., 27 (1999), no. 2,
615-652.

Mohammed, S.-E. A., and Scheutzow, M. K. R., The stable manifold the-
orem for nonlinear stochastic systems with memory, Part I: Existence of
the semiflow, Funct. Anal., 205, (2003), 271-305. Part II: The local stable
manifold theorem, Funct. Anal., 206 (2004), 253-306.

Mohammed, S.-E.A. and Scheutzow, M.K.R., Lyapunov exponents and sta-
tionary solutions for affine stochastic delay equations, Stochastics Stoch.
Rep. 29 (1990), no. 2, 259-283.

Mohammed, S.-E.A. and Scheutzow, M.K.R., Lyapunov exponents of linear
stochastic functional differential equations driven by semimartingales, Part
I: The multiplicative ergodic theory, Ann. Inst. Henri Poincaré, Probabilités
et Statistiques, 32 (1996), 69-105.

Mohammed, S.-E.A. and Scheutzow, M.K.R., Lyapunov exponents of lin-
ear stochastic functional differential equations driven by semimartingales,
Part II: Examples and case studies, Ann. Prob., 6 (1997), no. 3, 1210-
1240.

Mohammed, S.-E.A.; Scheutzow, M.K.R. and Weizsécker, H.v., Hyperbolic



282 Salah-Eldin A. Mohammed

[27]

[28]

(29]

[30]

[31]

[32]
(33]

[34]

state space decomposition for a linear stochastic delay equation, SIAM
Contr. Optimiz., 24-3 (1986), 543-551.

Mohammed, S.-E. A., Zhang, T. S. and Zhao, H. Z., The stable manifold
theorem for semilinear stochastic evolution equations and stochastic partial
differential equations, Part 1: The Stochastic semiflow, Part 2: Existence
of stable and unstable manifolds, pp. 98, Memoirs of the American Mathe-
matical Society (to appear).

Mohammed, S.-E. A., and Zhang, T. S., The substitution theorem for semi-
linear stochastic partial differential equations, Funct. Anal., 253 (2007),
122-157.

Nualart, D., Analysis on Wiener space and anticipating stochastic calculus,
In: Lectures on Probability Theory and Statistics. Ecole d’Eté de proba-
bilités de Saint-Flour XXV-1995. Lectures given at the summer school in
Saint-Flour, France, 10-26 July 1995. Berlin: Springer. Lectures Notes in
Mathematics 1690, 123237 (1998).

Nualart, D., The Malliavin Calculus and Related Topics, Probability and its
Applications, Berlin: Springer-Verlag (1995).

Oseledec, V. 1., A multiplicative ergodic theorem. Lyapunov characteristic
numbers for dynamical systems, Trudy Moskov. Mat. Obs¢. 19 (1968), 179—
210. English transl. Trans. Moscow Math. Soc. 19 (1968), 197-221.

Protter, Ph. E.; Stochastic Integration and Stochastic Differential Equations:
A New Approach, Berlin: Springer (1990).

Ruelle, D., Ergodic theory of differentiable dynamical systems, Publ. Math.
Inst. Hautes Etud. Sci. 33 (1979), 275-306.

Ruelle, D., Characteristic exponents and invariant manifolds in Hilbert space,
Ann. Math. 115 (1982), 243-290.



10

Feynman formulae for evolutionary
equations

Oleg G. Smolyanov

Faculty of Mechanics and Mathematics
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119899 Moscow, Russia

Abstract

The Feynman formula is a representation of the solution of an evolu-
tionary equation by a limit of some multiple integrals over Cartesian
products of the classical configuration space, or of the classical phase
space, when the multiplicity of integrals tends to infinity. From the
Feynman formula one can deduce the Feynman—Kac formula, i.e. a rep-
resentation of the solution by an integral over trajectories. In this paper
we consider representations, by the Feynman formula, of solutions both
of some Schrédinger type equations and of the corresponding diffusion
equations.

10.1 Introduction

The first of Feynman’s papers [7], on what one now calls Feynman path
integrals over trajectories in the configuration space, contains three main
observations. Firstly, it is shown that the solution of the Cauchy problem
for a Schrodinger equation can be represented by a limit of a sequence
of integrals over Cartesian products of the classical configuration space
when the multiplicity of integrals tends to infinity. Secondly, the limit
is interpreted as an integral over trajectories in the configuration space.
And finally, it is noticed that the integrand contains the exponent of
the classical action. Feynman’s definition of the Feynman path integrals
over trajectories in the phase space, which is formulated in his second
paper on the subject, has a similar structure but, in contrast to the

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
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preceding definition, the Lagrangian in the classical action is expressed
through the Hamiltonian function.

A formalization of the first observation is called the Feynman formula;
a formalization of the second observation leads to the Feynman path
integrals both over trajectories in the phase and in the configuration
space;T actually such a formalization means that the integrand is split
into two proper multiplicators one of which is a “generalized density”
of a Feynman pseudo-measure and the second one is a new integrand.

The present paper gives a brief review of some Feynman formulae rep-
resenting solutions of Cauchy problems for Schrédinger type equations
and heat equations. Though we give main definitions of Feynman type
path integrals we do not discuss in detail developing representations of
solutions for evolutionary equations by path integrals. In connection
with Feynman’s interpretation of the integrand as the exponent of the
Lagrangian action we would like to mention only that this interpreta-
tion can be formalized in the original form only in the case when the
Lagrangian is the sum of two functions, one of which depends only on
the momentum and the other only on position. In the general case one
needs to put in the action under the exponent £(-) in the place of the
position coordinate, but i¢’(+) (not &’(+)) in the place of momentum, and
after that one needs to consider different possible interpretations of the
products £(-) - £'(+).

We consider Feynman formulae related both to integrals over trajec-
tories in the phase space and to integrals over trajectories in configura-
tion spaces which are (some domains of) finite-dimensional or infinite-
dimensional manifolds. Actually, the Feynman formulae coincide with
finite-dimensional approximations for some Gaussian type measures or
Feynman type pseudo-measures on infinite-dimensional spaces of tra-
jectories, and also give some approximations for solutions of the cor-
responding evolutionary equations.i It is worth emphasizing that such
approximations are not unique but there exist approximations that use
finite-dimensional integrals of integrands which are elementary functions
of coefficients of the equations (or, equivalently, of parameters character-
izing the measures or pseudo-measures). It is worth mentioning also that
t Usually the corresponding formulae for solutions of Schrodinger type (and heat) equa-

tions containing integrals over infinite dimensional spaces of trajectories are called

Feynman-Kac formulae, but actually M.Kac considered only solutions of the heat (but

not Schrédinger) equation and, moreover, in the formulae he used only integrals over

trajectories in configuration but not in phase space.

i They are similar to the classical Euler approximations for ordinary differential
equations.
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finite-dimensional approximations for Feynman type pseudo-measures
can be considered as giving a definition of such pseudo-measures.

The main tool in the approach that is used in the paper is the Chernoff
formula [5] which is as related to the Feynman formulae under consid-
eration as the famous Trotter formula (independently proved by Yu. L.
Daleckii) is related to Feynman formulae discussed in the paper [13] of
E. Nelson.

The paper is organized as follows. At the beginning we give defi-
nitions of Feynman formulae, Feynman pseudo-measures and Feynman
integrals. After that we consider some representations of solutions both
of Schrédinger type equations and of the corresponding diffusion equa-
tions. In some places in the text the presentation is formal: some an-
alytical assumptions are omitted and only the main ideas of proofs are
formulated.

Most of the results presented in the paper were obtained together with
H. v. Weizsécker and our collaborators N.A. Sidorova and O. Wittich.

10.2 Feynman formulae, Feynman pseudo-measures and
Feynman integrals

The Feynman formula is a representation of a solution of a Schrodinger
type equation (or of a heat equation) by a limit of some multiple integrals
over Cartesian products of the classical configuration space or of the
classical phase space, when the multiplicity of integrals tends to infinity.
In the latter case we speak about the Feynman formula in the phase
space; in the former case about the Feynman formula in the configuration
space.

In the case of the heat equation the limit of integrals over Cartesian
products of the configuration space coincides with an integral over a
Gaussian measure; in the case of Schrédinger equation the above limit
coincides with the Feynman path integrals.

A Feynman pseudo-measure, on a (typically infinite-dimensional) vec-
tor space or on a manifold, is a linear continuous functional on a locally
convex space of (some) functions defined on the vector space or on the
manifold; the value which the functional takes on a function from its
domain is called the Feynman integral of the function (over the vector
space or the manifold), or the integral of the function with respect to
the Feynman pseudo-measure. If the vector space or the manifold con-
sists of functions taking values in the classical configuration space (resp.
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in the classical phase space) then one calls the corresponding Feynman
integral the Feynman path integral or integral over trajectories in the
configuration space (in the phase space). Of course in turn the classical
configuration space and hence the classical phase space can be (e.g. in
quantum field theory) infinite-dimensional. In particular the elements
of these classical spaces can be functions taking values in some vector
space or manifold. But a function of one variable taking values in a
space of functions of another variable (which can be multidimensional)
can be identified with a function of two variables; hence in the latter
case one actually deals with integrals over functions of several variables.
In this review we will not discuss explicitly such integrals.

There exist several definitions of Feynman pseudo-measures (for the
sake of brevity they are often called Feynman measures): as a limit of
integrals over spaces which are isomorphic to Cartesian powers either of
the classical phase space or of the classical phase space (Feynman, 1948
[7] and 1951 [8]); as an analytical continuation of a Gaussian measure
(Gelfand-Yaglom, 1956) for integrals over trajectories in the configura-
tion space; a similar result for integrals over trajectories in the phase
space was obtained in 1990 (see [15]; this result disproves a conjecture
of Berezin [4]) by Fourier transform (Cecile deWitt-Morette, 1974); by
Parceval’s identity (Maslov, 1976 [12], Albeverio and Hoeg-Krohn, 1976
[2], for integrals over trajectories in the configuration space); in the frame
of white noise analysis (Hida-Streit, 1975-80, for integrals over trajecto-
ries in configuration space). In addition, both the central limit theorem,
for Feynman integrals over trajectories in the configuration space, from
[14], and a Cameron—Martin formula developed by Elworthy—Truman
in [6] (see also [18]) can be used as definitions. Some references can be
found also in [15], [16], [2], [1], [11].

In a conceptual sense the most satisfactory definition is one which uses
the Fourier transform; for calculation the most convenient definition is
the definition by a limit of integrals over spaces which are isomorphic to
Cartesian powers of the configuration space or of the phase space. Both
the Feynman integral and the Feynman pseudo-measure in the sense of
the latter definition are called the sequential integral and the sequential
pseudo-measure. Therefore below we first formulate some definitions
which use Fourier transform and afterwards define both the sequential
Feynman pseudo-measure and integral.

There exists a wide variety of applications of Feynman pseudo-measures
and integrals. Of course the most important ones are representations of
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solutions of evolutionary (pseudo)differential equations. The so-called
Feynman quantization, when one passes directly from a classical (Hamil-
tonian or Lagrangian) system to a Feynman integral, in fact is closely
related to that application. Actually when one writes the latter Feyn-
man integral (for a classical Hamiltonian or Lagrangian system) then one
is motivated by a Schrédinger type equation; but in infinite-dimensional
cases (in particular in quantum field theory) the Schrodinger type equa-
tions are usually not well defined and hence it is much more convenient
to consider, roughly speaking, only the representations of solutions ig-
noring the equations.

The Hamiltonian, or symplectic, Feynman pseudo-measure is also the
kernel of the inverse Fourier transform. Hence the Hamiltonian Feynman
pseudo-measure can be used already in definitions of infinite-dimensional
pseudo-differential operators. The passage from the classical Hamilto-
nian function to the corresponding pseudo-differential operator, whose
symbol is just this function is usually called the Schrodinger quanti-
zation; hence in the infinite-dimensional case already the Schrodinger
quantization needs the (Hamiltonian) Feynman pseudo-measure. Con-
sequently integrals over Cartesian products of the phase space are (in
infinite-dimensional cases) integrals over tensor products of Hamiltonian
Feynman pseudo-measures; integrals over Cartesian products of the con-
figuration space are (in infinite-dimensional cases) integrals over tensor
products of some Feynman pseudo-measures on the configuration space.

Finally the integrals over trajectories both over the configuration space
and over the phase space can be used to get explicit formulae for both
generalized and classical eigenfunctions.f

Now we present two definitions of the Feynman measures: by Fourier
transform and by a limit of integrals over Cartesian products of proper
spaces. In both cases we start with a general definition of Feynman

1 In fact, using the spectral decomposition of the Hamilton operator H one can
write

et — /Oo Y5 () ®@ s (-)r(ds),

a

where 1, (-) is a (generalized) eigenfunction of H corresponding to the eigenvalue s €

spec I and a = inf(spec lf]) This means that the function t — e'f

transform of the the vector valued measure s — 1) (-) ® ¥, (-)v.

is the Laplace

On the other hand, the exponent e'# can be expressed by an integral over trajectories;
hence if one applies the inverse Laplace transform to that integral one gets a formula
for eigenfunctions s (+).
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measures (and corresponding integrals) on a vector space; after that we
specify this space in different senses.

We start with the definition of the Fourier transform. For any locally
convex space H the symbol H* denotes the vector space of all continuous
linear functionals on H. Let E be a (real) vector space and for any
x € E and for any linear functional g on E let ¢4(z) = e @) Let
Fg be a locally convex space of some complex valued functions on FE.
The elements of F(E)* are called F'(E)*-distributions on E, or simply
distributions on E (if we do not want to specify the space F(E)*).

Let G be a vector space of some linear functionals on E separating
elements of £/ and, for any g € G, let ¢, € Fg. Then the Fourier
(G-)transform of any element n € F}, is the function on G which is
denoted by 77 or by Fn and is defined by

1(9)(= Fn(g)) = n(dy).

If the set {¢,: g € G} is total in Fp (that means that the linear span
of {¢y : g € G} is dense in Ff) then the element 7 is uniquely defined
by its Fourier transform. The Feynman pseudo-measure on E, with the
correlation functional b and mean value a, is defined as follows.

Definition 10.1 (see [16]) If b is a quadratic functional on G, a € E

and o € C then the Feynman a-pseudo-measure on E, with the correla-

tion functional b and mean valve a, is the distribution @y, , o on E whose
. . b X

Fourier transform is defined by F®yp 4.0(9) = exp{aT(g) +ig(a)}.

If « = —1 and b(z) > 0 for any = € G then the Feynman a-pseudo-
measure is generated by a Gaussian G-cylindrical measure on E (which
may not be o-additive). If & = i then we get the “true” Feynman
pseudo-measure; just the Feynman i-pseudo-measures are used in repre-
sentations of solutions both of Schrédinger type equations and of infinite-
dimensional pseudo-differential operators. Below we substitute the term
“pseudo-measure” for “i-pseudo-measure”; we also assume that a = 0.

Definition 10.2 (The Hamiltonian Feynman pseudo-measure)
Let E = Q x P, where @Q and P are LCS, Q@ = P*, P = Q* (as
vector spaces); the space G = P x Q is identified with a space of lin-
ear functionals on E (for any g = (pg,q,) € G and v = (q,p) € E,
g(x) = py(q) +p(gy)). Then the Hamiltonian (or symplectic) Feynman
pseudo-measure on E is any Feynman pseudo-measure on E with the
correlational functional b defined by b(py,q,) = 2p,(qqy).
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Let there exist a linear injective map B: G — E such that b(g,g) =
g(B(g)) for any g € G (B is called the correlation operator of the Feyn-
man measure). Let dom B~! be the domain of B~!; the function

« —1 —1 T )(xr
domB™' 3z — 2 e
is called a generalized density of the Feynman a-pseudo-measure [19)].
Below we use some standard regularizations of finite-dimensional oscil-
latory integrals.

Example 10.3 If F = R"” = (G then the Feynman pseudo-measure ® on
FE, with the correlation operator B, can be identified with the complex-
valued measure (having unbounded variation) on the §-ring of bounded
Borel subsets of R™ defined by the density

ORI

with respect to a Lebesgue measure. So in this case the generalized
density is just the density in the usual sense.

Definition 10.4 (The sequential Feynman pseudo-measure) Let
{E,,n € N} be an increasing sequence of finite-dimensional vector sub-
spaces of dom B~1. Then the value of the sequential Feynman a-pseudo-
measure <I>;{3Ea }, associated with the sequence {E,,n € N}, on a function
f: E — C (this value is called a sequential Feynman integral of f) is

defined by

a1 =1\ —1 JEE PPN
o) (f) = tim ( / ) e T 0

n—oo n E’H
(where one integrates w.r.t. any Lebesque measure) if this limit exists.

So the fact that a function belongs to the domain of ®{#»} depends
only on its restrictions to F,. The next definition is a special case of
the preceding one; but we prefer to formulate it independently.

Definition 10.5 (The sequential Hamiltonian Feynman pseudo-
measure) Let {E,,n € N} be an increasing sequence of finite-dimensio-
nal vector subspaces of E(= Q X P) such that, for anyn € N, E, = Q,, X
P, , where Q,, and P,, are vector subspaces of Q) and P respectively. Then
the value of the sequential Hamiltonian Feynman pseudo-measure ®1n}
associated with the sequence {E, ,n € N}, on a function f : E — C (this
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value is called a sequential Hamiltonian Feynman integral of f) is defined
by

-1
o) (f) = lim (/ el 1) dqdp) / f(g,p)e” " dqdp
n—oo E“ En

({p,q) = p(q)) (where one integrates w.r.t. any Lebesque measure) if
this limit exists. Again the fact that a function belongs to the domain of
O} depends only on its restrictions to F, .

If the space E is a space of functions of a real variable then the Feyn-
man integrals are called Feynman path integrals, or integrals over tra-
jectories. They will be briefly discussed in Section 10.3.

10.3 Feynman formulae via the Chernoff theorem

Let X be a Banach space, £(X) be the space of all continuous linear
operators in X ||-]| be the operator norm on £(X), and I be the identity
operator in X. For any linear operator A in X let D(A) be the domain of
A and for any function F': [0,00) — L(X) let F’(0) be the right strong
derivative of F' at 0.

Theorem 10.6 (Chernoff) Let F : [0,00) — L(X) be a strongly con-
tinuous function such that F(0) =1, ||F(t)| < exp(at) for some a € R,
D be a linear subspace in D(F'(0)) and the restriction of F'(0) to D be
a closable operator whose closure we denote by C. If C' is the generator
of a strongly continuous semigroup exp(tC), then F(t/n)" converges to
exp(tC) as n — oo in the strong operator topology uniformly with respect
tot €[0,T] for each T > 0.

Example 10.7 (Trotter formula) Let F(t) = ¢'“¢e'?; then F/(0) =
A+ B, F(0) =1, and

et A+B) — lim(e%Ae%B)".
Let now H: RY xRY — C be a locally integrable function and 7 € [0, 1].
We define the operator H,: D(H) — L*(R™) by

(f-6) (@ = (2m) ™" / | H(@ = 7)g+7d p)e™ (g )dg'dp,
RV JRN
R (10.1)
the domain D(H, ) of H, is defined to be the set of all ¢ € L?(R") such
that (H¢)(-) exists. We say that the function H(-,-) is the 7-symbol
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of the pseudo-differential operator I;T and the mapping ~, : H — }AIT
is the (Schrodinger) 7-quantization. If 7 = 0 then the 7-quantization
is called the gp-quantization; if 7 = 1 then the T-quantization is called
pg-quantization.

Definition 10.8 We say that the Feynman formula is valid for the
operator H, if
D(e~iwt) = L*(RY) for anyn € N and t € [0, 00),

~

—ZTAIT is the generator of a strongly continuous semigroup exp(—itH,),

t €]0,00), and
e*”ﬁwb = lim (e‘i;H> 0,

for all p € L2(RY) and t € [0, 00).

So to prove that the Feynman formula is valid for the operator PAIT it
is sufficient to define the function F: [0,00) — L(L*(RY) by

o~ ()

and to check that the assumptions of Theorem 10.6 are satisfied.

Let now fy, go: RY — C be measurable functions such that Im f, < c,
Im gy < c for some ¢ € R and let f,g: RY — C be defined by

f(qap) = f()(p)v g(va) = gU(q)
and let there exist the closure A of the operator f + ¢ defined on a

subspace L € D(f)ND(§), such that —iA is the generator of a strongly
continuous semigroup (for example the functions fy(p) = (p,p), p € R?

and g € L*(R?) + L>°(R?) satisfy the conditions).

Theorem 10.9 [17] Let ™ be the qp- or pq-symbols, u be a Borel measure
on RY xRN h =i, k € LA2(RY x RY) be a real-valued function,
H(q,p) = f(p) + 9(q) + h(q,p) + k(q,p). Then the Feynman formula is

~

valid for H.

10.4 Representation of solutions to the Schrédinger equation
by the Feynman integral over trajectories in phase space

For any Banach space T' and any a > 0 let Cy([0,a],T) be the vector
space of all functions on [0,a] taking values in T whose distributional
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derivatives (= generalized derivative, which explains the subscript g) are
measures with finite supports and let Cy([0,a],T) (resp. C;([0,a],T))
denote the vector space of all right continuous (resp. left continuous)
functions from C,([0,a],T) . For any 7 € (0,1) let C7([0,a],T) be the
collection of functions f having the form

.f = (1 77—)9? +7—gjl‘7

where ¢§ € CJ([0,a],T), g; € C4([0,a],T) and distributional derivatives
of g} and g} coincide.

Let Q, P be finite-dimensional Euclidean spaces and, for any ¢ > 0,
7 € [0,1], let Q; be the image of C([0,], Q) in Ly([0,1]),

Py :Q;([O’t]’P)’ El =Q: x P].

Q; and P are taken in duality by the form fot p(s)q’(s)ds where ¢'(s)ds
denotes the measure which is the distributional derivative of ¢(-) . Ele-
ments of E] are functions with values in Q x P.

A sequence {FE,} of subspaces of E] to which we associate the se-
quential Feynman measure is defined as follows. Let t; = 0 and, for any
n € Nand any k € Nk < 2" let t;, = k27"t. We define FE, to be equal
to the collection of functions from E] the restrictions of which to any
interval ((k —1)27",k27")(k € N) are constant functions.

If f is a function on E] then the sequential Hamiltonian Feynman
integral over this space (Hamiltonian Feynman path integral), denoted
by

F(a(-),p())e fo 7 @8 T dg(s)dp(s),
0

e

is defined to be equal to ®{#+}(f). For any 7 € [0, 1] the Hamiltonian
Feynman path integral defines a Hamiltonian Feynman pseudo-measure
®" on EY:

t

O (f) = [ fa(-),p(-))e’ Jo P19 TT dg(s)dp(s).

Ef 0

If f(¢,p) = e~ Jy H(a(m):p()d" 4 (4(t)) then the finite-dimensional in-
tegrals which were used to define the sequential Hamiltonian Feynman

() oo

measure coincide with
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hence the Feynman formula, which holds according to the Chernoff the-
orem, implies the following proposition.

Proposition 10.10 If the assumptions of Theorem 10.9 are satisfied
then

T

(exp(—itH, )do)(q) = / e o Ha@+ar DT g (q(t) + q)

t

t
x e o P60 % TT dg(s)dp(s).
0

There were two complementary lines of investigations of Feynman
path integrals. The first of them is related to integrals over trajectories
in the configuration space, and the second to integrals over trajectories
in the phase space. Those lines are summarized in the following table.

Configuration space Phase space

Feynman, 1942-48 Feynman, 1951

Trotter-Daleckii 1960-61  Chernoff, 1968

Nelson 1964 Smolyanov—Tokarev—Truman 2002

10.5 Feynman formulae for the Cauchy-Dirichlet problem [20]

For any Riemannian manifold G let pg be the Riemannian metric in G,
scalg (¢) be the scalar curvature of G at ¢ (scalg(¢) = tr Ricci(q)); if
G is a Riemannian submanifold of a Euclidian space then let ag(q) be
the dimension of G times its mean curvature at q. Let K be a compact
Riemannian manifold, v* be the Borel measure on K generated by
the Riemannian volume, G be a domain in a Riemannian manifold K
having the smooth boundary I', and let D be the differential operator,
in a space of functions on G, defined by Df = %Af + V f. One considers
the Cauchy—Dirichlet problems for the Schrédinger equation if’(t) =
D(f(t)) and for the heat equation f'(t) = D(f(t)); here f : [0,a) — E =
L?*(G,v),a > 0. Let Dp be the self-adjoint operator in G corresponding
to D. If ¢»(= ¢(-)) is a function on G then the mapping ¢ — [G > = —
¥()p(+)] is also denoted by .

We want to find some Feynman formulae for e/!P»f and e!P»/ t €
[0,a) for any f € Cy where Cj is a collection of continuous functions on
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G vanishing on I'. Let

2 2
P la1:q2) _llag—aql”

gR(t7QI7 612) =e ¥ , g(t, (J1,Q2) =e % ,

illgg—ay1l®

(I)(ta(IhQQ) =e % 5

where || - || is the norm in R", ¢; € K.

For F: (0,00) x K x K — C and t € (0,00) let Ap(t) be the operator
in the space of complex functions on K, defined by: (Ar(t)f)(q) =
fK (t,q,q1)f(q1)v(dg). A similar notation is used for operators in the
space of functions on G.

Theorem 10.11 If K = R" and f € Cy then for any t >0
(P f)(q) = lim (((v/2mt/n) Ay, (t/m)e” O)" £)(q);

(P2 £)lg) = lim (((er(t/m)()Aa(t/m)et VO P)(a),
= Jou ®(t,q1,q2)dgs (r.h.s. does not depend on qi).

Theorem 10.12 If f € Cy, t > 0 then:

(¢ £)(g) = Tim_ ea(t,n, q)((Ag, (¢/m)e " O)esm5Cal Oy p)(g),

where (c1(t,n,q))~" = (A,, (t/n))"1)(q) and 1 is the function on K
whose values at each point are equal to 1,
(P £)(q) = lim_es(t,n, q)((Ay(t/n)er" )
« et Scali () =g llax Oy £)(q),

where (c3(t,n,q)) ™" = (Ay(t/n))"1)(q).

Similar statements are valid for /P> . Additional details can be found
in [20] and [24]; the origin of geometrical characteristics in the exponents
is explained in [22] and [23].

10.6 Stochastic Schrodinger—Ito equation (Belavkin equation)
with two-dimensional white noise [9]

This equation describes the evolution of a quantum system subjected to
continuous observation (=measurements) of both momentum and coor-
dinate; as the measurements are not sharp there is no contradiction with
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Heisenberg’s uncertainty relations. By definition, continuous measure-
ment means taking a limit of repeated instantaneous measuments when
both the frequency of measurements tends to infinity and precision of
measurements tends to zero. The equation has the following form.

dp(t) = [ (=if - L@ = En)?) (p(0)] at

= Vink(@) (e () AW () — /pah(p) (¢ (t))dWa(t),

where H is the Hamiltonian which is the result of a quantization of a
classical Hamiltonian H, k(§) and h(p) are (noncommuting) differential
operators with symbols (¢,p) — k(q), (q¢,p) — h(p), Wi, Wy are inde-
pendent standard Wiener processes and ¢(t) € L?(R) is a random wave
function describing mixed states. To get a representation of the solution
one can use the stochastic analog of the Chernoff theorem; then one can
get a randomized Feynman path integral. The details can be found in

[9].

10.7 Equations on manifolds of mappings ([21])

In this section we consider representations of solutions for both some
Schrédinger type equations and heat equations on infinite-dimensional
manifolds of mappings of a closed interval into a compact Riemannian
manifold. Equations of this type arise in string theory and also in M-
theory; but in the latter case one needs to consider equations on man-
ifolds of mappings of any finite-dimensional manifolds (in general with
boundary), into a Riemannian manifold; some similar results for the
Lévy Laplacians are obtained in [3].

Let G be a Riemannian submanifold of an Euclidian space and || - ||
be the norm in that space. If ¢; € G,j = 1,2,3,4, then the num-
ber p(q1,q2;q3,q4) is defined as follows. For any z,z € G, the symbol
~(z, z) denotes a shortest geodesic between z, z, and the symbol vy —
the geodesic which passes through ¢; in the direction of the vector o',
which is obtained by the parallel transport, along the geodesic (g3, q1),
of the vector a that is tangent at g3 to the geodesic v(g¢s,¢q4) and is di-
rected from g3 to qs. Let ¢} € v be such that the distance of ¢} to g,
along the geodesic vy (in the direction of a’), is equal to the distance
between g3 and ¢4 along (g3, qs). Then p1(q1,q2;qs,qs4) is the length
of v(qa,q)) and pa(q1,q2;43,q1) = |lg2 — q;H; if the distances between
g; are sufficiently small then p; (g1, ¢2; ¢3,¢1) depend on ¢; continuously

(Jj=12).
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The nonnegative functions pr, Qr,pr, Qr on [0,00) X G x G x G x G
are defined by:

(r1(a1.99:3.94)°
20 .

Pr(t, q1, 02,03, q4) = € ;

PR (ta q1, 92,43, q4)
QR taQ17q27q3aq4 = )
( ) Jopr(t a1, 42,43, qs)dqs

_ (pala1.99:03.94)
2

pE(t, q1,¢2,03,q1) =€ ;

pe(t, a1, 92,43, q4)
a1, e, Gz, qu) = .
QE( & qz’q&%) fG PE(t,Q1a(J27(13aQ4)dQ4

In the following theorems we consider Feynman type formulae for
semigroups which give solutions for the Cauchy Problem for the heat
equation and for the Schrédinger equation in spaces of functions on
Wi([0,a],G).

Let ® be the function on C([0,a], G) defined by

(g) = /0"1 Va(g(t1))dts,

and let ¢ be the function on C([0,a], G) defined by

w@y—émwxmn»wh

where Vg, V,, are continuous functions on G, and let
- 1

for any function f: W3 ([0,a],G) — R'. In Theorems 10.13, 10.14,
and 10.16 one assumes that the Cauchy Problem for the equation

of -
o~
on [0,00) x Wy _([0,a],G) has a solution for initial data (0,%), and the
value that the solution takes at (¢, ¢) € (0, 00) x Wy, ([0, a], G) is denoted
by et ¥(q). In Theorem 10.15 one assumes that the Cauchy Problem
for the equation %5 = Hf on [0,00) x W} ([0,a],G) has a solution
for initial data (0,) and the value that the solution takes at (t,q) €
(0,00) x Wy . ([0,a],G) is denoted by " 1(q).



Feynman formulae for evolutionary equations 297

Theorem 10.13 If (t,q) € (0,00) x W3 _([0,a], G), then

th . ey i Valan k)
e P(g) = lim er? =n=h E Vi (qn p)
pP—=e Jax...xG —
p p
ta
X H HQR Eaqnfl,kfhqn,lcfla(Infl,kaQTL,k dan
n=1k=1
p
. H s Valan k)| @
= lim er ’ - E Vi (@np)
P Jax.xG P

P p ta
X H H QE ‘ o gn—1,k—1,49n.k—1,9n -1k, 4n k ‘dQH,ka
n=1k=1 p

where ¢n,0 = q(5a), g0 = q(0) .

Theorem 10.14 For all (t,q) € (0,00) x Wy .([0,a],G) the following
identities hold (in which g, o = q(p a), qo.x = q(0)):

p

_ ta

(C;) 1:/ H pR’*27Qn—1,k—1aQn,k71,61n71,k7qu‘dQn,k;
Gx-xG p

N ta PP v
e (q) = lim CIQ,/ ert Zn=iia Valank ‘ ZVV n,0) ‘
Gx--xG

p—00
por, )
HH Lo scal(gn )= Im (gn 1))
1=1k=
ta
X PR p ,Qn 1L,k—159n,k—1,49n—1,k > qn k dan7

where

p p
_ ta
= / H le?‘ﬁa qn—1,k—1,9n,k—1,49n -1,k , qn,k‘ dq”.ld
G XX p

G n=1k=1

Below we let /i = ¢'7.
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Theorem 10.15 Let Vp and V,, be restrictions to G of some functions
(denoted by the same symbols) defined and analytical in a domain C"
which contains G and U,cq{z + Vi(G — 2)} and let the tensor of Rie-
mannian curvature have an analytical extension to the same domain.
Then for all (t,q) € (0,00) x Wy _([0,a],G) the following identity holds
(where qn,0 = Q(%a)a q0.k = Q(O))

P

@ Z% (Qn,U)‘

p n=1

ita p.p

i+ H . e Va (g,
€ZtH¢(Q) = lim Cf;/ e r? n=1k=1 o (qn k)
GXx--xG

p—00

p D .
H H '—2 scal(qn 0+ = (qn .k qno)fé\IM(un%(qn.kfqnn))\lz
nel ko1

ta

‘ J%] 1,k— 17\/>an la\/>Qn 1k>\/>an‘dQ7ilm

PP
g ta -
(Cf;) ! :/G><---><G HHPE‘Z?7\[an7Lk71a

n=1k=1
\/EQH,k—la \/{Qn—l,k; ﬂfhk dqn,k~

Theorem 10.16 If the assumptions of Theorem 10.13 are satisfied then
Jor all (t,q) € (0,00) x W3 ([0, a],G) the following identity holds

efﬁw(q) = / efot fou Va(q(m1)(r2))dr1dTs
c([o,t],C(|

< ([ Velam)ar) wi(aa)

where W, +(dgq) is the Wiener measure on C([0,t],C([0,a],G)) concen-
trated on the set of functions taking value ¢ at 0.

Remark 10.17 The identity
eitﬁw(q) — / ez’ jo[ Jo Va(q(1)(r2))dridrs
€ ([0,t],C([0,a],G))

< ([ veta@) ar) e, a0

(whose left-hand side is defined in Theorem 10.15) can be considered as
a definition of the Feynman measure ®,, on C([0,t],C([0,al,@)).
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Again the origin of geometrical characteristics in the exponents can
be found in [23].

10.8 Feynman formulae for the diffusion equation with
coordinate dependent diffusion coefficient and for the
Schrodinger equation with coordinate dependent mass

In this section we consider some Feynman formulae for solutions of
Schrodinger type equations with a coordinate dependent mass, which
are related both to some integrals over trajectories in the configura-
tion and in the phase space. The equations of the latter type describe
quantum evolution of the so-called quasiparticles (for example, in semi-
conductors); they correspond to diffusion equations with position de-
pendent diffusion coefficients, which are the Kolmogorov equations for
some stochastic Ito equations.

Let, for each x € R", a(z) be a positive linear operator in R"” and
let A, be the differential operator in the space of smooth functions
on R" defined by (A, p)(z) := tra(z)e” (z) where ¢”(x) is the second
derivative of ¢ at z € R™.

Let /a(z) = /a(x) for any € R". Then the equation

f1(t) = Aaf (&) + (1) (al)

is the second Kolmogorov equation for the following stochastic Ito equa-
tion

dé(t) = v a(&(t) dw(t) + a(£(t)) dt.

Here f is a mapping of I C R in a space of (real) functions on R* (f
can be identified with a function on I x R"). By f’(t) one denotes the
derivative of f at t and by (f(¢))'(-) one denotes the derivative of f(¢)(-)
((f()) (-)(a(-)) is the derivative of f(t)(-) along the vector field a(-)).

Let us notice that A, = D, + D! where D, is the Laplace operator
with respect to a metric on R” [10] and D! is a differential operator of
the first order. Let also DJ be the Weyl symmetrization of A,; then
A, = D? + D? where D), is another differential operator of the first
order.

Hence to get Feynman formulae for the semigroups e

y y s . . .
Do D, it is sufficient to get some Feynman formulae for

itGo a,v

Do etPa and for
the groups e

the semigroups e'“ v and e , where

(Godv 9)(2) = 3Bap(z) + ¢/ (@)d(z) + V(2)p(a)
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and the functions V : R" — R and d : R” — R" are smooth; we assume
that all semigroups which we investigate exist.
Let X := L*(R"), let F}, j = 1,2 be the functions defined by F;(0) =Id
and, for any ¢t > 0,
1
(Fi(t)e)(z) =

(2mt)"/2 (det oo(x))1/?
v / exp {_(of (x)(z —x), (2 — x))} o)z,

2t
(o)) = fea(0)] [ enp {EIEIE I
" o(t) = /" exp {— (7N (2)(z _2:)’ (z=2) } dz.

Below instead of (a~!(2)v,v) (v € R") we write a1 (2)v?.

Theorem 10.18 For any ¢ € L*(R"), t > 0, j = 1,2 one has

() o= (5 (2))

In the proof one uses the Chernoff theorem.

Let now (F3(t)@)(x) := oz + td(z)), (Fi(t)p)(x) = 'V ®p(x), and
F5(t) = Fl(t)Fg(t)F4(t) Hence

R =al) [ 7 ew{-

a Hx)(z — x)?
2t

— () / V@) exp {_a_l(m)(z — td(z) — $)2}

} o(z+td(z)) dz

2t
x o(z+t(d(z) — d(x))dz

X exp {(a_l(x)d(l’), (z —x)) —

Theorem 10.19 For any ¢ € L*(R") and t > 0 one has

t n
etG"""V@: lim <F5 <)> P
n+—00 n
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To prove this one needs to use the identity (Fz(0)p)(z) = 1A, p(x) +
¢ (x)d(z) + V(z)p(x) and Chernoft’s theorem.

Remark 10.20 If a(z) = constant and V(z) = 0 then this theorem
implies Girsanov’s theorem. Hence one can say that Theorem 10.19
implies a generalization of the Girsanov theorem.

Some similar results are also valid for groups e*®* and e'*“. We

formulate only one of them.
Let, for any ¢t > 0, ®(0) =Id and

(®(O))(@) = (ca) ™" [ exp {—z’

where
0= [ e Y

We assume that in both integrals one uses some natural regularization.

Theorem 10.21 For any ¢ € L*(R") and t > 0 one has

(o= (+(7))
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Deformation quantization in infinite
dimensional analysis

Rémi Léandre

Institut de Mathématiques
Université de Bourgogne
21000 Dijon, France

Abstract

We present a survey on various aspects of deformation quantization in
infinite-dimensional analysis.

11.1 Introduction

Let M be a manifold. On it we consider the algebra of smooth function
C°° (M) with values in C. We say that M is endowed with a Poisson
structure if there exists a bilinear map {, } from C*° (M) x C*°(M) into
C°° (M) such that for all f, g, h belonging to this algebra:

{1,/}=0 (11.1)

{f.9} =9, 1} (11.2)

{fg,h} = f{g,h} + g{f. h} (11.3)
{fAg.h}} +{g. {h, f}} +{n{f. g}} =0. (11.4)

Let w be a symplectic structure on M, i.e. a smooth closed 2-form w
which is non-degenerated. There is a canonical Poisson structure which
is associated to w. Let f be an element of the algebra of smooth functions
on M. Let df be the derivative of f. This realizes a section of the bundle
of 1-forms on M. Let X be a vector field on M. The Hamiltonian vector
field X is defined as follows:

<df, X >=w(X;, X).

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
Published by Cambridge University Press. (©Cambridge University Press 2008.
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304 Rémi Léandre
The Poisson structure is given by:

{f,9} =<df, X, >.

The simplest example is the case where we consider R” endowed with a
constant 2-form (w; ;). Then

{fig} =) ' gg} %7 (1L.5)

where (w’) is the inverse matrix of the matrix (w; ;). If we consider the
phase space R" ®R™* of R", there is the canonical 1-form which to (g, p)
over (qo,po) on the phase space associates < pg,q >: pg is a 1-form on
R™ and ¢ is a vector on R”. Since this 1-form is canonically written, we
can still define this 1-form o on the phase space (the cotangent bundle)
T*(M) of a manifold M. Then do defines a symplectic structure on
R"” @ R"* or T*(M).

If we consider the algebra A = C*°(M) associated to the Poisson
manifold M, the program for its quantization in quantum mechanics
consists of the following request:

e We would like to construct a complex Hilbert space =.
e To each f € A, we would like to associate a densely define operator
&r on = which satisfies the following property:

[gfagg] = f{f._r;}'

Therefore the Poisson bracket is transformed through this construction
into a classical Lie bracket. Generally, this program is not fullfilled.
Bayen et al. ([5,6]) produce a way to replace the Poisson bracket by
an ordinary Lie bracket.
They consider A[[h]] the space of formal series in the algebra A. By
a star product *, we mean a bilinear operation from A[[h]] x A[[R]] into
A[[h]] satisfying the following requirements:

i) The space A[[h]] is an algebra for *.
ii) The star-product * is C[[]] linear, where C[[R]] is the algebra of formal
series with component in C.
iii) If f, g belong to A,

f*g:Zthn[f7g]’

where P, [f, g] are bidifferential operators vanishing on constants. More-

over Py[f,q] = fg.
iv) The equality Pi[f,g] — Pilg, f] = 2{f, g} holds.
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Two star-products #; and *9 are equivalent if there exists a sequence @,
of differential operators such that, by > @, h"™, %1 is transformed to x*j.
We suppose moreover Qg = I.

The simplest case of a star-product is the Moyal product [41] for a
constant symplectic structure (w; ;) on R” where

T

? n
frg=2 " 5h" Palf.g]

a’ll aﬂ
1,71 Zu JJn
n f E w o f g
g 8:51-1 s 31'7;" ale cee 8%—”

if f, g belong to A.

This star-product was extended to the case of a symplectic manifold
endowed with a symplectic flat connection ([5, 6]). A symplectic con-
nection is a connection V such that for all vector fields X and Y

dw(X,Y)=w(V.X,Y)+wX,VY),

VxY - Vy X =[X,Y].

This last property means that the connection has no torsion.

Several works were done in order to define the deformation quanti-
zation of a general symplectic manifold (see [10], [45], [17]): the con-
struction in [10] was done step by step. Fedosov [17] glues together all
the Moyal products on T, (M) via a suitable flat connection by using
the Weyl bundle of [45]. (For readers interested in an introduction to
Fedosov’s work, we refer to [51]). This flat connection operates on the
bundle of formal series on T (M): on the tangent bundle only, this flat
connection does not exist generally!

For review papers on deformation quantization, we refer the reader to
[15], [34], [51], and [54] for the physicist side.

Our first aim in this review paper is to replace the algebra A (without
any topology) by a general Frechet unital commutative algebra A, _.

The Frechet algebra A.,_ is the intersection of A; where A; is an
Hilbert space. If F, G belong to all A;, FG belongs to all A; and

IFGl < CIF L NIG

for some big /1 depending only on .
A Poisson structure on Ay is given by a continuous map {, } from
A X As_ into Ao _ such that for all F,G belonging to A.,_

IKE, GHI < ClIF[L G,
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for some large Iy depending only on I. Moreover we suppose that {} still
satisfies (11.1), (11.2), (11.3), (11.4).

A star-product * on A, _ is given by an operation on A, _[[h]], the
algebra of formal series with components in the Frechet algebra A.,_
satisfying the same requirements as before. Moreover if we suppose that

F«G=Y I"P,[F,G]

then
1P, [F, G|l < C|IF[ 1G],

for some large I; depending only on [ and n.

The notion of equivalences of two star-products can be extended in
this situation: @, is supposed only continuous on A.,_!.

In the specific example, if we consider specific examples of function
spaces, we can ask if the deformation operators P, are constituted of
bidifferential operators. This leads to two types of deformations:

e continuous deformations

o differential deformations.

If we consider the algebra of functions on smooth compact manifolds,
these two notions are equivalent (see [9], [42], [46]), but the problem of
the equivalence of these two theories is open in infinite dimensions.

We are motivated by an algebra of functionals related to some infinite-
dimensional manifolds. This follows the work of Dito [11, 12, 13], Witten
[52], and Duetsch-Fredenhagen [16] who performed some deformation
quantization in field theory. Dito [13] has defined deformation quantiza-
tion on a Hilbert space. We consider the following algebras of functionals
which are useful in infinite-dimensional analysis:

(i) The test algebra of functionals which belong to all the Sobolev spaces
of the Malliavin Calculus; we will call the Malliavin test algebra. We
consider the classical Wiener product on it.

(ii) The test algebra for the Wick product of white noise analysis (or Hida
Calculus).

We are also concerned with the quantization of the free path space of
a manifold: we consider for that the Taubes limit model [49], that is, a
family of Fock spaces parametrized by the finite-dimensional manifold
M.

This paper is divided into the following sections:
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e Wiener space and Fock space

¢ Quantization and the Malliavin Calculus [14]

e Quantization and white noise analysis [29]

e Fedosov quantization for the Taubes limit model [31]

We thank G. Dito for helpful comments.

11.2 Wiener space and Fock space

For details in this part, we refer the reader to [38], [39] and [40]. To
clarify the exposition, we begin by recalling the relation between anal-
ysis on one-dimensional Gaussian measure and Bosonic Fock space, we
then recall this relation in finite dimension where there is no problem of
measure theory, and we finish by recalling this relation on an infinite-
dimensional Hilbert space where there are some problems in constructing
the Gaussian measure.

Let us consider the set of formal series F(xz) = > A 2™ on R where
An are complex. We put on this set the Hilbert structure

IEIP = Aal® < oo.

We get a Hilbert space E. This Hilbert space is isomorphic to L?(du)
where dy is the Gaussian measure Z ! exp[—|z|?/2]dz on R: to 2" we
associate the Hermite polynomial h,, ().

We get three products on the system of h,,:

e The classical product which to h, and h,, associates the polynomial
hy by, which is not a Hermite polynomial.
e The classical Wick product : . :*/. We write

R By, = c(n, m)hTL+m + Z c(n, m, k)hk

k<n+m
and we put
By = e(nym)hy, -

e The normalized Wick product which corresponds to the ordinary prod-
uct on the algebraic side of this correspondence:

Shy by = Ry .

There are several differential operations: 8()7 which corresponds on the
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algebraic side to an annihilation operator agi. Namely 2" can be assim-

ilated to e‘?", the n'™ normalized symmetric product of the orthonormal
element e; of R in the symmetric tensor algebra of R and

aglle?"’ = \/ﬁe?”_l (11.6)

if n # 0 and equals 0 if n = 0 (see [38] for this normalization). Then a¢'
is a derivation for the ordinary product and : . :“.

We can choose another normalization to define another annihilation
operator. We put

®n _

e, €P" = neP"

if n # 0 and equals 0 if n = 0. This new annihilation operator is clearly
a derivation for : . :.

There are two sides to the one-dimensional Gaussian analysis (see [38],
[39], [40]):

e an algebraic side, which uses algebraic computations on the one-
dimensional Fock space
e an analytical side, which uses measure theory.

In particular, the adjoint of an annihilation operator on the Fock space,
called a creation operator, which can be computed algebraically, corre-
sponds through this isomorphism to an integration by parts formula on
the Gaussian space.

Since there is no problem in defining Gaussian measures on a finite-
dimensional Euclidean space, we can extend without difficulty these con-
siderations in finite dimension.

Let us consider the symmetric algebra of R? with orthonormal basis
e;. Let

B= ((1,,”‘1)7 LN (d7 nd))
We can associate to B the symmetric normalized tensor product:
Fp=e®M@.. &l

We consider the symmetric tensor algebra of R?, S(R?) of finite sums
F =5 ApFp where A\g belongs to C. We do the completion of it for
the Hilbert structure

IE =" sl

and we get an object E called the Bosonic Fock space associated to

R?. Classical annihilation operators a¢' act on S(R?) only on &

: and
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can be extended algebraically to infinite sums, because their adjoint can
be computed algebraically. We can do the same considerations for the
normalized annihilation operators.

To B, we can associate the polynomial on R?:

Fp(z)=<uz,e0 >" - < x,eq >" .

We consider the Gaussian measure on R? dy = Z~! exp[—|z|?/2]dz and
to F'g we associate

Hp(z) =hy, (< xz,e1 >) by, (< 2,60 >).

The Bosonic Fock space corresponds to L?(du) by the linear map which
to Fg associates Hp .
Through this correspondence, 0% on the analytical side corresponds

to a¢' which acts through (11.6) only on e™

i i

in Fp and not on the
other components. We will omit the normalization details. We can de-
fine through this correspondence a Wick product : . :/ on L?(du) and the
annihilation classical annihilation operators are a derivation for the clas-
sical Wick product. We can define the annihilation operator a., which
corresponds to % on the polynomial function Fp(z). This is clearly
a derivation for : . :, the normalized Wick product on L*(du), which
corresponds to multiplication between polynomial functions Fp(x).

Let us summarize:

o If h =5 Nei, > )‘ia(?T,v on the Gaussian side corresponds to Y )\iagf
on the side of the Bosonic Fock space.

e a; = \a,, differs from a;fll on the Gaussian side by normalizing con-
stants and is equal to > \; a% on the polynomial side. It is therefore
a derivation for the normalized Wick product : . :.

These differentials are defined for finite sums of Fg and Hg, but we can
perform the closure because we can define their adjoint: the adjoint of an
annihilation operator is a creation operator, which can be algebraically
computed.

We would like to pass to the infinite dimension. We consider a sepa-
rable Hilbert space H with an orthonormal basis e;. We consider now
the system of

B = ((ilanl)"'"(i|B\’n|B|>)

with i1 < 19 < -+ < iB| and where all the n; are different from 0.
We can still define F in the symmetric tensor algebra of H and the



310 Rémi Léandre

polynomial Fp(x). The Bosonic Fock space E is the space of series
F =>" ApFp such that

IEI? =" [Asf* < co.

We can still define a",‘ll on F if h € H and a; on E. On finite sum
F(z) =Y. ApFp(z), an corresponds to the directional derivative in the
direction h. We can extend the notion of classical Wick product : . :* or
normalized Wick product : . : for finite sum in E: a‘;ll is a derivation for
the classical Wick product and a;, a derivation for the normalized Wick
product. These differential operations can be closed because they have
adjoints. Moreover a;"Ll differs by normalizing constants from ay,.

The problem is to find the Gaussian counterpart of these considera-
tions. In order to clarify the exposition, we will choose the Hilbert space
H of maps from [0, 1] into R such that ~(0) = 0 and such that

td
I = [ I he)Pds < o
The formal measure
d = 2" exp[~[h][%/2) dD(),

where dD(h) is the formal Lebesgue measure on H, is the measure of the
Brownian motion with values in R and lives in fact on the continuous
paths B;. We consider an orthonormal basis h' of H. < k', B. > can
be interpreted rigorously as the It6 integral fol d/ds hi(s)6Bs. Then the
Hermite polynomial h, (< h', B. >) can be interpreted with the help of
the theory of Wiener chaos. If g(s1, ..., s,) is a symmetric function from
[0,1]™ into R such that

/ |g(51,...,sn)|2d51...ds” < 00,
[0,1]"
we introduce the Wiener chaos

I(9) = / g(s1,...,8,)0Bs, -~ 0By,
0<s1<..<s, <1

1
= = 9(s1,...,8,)0B;, ... 0B;, .
n. [031]1;

To h' we associate ¢'(s1,...,s,) = [[d/ds; h(s;). We get the relation:
ha(< B B, >) = VnlL(g"). (11.7)

(Let us remark that in this case the right-hand side of (11.7) for ¢’ is not
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equal to < h', B, >" because of the It6 formula.) We can repeat in this
set up the considerations above word for word, but with the Hermite
polynomials Hp being replaced by Wiener chaos.

On the Gaussian side, a‘,;l corresponds to the stochastic derivative V,
on the chaos in the direction h: we do the the transformation B. —
B. + ¢eh, I,(g) is replaced by by I,(g)(e) and we take its derivative
when € — 0. For the finite sum of Wiener chaos, the adjoint V; can
be computed and corresponds to the algebraic adjoint af'* on the side
of the Bosonic Fock space. Therefore these differential operations can
be closed. It is the same for aj, which differs from a$! by normalizing
constants.

We can choose three directions:

e We consider the ordinary product on the Wiener space (called the
Wiener product on the Bosonic Fock space side) and we consider V),
(or a$!): this defines a derivation for the Wiener product.

e We consider the classical Wick product on the Wiener space, which
corresponds to the component of length n + m in the chaos decompo-
sition of I, (g)I,, (g), and we consider V}, or its algebraic counterpart
a,clls they act as a derivation for this product.

e We consider the normalized Wick product : . : and the annihilation
operators a; on the Bosonic Fock space: they act as a derivation for
this product.

There are two classical sides of the Wiener analysis:

e Either we consider the map h — a;"LlF or the map h — V,G if G is a
Wiener chaos, conveniently completed in all the LP(du). This is the
way chosen in the Malliavin Calculus (see [21], [35], [36], [37], [43],
[50]).

e Or we consider the map F' — a;;lF or the map F' — apF. They
are completed algebraically for infinite sums by considering the Hida
weighted Fock space. This is the way chosen by the Hida Calculus
(see [8], [19], [20], [44]).

Let us remark that these considerations can be generalized to any sepa-
rable Hilbert space H. There is a dense continuous imbedding of H into
a separable Banach space B such that the formal Gaussian probability
measure

dp = Z~ exp[—||h[*/2]dD(h)

exists in fact as a measure on B endowed with its Borelian o-algebra.
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11.3 Quantization and the Malliavin Calculus

This section is concerned with the probabilistic side of the previous sec-
tion. Let us remark that, if the Malliavin Calculus has a lot of precursors
(see Albeverio and Hoegh-Krohn [1], Berezanskii [7], Fomin [4], Gross
[18]), one of the main originalities of the Malliavin Calculus was to com-
plete the known differential operations on the Wiener space in all the
L?, such that the space of test functionals of the Malliavin Calculus is
an algebra. Moreover the test functionals are generally almost surely
defined, since there is no Sobolev embedding in infinite dimension.

This part is relevant to the so-called Malliavin transfer principle: a
formula which is true in the deterministic context remains true in the
stochastic context, but almost surely. In order that the reader will be
convinced by this statement, we begin by recalling Dito’s theory.

Let H be the Hilbert space of functions from [0, 1] into R? such that:

1
/ |d/dsh(s)|?ds = ||h||* < oo; h(0) =0
0

On H & H* = H; we consider the classical pairing 1-form and the as-
sociated symplectic structure. The matrix of this constant symplectic
structure is bounded as well as its inverse. We consider the algebra
A = CfPg(H,) of Hilbert-Schmidt Fréchet smooth functionals on H;
with values in C. A is constituted of Frechet smooth functionals and
moreover we suppose that the derivative of order r of F is Hilbert—
Schmidt. This means that if F' € A:

<V'FRY,...,h >

= / <VTF(sh...,sr),d/dshil,...,d/dsh; > ds; -+ - ds,
[0,1])"
(11.8)

where

V" F|? :/[ | V" F(s1,...,8.)[*ds; ...ds, < oo. (11.9)
0,1]"

We remark that (11.9) is not in general satisfied if we consider any
general Frechet smooth functional. We have two partial derivatives:

e the derivative V1 F in the direction of H. This gives an element of H*

e the derivative VoF' in the direction of H*. This gives an element of
H.
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The Poisson bracket is then defined by
{F, G} =< V1 F, VoG > — < VG, VoF > . (11.10)

We remark that, if we consider an orthormal basis of H;, the matrix of
the Poisson structure is bounded.

Let A% =1if a =1, 3 = —1 and equal to 0 on the diagonal which
defines the canonical 2 x 2 antisymmetric matrix. Following Dito [12],
we put

P,[F,G) =) A A <vn L FVE sG> (1111)

A1y,

If F,G belong to A, P,[F,G| belongs to A owing to the integrability
condition (11.9).

Theorem 11.1 (Dito [13]) Let F, G be elements of A. Then

T
F*G:ZQM!}L P,[F,G] (11.12)

defines a differential star-product of A.
This means that:

e The space A[[h]] is an algebra for .

e The infinite-dimensional star-product # is C[[h]] linear, where C[[h]]
is the algebra of formal series with components in C.

e If F, G belong to A,

,L'n n
FxG=) omh"P[FG]

where P, [F,G] are bidifferential operators vanishing on constants.
Moreover Py[F,G] = FG.
e The equality P\ [F,G] — P\[G, F]| = 2{F, G} holds.

We would like to put some integrability conditions on A: we would like
to consider Sobolev spaces in infinite dimension. Unfortunately, the
Lebesgue measure in infinite dimension does not exist as a measure.
(see [28], [30] in order to define the Haar measure in infinite dimension
as a distribution in the Hida-Streit approach). Gaussian measures in
infinite dimension are very well understood. For instance, the probability
measure on H; written in the physicist’s style

dp(h) = Z~" exp[~||hl|*/2] dD(h),

where dD(h) is the formal Lebesgue measure on H;, can be interpreted
rigorously as a measure.
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As a measure, du exists on W @ W* = W, where W and W* are the
space of continuous functions from [0, 1] into R? (W* is not the dual of
the Banach space W, but we keep this notation in respect of the previous
considerations). The reason for choosing the Wiener spaces W and W*
is that we have the notion of L? spaces. In particular, through Holder’s
inequality, the intersection of all the L? (p € [1, 00[) is a Frechet algebra.

We take derivatives of functionals on W; in the directions of H;, which
can be split in partial derivatives in the direction of H or H*. They can
be completed as usual using the relevant integration by parts formulae
in order to define Sobolev spaces: this allows us to define Sobolev spaces
as in finite dimensions. According to the lines of the Malliavin Calculus,
a functional is said to be smooth in the Malliavin sense (see [21], [35],
[36], [37], [43], [50]) if for all integers 7, all p € [1, 0],

1F ., = E[IVTFIP]Y? < o0 (11.13)
where V" F' is given by:
<V'F,h'...,h" >
= / <V'F(s1,...,s),d/dsh} ,...,d/dsh] >ds;---ds,

0.1
(11.14)

and the random variable ||[V"F| is given by (11.9).

The main difference between (11.8) and (11.14) is that (11.14) is only
true almost surely, while (11.8) is valid path by path. We consider the
space As_ constituted of functionals smooth in the Malliavin sense: for
all r,p, (11.13) is valid. Let us recall one of the main theorems of the
Malliavin Calculus: Ao — is a Fréchet algebra.

We can define the stochastic Poisson bracket as follows:

{F, G} =< V1F, VoG > — < V1G,VoF > . (11.15)
It is the same formula as (11.10) but valid only almost surely. Thanks

to (11.13), we have:

Theorem 11.2 (Dito—Léandre [14]) The Poisson bracket {,} defines
a Poisson structure on the Frechet algebra Aso— in the sense of the
introduction.

If F, G belongs to the Frechet algebra A.,_, we put
PP, Gl =Y A A< RV 5 G> (1116)
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and we put

in n
F*G:ZT%!}L P,|F,G. (11.17)

These are the same formulae as (11.11) and (11.12), but they hold only
almost surely. The integrability conditions are provided by (11.13). This
shows us [14]

Theorem 11.3 (Dito—Léandre [14]) The stochastic star-product given
by (11.17) defines a quantization by deformation of the Frechet algebra
Ao in the sense of the introduction.

Let us stress the two main differences between this section and the next
section:

e The matrix of the Poisson structure is bounded, such that the stochas-
tic Poisson bracket acts continuously on Ay, X Ago_.

e We consider the Wiener product on L?(dpu) identified with the Bosonic
Fock space associated to H;. In particular, the Wiener product does
not keep the natural filtration on the Bosonic Fock space given by the
length of the chaos, due to the It6 formula, unlike the normalized Wick
product: this important property of the normalized Wick product will
play a big role in the final section of this work. Let us recall that this
filtration plays an essential role in Fedosov’s work [17].

11.4 Quantization and white noise analysis

We are concerned in this part with an example where the Poisson bracket
is not bounded.

Let us consider the free loop space H of R? of maps h from S' into
R? endowed with the Hilbert structure:

Al = /Sl |h(s)|*ds + /Sl |d/dsh(s)|*ds < oo (11.18)

An orthonormal basis of H is given by

hi(s) =VCk2 + 1ileifk(s)

where I = (i, k) are ordered by lexicographic order and the system of e;
constitutes an orthonormal basis of R?. Also f.(s) = cos[27ks] if k > 0
and fi(s) =sin[27ks] if k£ < 0.
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On R? we consider a non-degenerate constant 2-form w = (w; ;) and
we introduce the non-degenerate constant 2-form on H:

Q(n', p?) = / w(h'(s), h?(s))ds (11.19)
Sl

The matrix of this constant symplectic form in the basis h; is denoted
by Q;,; and its inverse by Q7. To H is associated the complex Hilbert
space L?(dp) where dy is a Gaussian measure on the Banach space B of
continuous maps from S! into R?. We can consider the derivative Vj,
in the direction of h; (see second part). The generalization of (11.5) and
(11.15) leads to the following stochastic Poisson bracket:

{F,.G}=> 0"V, FV,,G. (11.20)
This leads to some divergences. Namely
QI,J = (Ck3 + 1)71(*)7',] i Oy ke

if I =(ir,kr) and J = (iy,ks) and dj s is the Kronecker symbol.

If we consider the Malliavin test algebra associated to these data, {, }
does not act on this space. For instance, we can consider F' = Y Ajhy
where F belongs to the first chaos and G = > psh;. Then F and G
belong to the Malliavin test algebra if > [A;|* < oo and if 3 |uz|? < oo
and A\; and p; are constants. But the formula (11.19) gives

{F,G}=> \p, Q"

a quantity which diverges generally since the matrix (2/+7) inverse of
the matrix (€7, s) is not bounded.

In order to understand this singular Poisson bracket, we will use white
noise analysis (or the Hida Calculus), which incorporates very singular
objects as for instance the speed of the Brownian motion (see [8], [19],
[20], [44]). A basic tool of the Hida Calculus is the Fock space. With
respect to the previous part, we will make the following changes:

e Instead of using the Malliavin test algebra on the Wiener space asso-
ciated to the Wiener product, we will use the Hida test algebra in the
Fock space for the normalized Wick product.

e Instead of using the H-derivative of the Malliavin Calculus on the
Wiener space, we will use the algebra of creation and annihilation op-
erators on the Wiener space, but not the classical one to take account
of the normalized Wick product.
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Let B = (I,..., 1 p|) where the I; are ordered by lexicographic order.
We consider the set of formal series

F=> XgFp (11.21)

where Fp is the normalized symmetric tensor product of the hy,, I; € B,
Ap € C. We consider the Hida weight on B

1Bl = T[(Cik7 + 1)

IeB

and we consider the weighted Fock space for r > 0,C > 1, of series
(11.21) such that

IF7 e =D PslIB]CP < .

We get an Hilbert space A, ¢.

We consider the normalized Wick product: : Fg F¢ : is the normalized
symmetric tensor product of hys and hje for I® € B and I¢ € C. We
put Ase— = NA, ¢. It is called the Hida weighted Fock space. We get:

Theorem 11.4 (Léandre—Rogers [33]) A_ is a Fréchet algebra for
the normalized Wick product. As_ is called the Hida test algebra.

The main difference between the Hida test algebra and the Malliavin test
algebra is the following: if we consider the concretization of the Hida
test algebra as functionals on the Banach space B, it is constituted of
continuous functionals on B. This explains why we get many more al-
lowed differential operators on the Hida test function space than in the
Malliavin Calculus. For instance let us consider a sequence A; with
polynomial growth: > Aras is a continuous differential operator on the
Hida test algebra and not on the Malliavin test algebra. For develop-
ments of these considerations, we refer to [28] where two star-products
on the Hida test algebra were equivalent while they were not equivalent
in Dito’s theory [13]. Let us recall that there is a big difference between
the deformation theory in R? where all differential deformations are
equivalent and the infinite-dimensional case where a lot of deformations
on a Hilbert space are inequivalent [13].

V5, corresponds, as we mentioned in Section 11.2; to an annihilation
operator a; on the Bosonic Fock space modulo some normalization. If we
replace the Wiener product in (11.20) by the normalized Wick product,
we get a notion of the Poisson bracket which fits with the classical tools
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of the Hida Calculus:

{(F,G}=> 0" :a;F.a,G: (11.22)

if ' and G belong to the Hida test algebra.
We get

Theorem 11.5 (Léandre [29]). The Poisson bracket {,} given by
(11.22) defines a Poisson bracket on the Hida test algebra Aoo— endowed
with the normalized Wick product in the sense of the introduction.

Proof. The algebraic properties come from the fact that a; is a deriva-
tion for the Wick product and from the fact that the family of anni-
hilation operators commute. The analytical properties are due to the
fact that Q7 has ‘polynomial growth’ and that the components of an
element of A, _ in the basis Fp have a ‘quick decay’. O

We can use the same formulae as in the previous section in order to
define a Hida—Moyal product by making the following changes compared
to (11.16):

o We use the normalized Wick product.

e We replace the bounded matrix of the Poisson structure on H; in the
previous part by the unbounded matrix Q7.

o We replace the stochastic derivative V.F' by the annihilation operators
ay.

Therefore if F, G belong to A —, we put:

P,[F,G] = ZQIIJI QI var ap Fayg, --oay, G
This series converges because 2/ has ‘polynomial growth’ and because
the components of F' and G in the basis Fp have a ‘quick decay’. We
put

in n
FxG=Y" il PalF, Gl (11.23)

Theorem 11.6 (Léandre [29]) The star-product given by (11.23) de-
fines a quantization by deformation of the Poisson bracket (11.22) on
Aso— in the sense of the introduction.
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11.5 Fedosov quantization for Taubes limit model

Sections 11.3 and 11.4 dealt with the quantization of infinite-dimensional
Hilbert spaces. We are motivated in this part by the quantization of the
free loop space of a manifold. Free loop spaces of a manifold play a
big role in conformal field theory and in string theory [53]. Taubes [49]
considers a limit model of the free loop space of a compact Riemannian
manifold M. He considers the family of maps from S! into T, (M),
x € M. On the set of loops in T}, (M), he introduces the Hilbert structure

1Al 2 = / Ih(s)[2ds + / < AV2h(s), h(s) >, ds
St St

where A!/2 is the square root of the Laplacian on the circle. He gets
a Hilbert Sobolev space bundle H;/y5(x). Taubes considered the Fock
space associated to it and obtained a bundle of Bosonic Fock spaces
over M. The Gaussian measure on this Hilbert Sobolev space lives on
distributions. Taubes was motivated by two-dimensional field theory in
order to choose this Hilbert structure. In [22], [24], [25], [26], [27], [32]
this Hilbert structure is replaced by the Hilbert structure (11.18): the
limit model of Taubes can be curved therefore, by using the theory of
stochastic differential equations.

In this part, we consider Tw, the set of finite energy paths from [0, 1]
into T'(M), the tangent bundle of M: s — h(s) where for all s, s’

p(h(s)) = p(h(s"))

where p is the natural projection from 7'(M) onto M. Moreover, h(0) =
0 in T,(n(s)(M). In what follows, we will call  the point of M over
which lies the tangent space where a path lives. We put poo(h) = x.
On the set of paths starting from 0 in T, (M), we choose the Hilbert
structure

1
| A% :/0 |d/ds h(s)|2ds < oo (11.24)

If e;(x) is a local orthormal basis of T, (M) (M, let us recall, is supposed
Riemannian), we put

colrkslle () if k> 0,1 = (i, k),

hi(z)(s) = ¢ 22le () ifk <0,
se; () it k=0.

We can choose C' in order to get an orthonormal basis of this Hilbert
space. The set of indices I is ordered in lexicographic order.
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If B= (Ii,...,1p|), we denote by Fp(x) the normalized symmetric
tensor products of the hy(x), I € B. We introduce the Hida weight

I1Bll, = TT (ke + 1)
IeB
and we consider the bundle A, ¢ on M of weighted Fock space A, ¢ (x)
of series F(z) = > Ap(z)Fp(x) where Ap belong to C such that

IE @) = s (@) OB, < c.

This is an infinite-dimensional complex vector bundle associated to the
orthonormal frame bundle of M: namely we remark that the space 4, ¢
does not depend of the local orthonormal basis e; (x) of T, (M). We con-
sider the Levi-Civita connection V on M. V lifts to a unitary connection
on the complex Hermitian bundle A, ¢.

A, ¢ kp denotes the set of sections F' of the bundle A, ¢ such that

S [ I F@Iade = I, <
k' <k M

Our test function space on the Taubes limit model is the intersection of

all A, cpp forr>1,C>1,k>1,p> 1. It is called the Hida-Taubes
space and is denoted by Aoo—.

Theorem 11.7 (Léandre [31]). Ao._ is a topological Fréchet algebra
for the fibrewise normalized Wick product : . :.

We have the natural projection po, from T, onto M. We consider on
M the bundle H; with fibres that are maps v from [0, 1] into T, (M)
endowed with the Hilbert structure:

1
()2 + / d/dsA(s)2ds = ]2

(compare with (11.24), where the only difference is that v(0) # 0!). The
tangent bundle of Tt is pi H;.

Our aim is to quantize the following symplectic structure on T, in-
herited from the symplectic structure w on M:

1
Q(1'172) = w(7(0).2(0)) + / w(d/ds 1 (s), d/ds~2(s))ds

For that, we will follow the strategy of Fedosov to quantize a sym-
plectic manifold M (see [17]). Let us recall first of all this strategy.
Fedosov considered the Weyl algebra bundle on M. It is the bundle
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on M with fibres S(T,(M))[[h]], the formal series with values in the
symmetric tensor algebra of T, (M). We can extend the Moyal product
on it o by the same formula as (11.5): in infinite dimension, we have
done the same in the previous part by replacing the symmetric tensor
algebra of the considered Hilbert space by a Hida Fock space! Fedosov
introduced a symplectic connection I" (it is possible to do that, but the
choice is not unique!). Starting from I', Fedosov constructed a connec-
tion on the Weyl bundle V! which is flat. V' satisfies moreover for all
sections v;, ¢ = 1,2, of the Weyl bundle

V. (1 01ha) = (V.M41) 0 by + 11 0 V.V by, (11.25)

Such flat symplectic connection does not exist generally on the bundle
T(M). But, on the Weyl bundle, this connection exists. The main ingre-
dient of Fedosov is to construct step by step this connection, by consider-
ing the natural filtration which appears in S(T,,(M))[[h]] by considering
twice the degree of the formal variable i and once the length of the con-
sidered tensor product. More precisely, in order to construct this con-
nection, Fedosov considers the bundle on M, S(T'(M))[[h]] ® A(T(M)),
where A(T(M)) is the exterior bundle associated to T(M) and intro-
duces a family of Shigekawa complexes in finite dimension on the fibre
S(T,; (M)[[h]] @ A(T, (M)) (see [2], [3], [47], [48]). Let us recall that the
Shigekawa complex d, is the classical de Rham complex on T, (M), but
instead of computing its adjoint as is done classically for the Lebesgue
measure on Ty, (M), the adjoint is performed for the normalized Gaussian
measure on T, (M). These analytical considerations have their counter-
parts on S(T, (M)) ® A(T,,(M))), which are used by Fedosov in terms of
Bosonic number operator and Fermionic number operator.

Fedosov remarks that there is a bijection ) between elements f of
C°(M)[[h]] and flat sections of the Weyl bundle: moreover Q(f) projects
naturally on f.

Theorem 11.8 (Fedosov[17]) fi * fo = Q7 L[Q(f1) o Q(f2)] defines a
star-product on the algebra C°(M) endowed with the Poisson structure
inherited from the symplectic structure w.

Our strategy to produce the Fedosov quantization on the limit model
Ts is the following: we consider a finite-dimensional approximation 7,
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of T by looking at finite sums

k=n
Z Aikhi g ().

k=—ni
We have the natural inclusion
Tn C Tn+1 C Too

For T,, we repeat the Fedosov construction, and the main remark is
that the Fedosov construction for 7, is compatible with the Fedosov
construction for T, 41, because different Fourier modes are orthogonal
for the considered symplectic structure. In particular the tangent bun-
dle of T,,, T(T},), is included in the tangent bundle of T, p} Hi, and
the space S(T'(T,))[[R]] is naturally included in S(p% H1)[[R]]. All the
constructions in finite dimension are compatible when n increases and
can be extended continuously on the Hida—Taubes spaces. So we can
define a connection V!> which acts continuously on the Hida-Taubes
sections of S(pX,)[[h]], which is flat and is still satisfied in this infinite-
dimensional setting (11.25).

There is a continuous isomorphism Q. between A, _[[h]] and the set
of flat sections in Hida—Taubes sense of the bundle S(pi Hy)[[h]] (We
refer to [31] for details about the analytic difficulties of this statement.)

We can summarize the result of [31] now.

If I =(i,k) we put Vy = % if k =0 and if k£ # 0 we denote by V;
the annihilation operator associated to h; on the Bosonic Fock space
of the second part (this notation should not confused with the Levi-
Civita connection V on M introduced at the beginning of this section).
We remark that the matrix of the symplectic structure in the basis
considered in the beginning of this section is

Q1.7 = Oy ey Wiy iy ()
such that the matrix of the Poisson bracket is
QI’J = 5’<’IJ<’J W't (.T)

If Fy and F5 belong to A, we put in a system of local coordinates in
Pooh:
{F, By} = ZQU VIRV, F:

Theorem 11.9 (Léandre [31]) {,} defines a Poisson bracket on A —
in the sense of the introduction.
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Theorem 11.10 (Léandre [31]) We can define a quantization by de-
formation of the Poisson Frechet algebra (Aso—, {,}) by putting

FixFy=Q (QuFi 0o Qe ).

Remark 11.11 The main ingredient in this construction is that the
constructions on the Weyl algebra, which in finite dimension are purely
algebraic and without analysis, are very similar to the constructions on
the Fock space of the previous section, with the same algebra but now
with some analysis in addition.

Remark 11.12 Instead of using a family of Hida Fock spaces, it would
be tempting to use a family of Malliavin test algebras as it was done for
instance in [27] and to consider ordinary products on each Wiener space,
that is for their algebraic counterparts Wiener products on each Fock
space. But this would lead to some complications because the Wiener
product does not keep the filtration which plays an essential role in the
step by step construction of the abelian connection of Fedosov.
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Abstract

We review recent progress in the understanding of the interplay be-
tween population models, measure-valued diffusions, general coalescent
processes and inference methods for evolutionary parameters in popula-
tion genetics. Along the way, we will discuss the powerful and intuitive
(modified) lookdown construction of Donnelly and Kurtz, Pitman’s and
Sagitov’s A-coalescents as well as recursions and Monte Carlo schemes
for likelihood-based inference of evolutionary parameters based on ob-
served genetic types.

12.1 Introduction

We discuss mathematical models for an effect which in population ge-
netics jargon, somewhat orthogonal to diffusion process nomenclature,
is called “genetic drift”, namely the phenomenon that the distribution of
genetic types in a population changes in the course of time simply due to
stochasticity in the individuals’ reproductive success and the finiteness
of all real populations. We will only consider “neutral” genetic types.

Trends in Stochastic Analysis, ed. J. Blath, P. Morters and M. Scheutzow.
Published by Cambridge University Press. (©Cambridge University Press 2008.

329



330 Matthias Birkner, Jochen Blath

This contrasts and complements the notion of selection, which refers to
scenarios in which one or some of the types confer a direct or indirect
reproductive advantage to their bearers. Thus, in the absence of demo-
graphic stochasticity, the proportion of a selectively advantageous type
would increase in the population, whereas that of neutral types would
remain constant. The interplay between small fitness differences among
types and the stochasticity due to finiteness of populations leads to many
interesting and challenging problems, see e.g. the paper by A. Etheridge,
P. Pfaffelhuber and A. Wakolbinger in this volume.

Genetic drift can be studied using two complementary approaches,
which are dual to each other, and will be discussed below. Looking “for-
wards” in time, the evolution of the type distribution can be approxi-
mately described by Markov processes taking values in the probability
measures on the space of possible types. Looking “backwards”, one de-
scribes the random genealogy of a sample from the population. Given
the genealogical tree, one can then superimpose the mutation process in
a second step. The paper by P. Morters in this volume studies asymp-
totic properties of these genealogical trees in the limit of a large sample
size as an example of the use of the multifractal spectrum.

The classical model for genetic drift is the so-called Wright—Fisher
diffusion, which is appropriate when the variability of the reproductive
success among individuals is small. Recently, there has been mathemati-
cal and biological interest in situations where the variance of the number
of offspring per individual is (asymptotically) infinite, and detailed de-
scriptions of the possible limiting objects have been obtained. We review
these developments, giving particular emphasis to the interplay between
the forwards models, generalized Fleming—Viot processes, and their dual
backwards models, A-coalescents. We use this opportunity to advertise
the lookdown construction of Donnelly and Kurtz (in its [15] “favour”),
which provides a realization-wise coupling for this duality. Furthermore,
we show how these approaches can be used to derive recursions for the
probabilities of observed types in a sample from a stationary population.
These recursions can usually not be solved in closed form and can be
difficult to implement exactly, in particular if the space of possible types
or the sample size is large. We describe a Monte—Carlo method which
allows an approximate solution.
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Many important and interesting aspects of mathematical population
genetic models are omitted in our review, in particular the possibilities
of varying population sizes, selective effects, spatial or other population
substructure, multi-locus dynamics and recombination. We also focus
on haploid models, meaning that our individuals have only one parent.
For an introduction to coalescents with emphasis on biology, see e.g. [32],
[42], [33], [51], for background on (classical and generalized) Fleming—
Viot processes and variations of Kingman’s coalescent, see e.g. [19], [11],
[20] and [15].

12.2 Population genetic models with neutral types

Cannings models. In neutral population models, the main (and only)
sources of stochasticity are due to random genetic drift and mutation.
The first feature is captured in a basic class of population models, namely
the so-called Cannings models [9, 10]. We will subsequently extend these
by adding mutations.

Consider a (haploid) population of constant size (e.g. due to a fixed
amount of resources) consisting of, say, N individuals. Suppose the
population is undergoing “random mating” with fixed non-overlapping
generations and ideally has evolved for a long time, so that it can be
considered “in equilibrium”. In each generation t € Z, the distribution
of the offspring numbers is given by a non-trivial random vector

N
(VY), cee 1/5\?) with Z VZ-U')
i=1

N, (12.1)

where V,iw is the number of children of individual k. The vectors v,

t € Z are assumed i.d.d.

Neutrality means that we additionally suppose that the distribution
of each such random vector is exchangeable, i.e. for each permutation
o € Sy, we have that

(Vg(l),...,VJ(N)):(1/1,...,1/]\7) in law.

If these conditions are met, we speak of a Cannings model.

To explain the notion of random genetic drift, imagine that each in-
dividual has a certain genetic type. For example, at the genetic locus
under consideration, each individual is of one of the types (or alleles)
{a, A}. Each type is passed on unchanged from parent to offspring (we
will introduce mutation to this model later).
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For each generation ¢, let X; denote the number of individuals which
carry the “a”-allele. By the symmetries of the model, {X;} is a finite
Markov-chain on {0,... N} as well as a martingale. In particular, we
may represent its dynamics as

Xy
X1 = Z%@- (12.2)
i=1

Note that, although E[X;] = X, for all ¢ (due to the martingale prop-
erty), the chain will almost surely be absorbed in either 0 or NV in finite
time. In fact, the probability that type a will be fixed in the popula-
tion equals its initial frequency Xo/N. This is a simple example of the
power of genetic drift: although in this model there is no evolutionary
advantage of one of the types over the other, one type will eventually
get fixed (this force will later be balanced by mutation, which introduces
new genetic variation).

12.2.1 “Classical” limit results in the finite variance regime

Two-type neutral Wright—Fisher model. The classical example
from this class is the famous Wright—Fisher model [22, 52]. Informally,
one can think of the following reproduction mechanism. At generation
t, each individual picks one parent uniformly at random from the pop-
ulation alive at time ¢ — 1 and copies its genetic type (i.e. either a or
A). Denoting by p;—1 = X¢—1/N the proportion of alleles of type a in
generation ¢t — 1, the number X; of a-alleles in generation ¢ is binomial,
that is,

N\ ., r_
P{X; = k|X; 1} = (k>101}?1(1 —pe)V

Compliant with (12.1), the offspring vector (v4, ..., vy ) would be multi-
nomial with N trials and success probabilities 1/N,...,1/N.

The Wright—Fisher diffusion as a limit of “many” Cannings
models. For large populations, it is often useful to pass to a diffusion
limit. To this end, denote by

1
YN (t) := NXU/CNJ’ t>0,

where [t/cy | is the integer part of ¢/cy, and the time scaling factor is

- E[V}\(]Vi_l Dl _ ;[[[il]l’ (12.3)
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the (scaled) “offspring variance”. Note that cy can also be interpreted as
the probability that two randomly sampled individuals from the popu-
lation have the same ancestor one generation ago (this will be important
in Section 12.3). The following exact conditions for convergence follow
from the conditions given by [41] and a straightforward application of
duality, which we will discuss below [see (12.42)]: If

Eln(n —1)(n —2)]
NQCN

cy — 0 and —0 as N — oo, (12.4)
{Y N} converges weakly to a diffusion process {Y;} in [0, 1], which is the
unique strong solution of

aY, =/Y,(1 = Y,)dB,, Yy:=z€0,1],

where {B;} is a standard Brownian motion. Equivalently, {Y;} is char-
acterised as a (strong) Markov process with generator

1 d?
To this continuous model, the machinery of one-dimensional diffusion
theory may be applied; see e.g. [21] for an introduction. For example,
it is easy to compute the mean time to fixation, if Yy = x, which is

m(x) = —2(zlogz + (1 — z)log(l — z)).

In terms of the original discrete model, if X,/N = 1/2, one obtains

N N
(2log2)— ~ 1.39—

3 — generations
o o

(assuming that asymptotically, V1] ~ o).

Moran’s model. An equally famous model for a discrete population,
living in continuous time, due to P. A. P. Moran, works as follows:
Each of the N individuals carries an independent exponential clock (with
rate 1). If a bell rings, the corresponding individual (dies and) copies
the type of a uniformly at random chosen individual from the current
population (including itself). Another way to think about this is to pick
the jumps times according to a Poisson—process with rate N and then
independently choose a particle which dies and another particle which
gives birth.

Note that, even though this model does not literally fit into the Can-
nings class, its “skeleton chain” is a Cannings model with v uniformly
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distributed on all the permutations of
(2,0,1,1,...,1).

The fraction of type a-individuals in both models, suitably rescaled, con-
verge to the Wright—Fisher diffusion: the continuous-time variant has to
be sped up by a factor of N, the skeleton chain by a factor of N?, as N
skeleton steps roughly correspond to one “generation”.

Remark 12.1 (several types and higher-dimensional Wright—
Fisher diffusions). It is straightforward to extend the discussion above
to a situation with finitely-many (say k) genetic types, and obtain anal-
ogous limit theorems. Under the same assumptions, the fraction of type
i in generation [t/cy | is approximately described by Y, where

}/t ()/t""ayik)e{<y17'-'7yk):y12072iyi:1}
is a diffusion with generator L*), acting on f € C?*(R*) as

2

L wge i (26)

711
O

Fleming—Viot processes and infinitely many types. To incorpo-
rate scenarios with infinitely many possible types, it is most convenient
to work with measure-valued processes. For simplicity and definiteness,
we choose here F = [0, 1] as the space of possible types, and consider
random processes on M ([0, 1]). For example, let X (¢,7) (with values in
E) be the type of individual ¢ in generation ¢ in a Cannings model, and
let
1<
N . _

z\ =5 > s (12.7)

i=1
be the empirical type distribution in generation ¢. Then, under Assump-
tions (12.4), if Z{' = u € M;([0,1]), the rescaled processes {Zg/cm}
converge weakly towards a measure-valued diffusion {Z; }, which uniquely
solves the (well-posed) martingale problem with respect to the generator

Z / (dai) - - - p(day) (qb(a‘{,...,ag)fgb(al,...,ap))

JC{l,....p}
[J]=2

(12.8)
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for u € M;([0,1]) and test functions

B(u) = / dlar, .. ap) p(da) - u(day), (12.9)

where p € N and ¢ : [0,1)? — R is measurable and bounded, and for
a=(ay,...,a,) €[0,1]” and J C {1,...,p}, we put

a] =apmyifi€J, andal =a; ifi¢ J i=1,...,p, (12.10)

see e.g. [19], Ch. 10, Thm 4.1. Thinking of a as the types of a sample
of size p drawn from pu, passage from a to a’ means a coalescence of
a;, 1 € J.

In particular, if p = Z:;l Y;0q, for k different points a; € [0, 1], then

k
Zﬁ = ZYzfi(s(ln
i=1

where {Y) : i = 1,...,k, t > 0} is the k-dimensional Wright-Fisher
diffusion with generator (12.6).

12.2.2 Beyond finite variance: occasional extreme
reproduction events

Since the end of the 1990s, more general reproduction mechanisms and
their infinite population limits have been studied in the mathematical
community (see [45], [43], [15], [41], [46]).

Although the motivation for this came from considerations about the
genealogy of population resp. coalescent processes, we describe the corre-
sponding population models forward in time first. Many of the technical
assumptions here will become clearer with a reading of the next section.

Implicit in (12.4) is the assumption that each family size v; is small
compared to the total population size N. A natural generalization, mo-
tivated by considering species with potentially very many offspring, is
to consider scenarios where occasionally a single family is of appreciable
size when compared to N. In this spirit, Eldon and Wakeley [17] pro-
posed a family of Cannings models, where, in a population of size N, v
is a (uniform) permutation of

(2,0,1,...,1) or of (LwNj,0,0,...,O,l,...,l) (12.11)
——
[¥N] times

with probability 1 — N~7 resp. N~7 for some fixed parameter ¢ € (0, 1]
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and v > 0. The idea is of course that, from time to time, an exceptionally
large family is produced, which recruits a (non-negligible) fraction v of
the next generation.

This is appealing as being presumably the conceptually simplest model
of this phenomenon. On the other hand, while one may be willing to
accept the assumption that in a species with high reproductive potential
and variability, such extreme reproductive events can occur, the stipu-
lation that these generate always the same fraction 1 is certainly an
over-simplification.

A more realistic model would allow “random” 1), where the parameter
1 is chosen according to some (probability) measure F'. So far, the ques-
tion which F' are “natural” for which biological applications is largely
open.

A plausible class of Cannings models for scenarios with (asymptoti-
cally) heavy-tailed offspring distributions has been introduced and stud-
ied by Schweinsberg [48]: in each generation, individuals generate poten-
tial offspring as in a supercritical Galton—Watson process, where the tail
of the offspring distribution varies regularly with index «, more precisely
the probability to have more than k children decays like Const. x k™.
Among these, N are sampled without replacement to survive and form
the next generation. The parameter « € (1, 2] governing the tail of indi-
vidual litter sizes characterizes the limit process, and intuitively smaller
a corresponds to more extreme variability among offspring numbers.

Mathematically, the situation is well understood (see [45], [41]): for
the discussion of limit processes, we first specialize to the situation of
two types only. Consider the Markov chain (12.2) on the time scale
1/cn, where cy is defined in (12.3). If ey — 0, for some probability
measure F' on [0, 1]

N 1
iy > Ne) — / L F(dy) (12.12)
CN (x,1] Y

for all x € (0,1) with F({z}) =0 and

E[vi(v1 — 1) va(ve — 1)] . 1 0

e . , as N — oo, (12.13)

then the processes {X f\f Jex | /N} converge weakly to a Markov process
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{Y:} in [0,1] with generator

Lf(y) = @y(l - y)ddT/?f(y)
w ) (ra=ryn) + 0= (0 =) )
| (12.14)

for f € C?([0,1]). The moment condition (12.13) has a natural inter-
pretation in terms of the underlying genealogy; see the remark about
simultaneous multiple collisions on page 349. Alternatively, {Y;} can be
described as the solution of

dv, = VF{0})Y;-(1-Y;_)dB,

+ / (l{ugy(t,)}’/‘(l - }/t—) - 1{u>Y(t7)}T}/t—> N(dS dr du),
(0,£]x(0,1]x[0,1]
(12.15)

where {B;} is a standard Brownian motion and N is an independent
Poisson process on [0,00) x (0,1] x [0,1] with intensity measure dt ®
r~2Fy(dr) ® du with Fy = F — F({0})do. Here, r—2Fy(dr) is the inten-
sity with which exceptional reproductive events replacing a fraction r of
the total population occur in the limiting process.

The class considered by Eldon and Wakeley [17] leads to F' = ¢, for
v>2,

F

=37 e gy fory=2 (12.16)
and 0y for 1 < v < 2. The models considered by Schweinsberg in [48]
yield Beta measures, namely

F(dr) = (1 — )l dr. (12.17)
In [5], these processes have been characterized as time-changes of a-

stable continuous-mass branching processes renormalized to have total
mass 1 at any time.

For the situation with infinitely many possible types, the correspond-
ing limiting generalized Fleming—Viot process can be considered as a
measure-valued diffusion with cadlag paths whose generator, on test
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functions of the form (12.9) with ¢ two times continuously differentiable,
is
Fy(dr
riopeet) + [ [ (@0 ra) - an) T o)
0,1]
where L is defined in (12.8).

12.2.3 Introducing mutation

We now introduce another major evolutionary ’player’, which counter-
acts the levelling force of random genetic drift. Indeed, when on the right
scale, see (12.22) below, mutation continuously introduces new types to
a population, leading to reasonable levels of genetic variability.

Example: The two-alleles case. For our pre-limiting Cannings-
models, imagine the following simple mechanism. At each reproduction
event, particles retain the type of their parents with high probability.
However, with a small probability, the type can change according to
some mutation mechanism. In the situation of the two-allele model
given by the types {a, A}, suppose that, independently for each child,

a mutation from parental type a to A happens with probability pflji) A

and denote by p(AN_))a
A to a.
Let ¢y, as defined in (12.3), tend to zero. If we assume, in addition

o (12.12), (12.13), that

the corresponding probability for a mutation from

p(N) p(N)
Ta—d to—a and SAdoa HA—aq, (12.19)
CN CN

then the process describing the fraction of the a-population converges
to a limit which has generator, for a suitable test-function f € C?, given
by

LE@) + (= yra—a + (0= gia—a) = F); (12:20)

dy
where L is given by (12.14).

General mutation mechanisms. Here, we come back to consider
measure-valued diffusions on some type space E. Let E be a compact
metric space (we will later usually assume E = [0, 1] or [0,1]). To de-
scribe a mutation mechanism, let ¢(x, dy) be a Feller transition function
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on E x B(E), and define the bounded linear operator B on the set of
bounded function on E by

Bf(x) = [E (F@) - £(2)) gz, dy). (12.21)

Denote the individual mutation probability per individual in the Nth
stage of the population approximation by ry and assume that

N e 0,00), (12.22)
CN
where ¢y is defined in (12.3). Note that the scaling depends on the
class of Cannings models considered. For example, for the models in
the domain of attraction of a Beta-coalescent (see the considerations
leading to (12.17)), the choice of « fixes the scaling of the individual
mutation probability p per generation: in a population of (large) size

N, this translates to a rate
r=C N1y (12.23)

with which mutations appear. In the case a = 2, this is the familiar
formula r (= 0/2) = 2N p.

Then, the empirical process {Z} }, describing the distribution of types
on F and defined in analogy to (12.7), converges to a limiting Markov
process Z, whose evolution is described by the generator (using the
notation from (12.9))

p
Lp r®(p) = TZ . Bi(¢(a, ..., a,))u® (das ... day) + Lr P (p),
l (12.24)

where Lp is defined by (12.18), and B;¢ is the operator B, defined in
(12.21), acting on the ith coordinate of ¢. This process is called the F-
generalized Fleming—Viot process with individual mutation process B.
Note that in the nomenclature of [4], this would be a v-generalized FV
process with v(dr) = F(dr)/r?.

General Moran model with mutation. While the Cannings class
uses discrete generations, the phenomena discussed above can also be
expressed in terms of a continuous-time model, which is a natural gen-
eralization of the classical Moran model. For a given (fixed) total pop-
ulation size N let By be a Poisson process on [0,00) x {1,2,...,N — 1}
with intensity measure dt ® uy, where py is some finite measure. If
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(t,k) is an atom of By, then at time ¢, a ’k-birth event’ takes place: k
uniformly chosen individuals die and are immediately replaced by the
offspring of another individual, which is picked uniformly among the re-
maining N — k. “Extreme” reproductive events can thus be included by
allowing puy to have suitable mass on ks comparable to N. The classical
Moran model, in which only single birth events occur, corresponds to
UN = N(Sl.

Additionally, assume that individuals have a type in E, and each par-
ticle mutates during its lifetime independently at rate ry > 0 according
to the jump process with generator B given by (12.21). Write XZ.(N)(t)
for the type of individual ¢ at time t.

Let us denote the empirical process for the N-particle system by

N
1
Zn(t) = > Bxn - (12.25)
i=1

We will further on assume that Xi(N)(O) =X,,i=1,...,N, where the
X; are exchangeable and independent of By, so in particular
limy 00 Zn (0) exists a.s. by de Finetti’s Theorem.

For a reasonable large population limit, one obviously has to impose
assumptions on py and ry. To connect to the formulation in [15],
note that By can be equivalently described by the “accumulated births”
process

An(t) == > ok t>0, (12.26)
(s,k)€Esupp(By ), s<t
which is a compound Poisson process. We write
Ax](0) =Y (Adx(s)”
s<t
for the quadratic variation of Ay. Assume

Nry —r (12.27)

and
[AN](Nt) + An (N?t)
N2
Note that the limit process U must necessarily be a subordinator with
generator

= Uy (t) = U(t). (12.28)

Gu f(z) = /[ G0 = fE)a vorw). 229
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If (12.27) and (12.28) hold, the time-rescaled empirical processes con-
verge:

{Zn(Nt),t >0} = Z, as N — oo,

where {Z(t)} is the solution of the well-posed martingale problem cor-
responding to (12.24); see [15], Theorems 3.2 and 1.1. The relation
between Gy and F appearing in (12.24) is as follows:

F({0}), 7 is the image measure of %F(dr) under r — /.

(12.30)

The latter is owed to the fact that “substantial” birth events, where k
is of order N, appear with their squared relative size as jumps of Uy .

While the Assumption (12.28) is quite general, it is instructive (and
will be useful later) to specialize to a particular class of approximat-
ing birth event rates py ({k}) which is closely related to the limiting
operators (12.18): for a given F € M;([0,1]), put

pn ({F}) = NE({0})1 g1y

1 N k+1 N—k—1 1
+ — 1-— —F(d
N ]<k+1)T (L=7) r2 (dr),

k=1,...,N—1. (12.31)

Then, (12.28) is fulfilled and the limiting U is described by (12.29) and
(12.30). This is the (randomized) “Moran equivalent” of the “random
1" discussed in Section 12.2.2, and will turn out to be the natural mech-
anism of the first NV levels of the lookdown construction; see below. A
way to think about the second term in (12.31) is that particles partic-
ipate in an “r-extreme birth event” independently with probability r.
Note that (12.31) implies, for any « € (0,1) with F({z}) =0,

N Z px ({k}) — / — F(dr), (12.32)
k>|aN | v
so, in the limiting process, “x-reproductive events” occur at rate dt ®
27 2F(dz). As in a k-birth event, the probability for a given particle to
die is k/N; (12.31) implicitly defines the average lifetime of an individ-
ual in the Nth approximating model. The individual death rate of a
“typical” particle in the N-particle model is
N—

(1 — N1
- Bt = P + [, . 2

k=1
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If 1/r is not in Ly (F'), this will diverge as N — oco. In the last paragraph
of the remark about “coming down from infinity” on page 350, we will
see a relation to structural properties of the corresponding coalescents.
Also note that (12.27) and (12.33) implicitly determine the mutation
rate per “lifetime unit” in the Nth model, similarly as in (12.23).

Popular mutation models. Having the full generator (12.24) at hand,
it is now easy to specialize to the following classical mutation models.

(1) Finitely-many alleles. In this model, we assume a general finite
type space, say, E = {1,...,d}. Then, the mutation mechanism can
always be written as a stochastic transition matrix P = (P,;) times the
overall mutation rate r € (0,00). That is,

(2) Infinitely-many alleles. Here, one assumes that each mutation
leads to an entirely new type. Technically, one simply assumes that
E = [0,1] and that each mutation, occuring at rate r > 0, independently
picks a new type x € [0, 1], according to the uniform distribution on [0, 1],
ie.

Bf(y)=r [ ](f(x) — f(y))da.
0,1
Note that this the paradigm example of a parent-independent mutation
model. After one mutation step, all information about the ancestral
type is lost.

(3) Infinitely-many sites model. One thinks of a long part of a DNA
sequence, so that each new mutation occurs at a different site. Hence,
in principle, the information about the ancestral type is retained. More-
over, it is possible to speak about the “distance” between two types
(e.g. by counting the pairwise differences).

As a rule of thumb, if the number of mutations observed is small com-
pared to the square-root of the length of the sequence, this assumption
is reasonable. For a mathematical formulation, one may set E = [0, 1]N
and define the mutation operator by

Bf(z1,2q,...) = [ ]f(u,xl,xg,...) — f(x1, 22, 23,...) du.
0,1
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For a type vector z = (.’171,1‘2, e ), one can interpret x; as the most
recently mutated site, x5 as the second most recently mutated site and so
on. This additional information about the temporal order of mutations,
which is usually not present in real sequence data, is “factored out”
afterwards by considering appropriate equivalence classes.

For a sufficiently “old” population, which can be assumed to be in
equilibrium, it is an interesting question whether for each pair of types
T,y visible in the population,

there exist indices ¢, j, such that z; 1 = y;4i for each k € N. (12.34)

The condition means that there is a most recent common ancestor for
all the types. This question is a prototype of a question for which the
evolution of a population should be studied backwards in time. We will
come back to this in Section 12.3.

The infinitely-many sites model has an interesting combinatorial struc-
ture; see e.g. [27] or [6], Section 2. For example, in practice, one fre-
quently does not know which of the bases visible at a segregating site is
the mutant. This can be handled by considering appropriate equivalence
classes.

12.2.4 Lookdown

The lookdown construction of Donnelly and Kurtz (see [15]) provides a
unified approach to all the limiting population models which we have
discussed so far, providing a clever nested coupling of approximating
generalized Moran models in such a way that the measure-valued limit
process is recovered as the empirical distribution process of an exchange-
able system of countably many particles. However, its full power will be-
come clearer when we consider genealogies of samples and follow history
backwards in time in the next section. We present here a version suit-
able for populations of fixed total size. The construction is very flexible
and works for many scenarios, including (continuous-mass) branching
processes.

Note that Donnelly and Kurtz [15] call what follows the ‘modified’
lookdown construction, in order to distinguish it from the construction of
the classical Fleming—Viot superprocess introduced by the same authors
in [14]. Here we drop the prefix ‘modified’.

Let F € M(]0,1]). The lookdown construction leading to an empiri-
cal process with generator (12.24) works as follows.

We consider a countably infinite system of particles, each of them
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being identified by a level j € N. We equip the levels with types 55 ,
j € Nin some type space E (and we think of E as being either {1,...,d}
or [0,1] or [0, 1], depending on our choice of mutation model). Initially,
we require the types ) = (53 )jen to be an exchangeable random vector,
so that

for some finite measure p on E. The point is that the construction will
preserve exchangeability.

There are two sets of ingredients for the reproduction mechanism of
these particles, one corresponding to the “finite variance” part F'({0}),
and the other to the “extreme reproductive events” described by Fy =
F — F({0})dy. Restricted to the first N levels, the dynamics is that of a
very particular permutation of the generalized Moran model described
by (12.31), with the property that the particle with the highest level is
always the next to die.

For the first part, let {L;;(t), 1 <i < j < oo} be independent Pois-
son processes with rate F'({0}). Intuitively, at jump times ¢ of L;;, the
particle at level j “looks down” at level ¢ and copies the type there, cor-
responding to a single birth event in a(n approximating) Moran model.
Types on levels above j are shifted accordingly, in formulae

&r(t—) if k<j,
&) ={ &) il k=j (12.35)

Era(t—) if k>j,
if AL;;(t) = 1. This mechanism is well defined because, for each k, there
are only finitely many processes L;;, ¢ < j < k, at whose jump times &,

has to be modified.

For the second part, which corresponds to multiple birth events, let
B be Poisson point process on R™ x (0,1] with intensity measure dt ®
r~2Fy(dr). Note that for almost all realisations {(¢;,y;)} of B, we have

d yi<oco forallt>0. (12.36)
i:t,' St

The jump times ¢; in our point configuration B correspond to repro-
duction events. Let Uj;, i,j € N, be ii.d. uniform([0,1]). Define for
JcC{1,...,1} with |J]| > 2,

L.l](t> = Z H 1y, <y, H 1y,5y,- (12.37)

it <tjeJ Jje{l,.. 1}—J



Measure-valued diffusions, coalescents and genetic inference 345

new particle
atlevel6 =~ §
post-birth types post-birth labels
. _ 9 — o
pre=birth labels pre—birth types // f ; 8
7 g 7 e ; 7
6 f 7 b 6
5 e - . d 5
4 d - = c 4
3 [ b N 3
2 b ---->= b = 2
1 a ----= a 1
- new particle
at level 3

Fig. 12.1. Relabelling after a birth event involving levels 2, 3 and 6.

L (t) counts how many times, among the levels in {1,...,l}, exactly
those in J were involved in a birth event up to time ¢. Note that for any
configuration B satisfying (12.36), since |J| > 2, we have

E[Ly0) 8] = > g1 —p) < Y P <o,
it <t i:t; <t
so that L’ (¢) is a.s. finite.

Intuitively, at a jump t;, each level tosses a uniform coin, and all the
levels j with U;; < y; participate in this birth event. Each participat-
ing level adopts the type of the smallest level involved. All the other
individuals are shifted upwards accordingly, keeping their original order
with respect to their levels (see Fig. 12.1). More formally, if t = ¢; is a
jump time and j is the smallest level involved, i.e. U;; < y; and U, > y;
for k < j, we put

557 for k < j,

& = §_ for k> j with Uy, <, (12.38)
"
ff:‘]* otherwise,

where Jff = #{m <k : U, <y} — 1.

So far, we have treated the reproductive mechanism of the particle
system. We now turn our attention to the third ingredient, the mutation
steps.

For a given mutation rate r and mutation operator B, as defined in
(12.21), define for each level € N an independent Poisson process M;
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with rate r, so that if process M; jumps, and the current type at level
i is x, then a new type is being chosen according to the kernel ¢(z,-).
For a rigorous formulation, all three mechanisms together can be cast
into a countable system of Poisson process-driven stochastic differential
equations, see [15], Section 6.

Then (see [15]), for each t > 0, (§},£2,...) is an exchangeable random
vector, so that

1
Z; = lim Nzéff (12.39)

exists almost surely by de Finetti’s Theorem, and is the Markov process
with generator (12.24) and initial condition Zy = p.

Remark 12.2. An alternative and very elegant way to encode the ge-
nealogy of a Fleming—Viot process with generator (12.18) is via a flow
of bridges, as described in [4]. However, unlike the situation for the
lookdown construction, it seems unclear how to incorporate mutation in
this approach. O

12.3 Neutral genealogies: beyond Kingman’s coalescent

After having spent a considerable number of pages on models for the evo-
lution of the type distribution of a population forwards in time, we now
turn to the fruitful approach of looking backwards in time by analysing
the genealogies of samples drawn at present. An important advantage
of this approach is that in a neutral situation, this allows one to think of
a stochastic two-step procedure, first simulating a genealogy, and then
independently superimposing the mutation events on the given genealog-
ical tree. This point of view has many computational and conceptual
advantages. We will see below how the lookdown construction, intro-
duced in Section 12.2.4, provides a unified framework by simultaneously
describing the forwards evolution and all the genealogical trees of the
approximating particle systems.
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12.3.1 Genealogies and coalescent processes

A way to describe the genealogy of a sample of size n from a (haploid)
population is to introduce a family of partitions of {1,...,n} as follows:

i ~; j iff 7 and j have the same ancestor time ¢ before present.
(12.40)
Obviously, if ¢ > t/, then i ~; j implies 7 ~; j, i.e. the ancestral parti-
tion becomes coarser as t increases.

For neutral population models of fixed population size in the domain
of attraction of the classical Fleming—Viot process, such as the Wright—
Fisher- and the Moran model, the (random) genealogy of a finite sam-
ple can be (approximately) described by the now classical Kingman-
coalescent, which we introduce briefly, followed by the more recently
discovered and much more general A-coalescents.

Kingman’s coalescent. Let P, be the set of partitions of {1,...,n}
and let P denote the set of partitions of N. For each n € N, Kingman [34]
introduced the so-called n-coalescent, which is a P,,-valued continuous-
time Markov process {Hgn) ,t > 0}, such that H(()m is the partition of
{1,...,n} into singleton blocks, and then each pair of blocks merges at
rate 1. Given that there are b blocks at present, this means that the
overall rate to see a merger between blocks is (g) Note that only bi-
nary mergers are allowed. Kingman [34] also showed that there exists
a P-valued Markov process {II;,¢ > 0}, which is now called the (stan-
dard) Kingman-coalescent, and whose restriction to the first n positive
integers is the n-coalescent. To see this, note that the restriction of any
n-coalescent to {1,...,m}, where 1 < m < n, is an m-coalescent. Hence
the process can be constructed by an application of the standard exten-
sion theorem.

A-coalescents. Pitman [43] and Sagitov [45] introduced and discussed
coalescents which allow multiple collisions, i.e. more than just two blocks
may merge at a time. Again, such a coalescent with multiple collisions
(called a A-coalescent in Pitman’s terminology) is a P-valued Markov-
process {II;,¢ > 0}, such that, for each n, its restriction to the first n
positive integers is a P,-valued Markov process (the “n-A-coalescent”)
with the following transition rates. Whenever there are b blocks in the
partition at present, each k-tuple of blocks (where 2 < k < b < n) is
merging to form a single block at rate A, j, and no other transitions are
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possible. The rates A, do not depend on either n or the structure of
the blocks. Pitman showed that in order to be consistent, which means
that for all 2 < k < b,

Abk = Aotk + Ab1 k41,

such transition rates must necessarily satisfy

1
,Mkzzzﬁu—xﬁ*éAm@, (12.41)
for some finite measure A on the unit interval. We exclude the (trivial)
case A = 0. By a trivial time transformation, one can always assume that
A is a probability measure. In [45], the corresponding measure is termed
F (= A/A(]0,1]), and this is the F" appearing throughout Section 12.2.2.

Note that (12.41) sets up a one-to-one correspondence between coales-
cents with multiple collisions and finite measures A. Indeed, it is easy to
see that the Ay, determine A by an application of Hausdorfl’s moment
problem, which has a unique solution in this case.

Owing to the restriction property, the A-coalescent on P (with rates
obtained from the measure A as described above) can be constructed
from the corresponding n-A-coalescents via extension.

Approximation of genealogies in finite population models. Con-
sider a sample of size n from a (stationary) Cannings model of size
N > n, without mutation, and define an ancestral relation process
{R;{N’”) :k =0,1,...} via (12.40). Recalling that cy, as defined in
(12.3), is the probability for a randomly picked pair of individuals to
have the same ancestor one generation ago, it seems reasonable to rescale
time and define

(N,n) . p(N,n)
V= ROV >0, (12.42)

as then (if cy — 0) for a sample of size 2, the time to the most recent
common ancestor is approximately exponentially distributed with rate
1.

Indeed, [45] and [41] have shown that if cy — 0 and (12.4) holds true,
then {HiN’m :t > 0} converges weakly to Kingman’s n-coalescent, while
(12.12) and (12.13) imply that the limit is a A-coalescent with transition
rates given by (12.41), where A = F, with F' from the right-hand side
of (12.12).

Obviously, there is a close relation between multiple merger events
in the genealogy of the sample and “extreme” reproductive events in
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the population, in which a non-negligible proportion, say = € (0, 1],
of the population alive in the next generation goes back to a single
ancestor in the current generation. In fact, the integrand in (12.41) can
be interpreted as follows: when following b lineages backwards, in such
an event, each of them flips a coin with success probability = and all the
successful lineages subsequently merge.

On the other hand, although individuals can have more than two off-
spring, the moment condition (12.4) ensures that families are typically
small compared to the total population size and thus implies that, in
the limit, only binary mergers are visible in the genealogy.

Remark 12.3 (Simultaneous multiple collisions)

It should be pointed out that Méhle and Sagitov [41] provide a com-
plete classification of possible limits of genealogies in Cannings models,
in particular if the condition (12.13) is violated. In this case, the re-
sulting genealogies contain simultaneous multiple collisions, which have
been studied independently and termed “Z-coalescents” by Schweins-
berg in [46], in which several groups of lineages can merge at exactly
the same time. Note that the first factor in (12.13) is the probability
of observing two simultaneous mergers in one generation in a sample of
size four, whereas the second factor is the inverse of the pair coalescence
probability.

Since a corresponding theory of forward population models in the
spirit of Section 12.2.2 is not yet completely established and our space
is limited, we restrict ourselves here to the “A-world”. O

Analytic duality. Consider an F-generalized Fleming—Viot process
{Z;} with generator (12.18) starting from Z, = p € M;(E). The idea
that the type distribution in an n-sample from the population at time
t can be obtained by “colouring” t-ancestral partitions independently
according to Zy has the following explicit analytical incarnation: For
bounded measurable f : E" — R,

E[/Eu-/Efno(al,...,aHO)Z,,(dal)u-Zt(dap)]
- E[/Eu-/Efm (bl,...,bml)Zo(dbl).-.zo(dblm)}, (12.43)

where II is the n-F-coalescent starting at my = {{1},...,{n}}, and, for
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any partition 7 = {C1,...,C,} of {1, ..., n},
Fr(bryesby) = flar, o ay)

with a; := by, if i € C). This is classical for the Kingman case, and was
first explicitly formulated in [4] for the A-case. Note that specializing
(12.43) in the case F' = §; to a two-point space yields the well-known mo-
ment duality between the Wright—Fisher diffusion (12.5) and the block-
counting process of Kingman’s coalescent, which is a pure death process
with death rate (}).
Remark 12.4 (“Coming down from infinity”)

1. Not all A-coalescents seem to be reasonable models for the genealo-
gies of biological populations, since some do not allow for a finite “time
to the most recent common ancestor” of the entire population (Tysrca)
in the sense of “coming down from infinity in finite time”. This means
that any initial partition in P (and for all € > 0, the partition II.)
a.s. consists of finitely many blocks only. Schweinsberg [46] established
the following necessary and sufficient condition: if either A has an atom
at 0 or A has no atom at zero and

0o b b -1
A= k—1 Ab.k < 00, 12.44
S () (12.40
where ), i, is given by (12.41), then the corresponding coalescent does
come down from infinity (and if so, the time to come down to only
one block has finite expectation). Otherwise, it stays infinite for all
times. For the corresponding generalized m-Fleminngiot process
{Z:} without mutation, (12.44) means that the size of the support of
Z; becomes one in finite time — the process fixes on the type of the
population’s “eve”.

2. An important example for a coalescent, which (only just) does
not come down from infinity is the Bolthausen—Sznitman coalescent,
where A(dz) = dx is the uniform distribution on [0,1]. This is the
Beta(2 — «, a)-coalescent with o = 1, and it plays an important role in
statistical mechanics models for disordered systems (sec e.g. [8] for an
introduction).

3. However, it should be observed that all n-A-coalescents (for finite
n) do have an a.s. finite Ty pca-

4. Note that by Kingman’s theory of exchangeable partitions, for each
t > 0, asymptotic frequencies of the classes exist. If a A-coalescent does
not come down from infinity, it may or may not be the case that these
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frequencies sum to 1 (“proper frequencies”). Pitman [43] showed that
the latter holds iff [ 7~"A(dr) = oo. Note that if Jog r~LA(dr) < oo,
we see from (12.33) that limy .o dy < oo. Hence in the lookdown con-
struction, at each time ¢ > 0 there is a positive fraction of levels which
have not yet participated in any lookdown event. These correspond to
“dust”. (]

Examples for coalescents which satisfy (12.44) are Kingman’s coales-
cent, the process considered in [17], corresponding to (12.16) (but note
that [17] also considers F' = d,, with ¢ € (0,1), for which (12.44) fails),
and the so-called Beta(2 — a, a)-coalescents with « € (1,2), with A = F
given by (12.17). Note that, even though (12.17) makes no sense for
a = 2, Kingman’s coalescent can be included in this family as the weak
limit Beta(2 — a,a) — dp as a — 2.

Coalescents and the modified lookdown construction. We now
make use of the explicit description of the modified construction to deter-
mine the coalescent process embedded in it. Fix a (probability) measure
F on [0, 1]. Recall the Poisson processes L;; and L from (12.37) in Sec-
tion 12.2.4 above. For each ¢t > 0 and k£ =1,2,..., let N/ (s),0 < s <t,
be the level at time s of the ancestor of the individual at level k£ at time
t. In terms of the Lt. and L;;, the process N () solves, for 0 < s < ¢,

t
Ni(s) =k — Z / LNy (>3 ALij (u)

1<i<j<kv®

t
- > /(j—i)l{Nf.(u):j}dLij(u)

1<i<j<k“?

- Y i) - w0 ey A2 (0

Kc{1,..,k}

t
- Y [ En e N @) -
KC{l,.. ,k}“*~ k
X LNt (u)> min(x), N! ()¢ } AL 5 (w).

(12.45)

Fix 0 < T and, for t < T, define a partition IT” (¢) of N such that & and
[ are in the same block of II7 (¢) if and only if NI (T —t) = NI (T —t).
Thus, k£ and [ are in the same block if and only if the two levels k and [
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at time T have the same ancestor at time T —¢. Then ([15], Section 5),
the process {IIf : 0 <t < T} is an F-coalescent run for time 7.

Note that by employing a natural generalization of the lookdown con-
struction using driving Poisson processes on R and e.g. using 7" = 0
above, one can use the same construction to find an F-coalescent with
time set R;. We would like to emphasize that the lookdown construction
provides a realisation-wise coupling of the type distribution process {Z; }
and the coalescent describing the genealogy of a sample, thus extending
(12.43), which is merely a statement about one-dimensional distribu-
tions.

Superimposing mutations. Consider now an F-generalized Fleming—
Viot process {Z;} with “individual” mutation operator rB, described
by the generator Lp p given by (12.24), starting from Z, = u. The
lookdown construction easily allows us to prove that, for each ¢, the
distribution of a sample of size n from Z; can be equivalently described
as follows: run an n-F-coalescent for time ¢, interpret this as a forest
with labelled leaves. “Colour” each root independently according to p,
then run the Markov process with generator rB independently along the
branches of each tree, and finally read off the types at the leaves.

Remark 12.5. If (12.44) is fulfilled and the individual mutation process
with generator B has a unique equilibrium, one can let ¢ — oo in the
above argument to see that {Z;} has a unique equilibrium, and the
distribution of an m-sample from this equilibrium can be obtained by
running an n-F-coalescent until it hits the trivial partition. Then colour
this most recent common ancestor randomly according to the stationary
distribution of B, and run the mutation process along the branches as
above.

This approach is very fruitful in population genetics applications. For
example, under condition (12.44), (12.34) will be satisfied for ¢ large
enough, irrespective of the initial condition.

12.4 Population genetic inference

Populations with extreme reproductive behaviour. Recently, bi-
ologists have studied the genetic variation of certain marine species with
rather extreme reproductive behaviour; see e.g. Arnason [1] (Atlantic
Cod) and Boom et al. [7] (Pacific Oyster). In this situation, one would



Measure-valued diffusions, coalescents and genetic inference 353

like to decide which coalescent is suitable, based upon observed genetic
types in a sample from the population.

Eldon and Wakeley [17] analysed the sample described in [7] and pro-
posed a one-parameter family of A-coalescents, which comprises King-
man’s coalescent as a boundary case, namely those described by (12.16),
as models for their genealogy. Inference is then based on a simple sum-
mary statistic, the number of segregating sites and singleton polymor-
phisms. They conclude that ([17], p. 2622):

For many species, the coalescent with multiple mergers might be a better
null model than Kingman’s coalescent.

In this section, we obtain recursions for the type probabilities of an n-
sample from a general A-coalescent under a general finite alleles model.
We present two approaches, one based on the lookdown construction,
the other on direct manipulations with the generator Lz r. We discuss
how this recursion can then be used to derive a Monte-Carlo scheme to
compute likelihoods of model parameters in A-coalescent scenarios given
the observed types, in the spirit of [25]; see also [6] for the infinite-sites
case. These can be used e.g. for maximum likelihood estimation.

Remark 12.6. Analogous recursions for the probability of configura-
tions in the infinite-alleles model have been obtained in [39]. Exact
asymptotic expressions for certain summary statistics for the infinite-
alleles and infinite-sites models under Beta-coalescents [recall (12.17)]
have been obtained in [3]. O

12.4.1 Finite-alleles recursion I: Using the lookdown
construction

Recall that in the finite-alleles model, type changes, or mutations, occur
at rate r, and P = (P;) is an irreducible stochastic transition matrix
on the finite type space E. Note that silent mutations are allowed (i.e.
P;; > 0), denote the unique equilibrium of P by p. We assume that the
reproduction mechanism is described by some F = A € M; ([0, 1]).
Suppose the system, described by the lookdown construction, is in
equilibrium. Consider the first n levels at time 0 and let 7_; be the last
instant before 0 when at least one of the types at levels 1, ..., n changes.
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Then, —7_; is exponentially distributed with rate

T, =nr+ Z (Z) Aok (12.46)
k=2

Denote by p the distribution of the types of the first n levels in the sta-
tionary lookdown construction, say, at time 0. Later, due to exchange-
ability, we will merely be interested in the type frequency probability
p"(n). Decomposing according to which event occurred at time 7_;, we
obtain

p((yh s ayn))
n
= TL Z Zp(<y1a e Yi—1,2Yid 1y - 7yfl))PZyi,
" i=1:z€eE
1
+ — Z An,'Kll{all v cqualforj € K }p('YK (Y- ,yn)),
n KC{l...n}

(12.47)

where v (y1,...,y.) € E" K+ is that vector of types of length n —
|K| 4+ 1 which (51(7'_1—), .. ,§,17|K|+1(T_1—)) must be in order that a
resampling event involving exactly the levels in K among levels 1,...,n

generates (&(7-1),...,&(7-1)) = (y1,-..,¥yn). Formally,
VE WY1y 5 Yn)i = Yid s (K \fmin K ) {L,....i}), L <@ <n—[K[+ 1.

As the type at level 1 is the stationary Markov process with generator
rB, we have the boundary condition p((y1)) = u(y1), 1 € E. Note
that, by exchangeability,

p((yh cee 7yn)) = p((yﬂ'(l)7 .. ayﬂ'(n)))

for any permutation 7 of {1,...,n}. So, the only relevant informa-
tion is (of course) how many samples were of which type. For n =
(n1,...,nq) € Zi we write #n :=nj + - - - + ng for the ‘length’, and
kn)=(1,1,...,1,2,...,2,....d,...,d) € E#®
——— —— ——
mny na uri

for a ‘canonical representative’ of the (absolute) type frequency vector
n. Let

T B L) (12.48)

ny,ng,...,Nqg

be the probability that, in a sample of size #n, there are exactly n; of
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type j, j = 1,...,d. We abbreviate n := #n, and write e¢; for the kth
canonical unit vector of Z¢. Noting that

#n 0
E (m,m,...,nd pn—e;+e) = (nl 1 —%)p (n=e;+e)

and that (for n; > k, otherwise the term is 0)

(7;1) (nlm#n md)p(n — (k—1)e;)

n\n; —k+1,
(3) M=t - vey)

(12.47) translates into the following recursion for p°:

d d
r
p'(n) = - DD i+ 1-6,)Pp'(n—e; +e)

+izd:§: Ve R o k= 1)ey)  (12.49)
r k n’knkarlp J '

with boundary conditions p°(e;) = p;.

Remark 12.7. In the Kingman case, we have A, = 1(n > 2 = k),
r, =n0/24+nn—-1)/2=n(n—1+0)/2 (and we assume r = 0/2 as
“usual”), hence (12.49) becomes the well-known

0 it 1-0
0 o i “ Y% 5 0 A )
p(n)—in_pro;;in Pjp’(n—e; +e;)
d
n—1 le—l 0
—e;). 12.50
g X e (12.50)
71,22

12.4.2 Finite-alleles recursion II: Generator approach
An alternative method to obtain the recursion for the type probabilities
in the finite-alleles case is by using a generator approach; see [12]. Let
felyand Ay ={(x1,...,2q) : 2; > 0,2y + - -+ x4 = 1} and consider
the mutation operator

d

Ef(xl,...,xd) = rz (Z%Pﬂ —xiRj)%(x17...7md).

i=1  j=1
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For the resampling operator, we distinguish the Kingman and non-
Kingman components. First, assume A({0}) =0 (non-Kingman). Con-

sider
Rif(xy,...,xq Z/xl rml,.. ST 1, TX; + T, FTigq, .- m:d)
— flwr ) ) A ),
(12.51)

where 7 = 1 — r. For the Kingman part (A = §y) of the resampling
operator, we have

[\D\H

d 2f
Rof(x1,...,2q Z - aa( T

Finally, for general A and a > 0, write R = Ry + aRs, where R; uses
Ao = A= A({0}8p. Now, let X (t) = (Xi(t),...,X4(t)) be the stationary
process with generator L = B + R [note that X;(t) = Z ({i}), where
{Z;} is the stationary process with generator (12.24)]. Write X = X (0).
Let n = (ny,...,n4), n =n1 +---+ng. Then,

d
E [ IIx }
i=1

is the probability of observing in a sample of size n from the equilibrium

population type i precisely n; times in a particular order (e.g. first n;
samples of type 1, next ny samples of type 2, etc.). Put

Then,

= (, " VERCY)

is the probability of observing type ¢ exactly n; times, i = 1,...,d,
regardless of the order. Note that

d

d
Efn(xl,..., Z(Z@Pji—xiﬂj)nifn,el (.’171,...,3?61)

i j=1

d
- Z inifn—eL +e; (X) - Tnfn(x)
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and

d
fa((l=7)x+7re)) = (1 —7)" "™ Hx;l’ x (1 —7r)z; +7)"

77‘1'
n;
_ n n; Hxll; x Z (n1> B )nika;u—k
jF#i k=0
n; n
i\ k k( ni—k
- (,;)r oo (w5
k=0 VE
so the term inside the integral in the expression (12.51) for R; can be
written as
d n; n d n n d
i\ Kk —k, ni—k+1 j k —k
Y (k> TR | Y (k> (=t T
i=1 k=0 i k=0 (=1
d n; n: d
= 3 3 ()ra e T
i >2 k=2 e
n n d
-2 (o I
k=2 =1

observing that the terms with k = 0 and k& = 1 cancel since z1+- - -+x4 =
1 and ny + - -+ 4+ ng = n. Recalling the definition of A, ; from (12.41),
we obtain

i) = 3 Z(k) M foctie ()~ S (} )t

i >2 k=2 k=2
(12.52)
Furthermore
1
R2fn(x) = 5 Z X; (5L] — Z‘])’IL(’I’LJ — (Si]‘)fn_(% —e; (X)
ij=1
- f”l( D o= 3 M =) g
i=1 ne, ij=1 B
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Combining the terms from R; and Rs (using (12.52) and (12.53) above,
and replacing A by Ay in (12.51)), we have

Rfa(x Z i( ) An ik fom(h—1)e; (X )_i<z>)\n,kfn(x)'

im; >2 k=2 k=2

Thus we obtain from the stationarity condition E L f,(X) = 0 that

rnEfn _T Z nL-sz]Efn e,+eJ( )

le

z; Z( ) An kEfamk—1)e, (X)),

where 7, is defined in (12.46). Multiplying with (HI‘T_L_W) /T, and some
algebra gives

d
,
g(mn) = 72(“j+1—5z‘j)Pji9(n—ei+ej)

ij=1

d n;
1 ~/n n—k+1
- o —————— —(k—1)e;
s Y (DS o - - De),

which agrees with (12.49).

12.4.3 A Monte Carlo scheme for sampling probabilities

Recursion (12.49) can be used to estimate p°(n) for a given n € Z% using
a Markov chain, in the spirit of [25], as follows:
Let {X}.} be a Markov chain on Z% with transitions

n—e;+e; w. p. m(nl—l—l—@)ﬂ] if n;j > 0,
n—
n—(k—1)e; w.p. r;(tn)(;;))\" o _,fill if 2<k<nmn;,,

where (with r,, as defined in (12.46))

f(n)zqi(zd:r(ni-i-l P+ Y. i() ::f)

Q=1 1<i<d k=2
nj>0 n 29

(12.54)
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Then,
p'(n) =Eg [] £(6(),n(2). (12.55)

Remark 12.8 (Inference for Kingman’s coalescent)
Likelihood-based inference methods for Kingman’s coalescent, some
solving recursion (12.50) approximately via Monte—Carlo methods, oth-
ers using MCMC, have been developed since the beginning of the 1990s;
see [18], [24], [25], [26], [28], [29], [23], [12], [49]. In [49], Stephens and
Donnelly provide proposal distributions for importance sampling, which
are optimal in some sense, and compare them to various other methods.
Their importance sampling scheme seems, at present, to be the most
efficient tool for inference for relatively large datasets, but heavily uses
the fact that Kingman’s coalescent allows only binary mergers. It is at
present unclear what an analogous strategy in the general A-case ought
to be. a

12.4.4 Simulating samples

Let E, (P;j), u, v be the parameters of a finite-alleles model. Then, one
may obtain the type configuration in an n-sample as follows:

Let {Yt(n)}tzo be the block counting process corresponding to an n-
A-coalescent, i.e. Yt(") = #{blocks of II; } is a continuous-time Markov
chain on N with jump rates

qij = <i—j—|— 1>>\i,7ﬁ—j+17 1>72>1

starting from Y0<n> = n. Its Green function is

g(n,m) = E{/ 1{Y<n)7m} ds} forn >m > 2, (12.56)
; )

which can easily be computed recursively; see [6], Section 7.1. Denoting
by 7 := inf{t : Yt(") = 1} the time required to come down to only one
class and by 0 a “cemetery state”, it follows from Nagasawa’s Formula
(see e.g. [44], (42.4)) that the time-reversed path

B (n) <
v = { Yv—g— 3; i <7 (12.57)
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is a continuous-time Markov chain on {2,...,n} U {9} with jump rate
matrix
45 = S,  J<i<m,
o gng)
j—1
_q~](7;) = Z (jj(:}> = Zqﬂf‘? @(::9) = —Gnn
i=j+1 (=1

and initial distribution IP’{Y/O(n) =k} =gn,k)qr1, k =2,3,...,n. Note
that, unless A is concentrated on {0}, the dynamics does depend on n.
We write 155.';) = qﬁ%”/(—tj%”), j < i <mn for the transition matrix of the
skeleton chain of Y.

In view of Remark 12.5 it is clear that the following algorithm gen-
erates an n-sample from the stationary distribution of the process with
generator Lp p given by (12.24):

Algorithm (generating samples)

(i) Generate K with P{K =k} = g(n,k)qi1, k = 2,...,n begin with
n= Kdx, where X ~ p.

(ii) Draw U ~ Unif([0, 1]).

kr+(=q;})
Replace one of the present types by a P-step from it,
i.e. replace 1 :=n—Jd, + 0, with probability %Pw (for
x # y), where #n is the total mass of 7.

Otherwise:
If #n = n: Output n and stop.
Else, pick J € {#n,...,n} with P{J = j} = p‘;’;])]
Choose one of the present types (according to their
present frequency), and add J — #n copies of this type,

N

i.e. replace 1 :=n+ (J — #n)Jd, with probability -

(iii) Repeat (ii).
Remark 12.9
Ordered samples can be obtained from a realization of n by random re-

ordering. In the case of parent-independent mutation, i.e. if F;; = P; for
all 4, 7, it is possible to simplify the procedure by simulating “backwards
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in time”. “Active” ancestral lineages are lost either by (possibly mul-
tiple) coalescence or when hitting their “defining” mutation, in which
case one simply assigns a random type drawn according to P;. m|
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Abstract

The evolutionary force of recombination is lacking in asexually repro-
ducing populations. As a consequence, the population can suffer an ir-
reversible accumulation of deleterious mutations, a phenomenon known
as Muller’s ratchet. We formulate discrete and continuous time versions
of Muller’s ratchet. Inspired by Haigh’s (1978) analysis of a dynamical
system which arises in the limit of large populations, we identify the
parameter v = NA/(Ns - log(N)\)) as most important for the speed of
accumulation of deleterious mutations. Here N is population size, s is
the selection coefficient and A is the deleterious mutation rate. For large
parts of the parameter range, measuring time in units of size N, deleteri-
ous mutations accumulate according to a power law in N A with exponent
v if v > 0.5. For v < 0.5 mutations cannot accumulate. We obtain dif-
fusion approximations for three different parameter regimes, depending
on the speed of the ratchet. Our approximations shed new light on anal-
yses of Stephan et al. (1993) and Gordo and Charlesworth (2000). The
heuristics leading to the approximations are supported by simulations.

365



366 Alison M. Etheridge, Peter Pfaffelhuber, Anton Wakolbinger

13.1 Introduction

Muller’s ratchet is a mechanism that has been suggested as an explana-
tion for the evolution of sex [13]. The idea is simple; in an asexually re-
producing population chromosomes are passed down as indivisible blocks
and so the number of deleterious mutations accumulated along any an-
cestral line in the population can only increase. When everyone in the
current ‘best’ class has accumulated at least one additional bad muta-
tion then the minimum mutational load in the population increases: the
ratchet clicks. In a sexually reproducing population this is no longer
the case; because of recombination between parental genomes a parent
carrying a high mutational load can have offspring with fewer deleteri-
ous mutations. The high cost of sexual reproduction is thus offset by
the benefits of inhibiting the ratchet. Equally the ratchet provides a
possible explanation for the degeneration of Y chromosomes in sexual
organisms (see e.g. [2], [4], [5], [3], [15]).

However, in order to assess its real biological importance one should
establish under what circumstances Muller’s ratchet will have an evolu-
tionary effect. In particular, how many generations will it take for an
asexually reproducing population to lose its current best class? In other
words, what is the rate of the ratchet?

In spite of the substantial literature devoted to the ratchet (see [11] for
an extensive bibliography), even in the simplest mathematical models
a closed form expression for the rate remains elusive. Instead various
approximations have been proposed which fit well with simulations for
particular parameter regimes. The analysis presented here unifies these
approximations into a single framework and provides a more detailed
mathematical understanding of their regions of validity.

The simplest mathematical model of the ratchet was formulated in
the pioneering work of Haigh [8]. Consider an asexual population of
constant size N. The population evolves according to classical Wright—
Fisher dynamics. Thus each of the N individuals in the (¢ + 1)th gen-
eration independently chooses a parent from the individuals in the tth
generation. The probability that an individual which has accumulated
k mutations is selected is proportional to its relative fitness, (1 — s)¥.
The number of mutations carried by the offspring is then k + J where J
is an (independent) Poisson random variable with mean .

Haigh identifies ng = Ne~*/* as an approximation (at large times) for

Trends in Stochastic Analysis, ed. J. Blath, P. Mérters and M. Scheutzow.
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the total number of individuals carrying the least number of mutations
and finds numerical evidence of a linear relationship between ny and the
average time between clicks of the ratchet, at least for ‘intermediate’
values of ny (which he quantifies as ng > 1 and less than 25, say). On
the other hand, for increasing values of ny Stephan et al. [16] note the
increasing importance of s for the rate of the ratchet. The simulations of
Gordo and Charlesworth [7] also suggest that for ny fixed at a large value
the ratchet can run at very different rates. They focus on parameter
ranges that may be the most relevant to the problem of the degeneration
of large non-recombining portions of chromosomes.

In our approach we use diffusion approximations to identify another
parameter as being an important factor in determining the rate of the
ratchet. We define

N
v

= Nrlog (V)" (13.1)

Notice that ng = N(NA)~7. In these parameters one can reinterpret
Haigh’s empirical results as saying that if we measure time in units of
size N then the rate of the ratchet follows a power law in NA. In fact
our main observation in this note is that for a substantial portion of
parameter space (which we shall quantify a little more precisely later)
we have the following

Rule of thumb. The rate of the ratchet is of the order NY='\7 for
v € (1/2,1), whereas it is exponentially slow in (NX)*=7 for v < 1/2.

There are two novelties here: first, the abrupt change in behaviour
at 7 = 1/2 and second the power-law interpretation of the rate for
v € (1/2,1). As an appetiser, Figure 13.1 illustrates that this behaviour
really is reflected in simulated data; see also Section 13.6.

The rule of thumb breaks down for two scenarios: first, if v > 1 then
for large N\ we have ny < 1 and so our arguments, which are based on
diffusion approximations for the size of the best class, will break down.
This parameter regime, which leads to very frequent clicks of the ratchet,
was studied by Gessler [6]. Second, if N is too large then we see the
transition from exponentially rare clicks to frequent clicks takes place at
larger values of ~.

The rest of this paper is laid out as follows. In Section 13.2 we review
the work of Haigh [8]. Whereas Haigh’s work focuses on discrete time
dynamics, in Section 13.3 we write down instead a (continuous-time)
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Fig. 13.1. (A) We plot the rate of the ratchet against v, where time is measured
in units of N generations. As predicted by our rule of thumb we see a sharp
change of behaviour around v = 0.5. (B) We see the power-law behaviour of
the rate for various values of 7. The solid lines are given by simulation of a
Wright—Fisher model. The dashed lines fit the prediction that the time between
clicks is a constant times N(NX)~" for v > 0.5. Note that this breaks down for
v > 1.
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Fleming—Viot diffusion approximation to the model whose behaviour
captures the dynamics of large populations when s and A are small. We
then pass in Section 13.4 to the infinite population (deterministic) limit.
This system can be solved exactly and by, in the spirit of Haigh, using
this deterministic system to estimate the behaviour of the ‘bulk’ of the
population we obtain in Section 13.5 a one-dimensional diffusion which
approximates the size of the best class in our Fleming—Viot system. The
drift in this one-dimensional diffusion will take one of three forms de-
pending upon whether the ratchet is clicking rarely, at a moderate rate
or frequently per N generations (but always rarely per generation). Per-
forming a scaling of this diffusion allows us to predict the relationship
between the parameters N and N s of the biological model and the value
of v at which we can expect to see the phase transition from rare clicking
to power-law behaviour of the rate of the ratchet. In Section 13.6 we
compare our predictions to simulated data, and in Section 13.7 we dis-
cuss the connection between our findings and previous work of Stephan
et al. [16], Stephan and Kim [17] and Gordo and Charlesworth [7].

13.2 The discrete ratchet — Haigh’s approach

The population dynamics described in the introduction can be refor-
mulated mathematically as follows. Let N be a fixed natural number
(the population size), A > 0 (the mutation parameter) and s € (0,1)
(the selection coefficient). The population is described by a stochastic
process taking values in P(Np), the simplex of probability weights on
Ny. Suppose that x(t) = (z4(¢))r=01,... € P(Ny) is the vector of type
frequencies (or frequency profile) in the ¢th generation (so for example
Nz (t) individuals in the population carry exactly k& mutations). Let
H be an Ny-valued random variable with P[H = k| proportional to
(1 — s)*z; (), let J be a Poisson(\)-random variable independent of H
and let K7, ..., Ky be independent copies of H + J. Then the random
type frequencies in the next generation are

Xo(t+1) = %#{z’ Ky = k) (13.2)

We shall refer to this as the ratchet dynamics in discrete time.
First consider what happens as N — oco. By the law of large numbers,
(13.2) results in the deterministic dynamics

x(t+1):= Ex(t>[X(t + 1)] (13.3)
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An important property of the dynamics (13.3) is that vectors of Poisson
weights are mapped to vectors of Poisson weights. To see this, note
that when N — oo the right-hand side of (13.3) is just the law of the
random variable H + J. If x(t) = Poisson(«), the Poisson distribution
with mean «, then H is Poisson («(1 — s))-distributed and consequently
x(t+1) is the law of a Poisson(a(1 — s) + A) random variable. We shall
see in Section 13.4 that the same is true of the continuous time analogue
of (13.3) and indeed we show there that for every initial condition with
xp > 0 the solution to the continuous time equation converges to the
stationary point

7 := Poisson(6)

as t — oo, where
0:=—.
s
Haigh’s analysis of the finite population model focuses on the number
of individuals in the best class. Let us write k* for the number of muta-
tions carried by individuals in this class. In a finite population, &* will
increase with time, but the profile of frequencies relative to k*, { Xy ix+},
forms a recurrent Markov chain. We set

Y = (Yi)i=01,. = (X=sk)r=01,..

and observe that, since fitness is always measured relative to the mean
fitness in the population, between clicks of the ratchet the equation for
the dynamics of Y is precisely the same as that for X when X, > 0.
Suppose that after ¢ generations there are ny(t) = Nyy(t) individuals in
the best class. Then the probability of sampling a parent from this class
and not acquiring any additional mutations is

polt) = (yo(t)/W(t)) e,

where
W) =3 ()1 - s (13.4)
i=0

Thus, given yo(t), the size of the best class in the next generation has a
binomial distribution with N trials and success probability py(t), and so
the evolution of the best class is determined by W (t), the mean fitness of
the population. We shall see this property of Yj reflected in the diffusion
approximation of Section 13.3.

A principal assumption of Haigh’s analysis is that, immediately before
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a click, the individuals of the current best class have all been distributed
upon the other classes, in proportion to their Poisson weights. Thus
immediately after a click he takes the type frequencies (relative to the
new best class) to be

. 1 1 . 07
71':21_7(0(71'1,71'2,...)—1_60(96 SLRIE (13.5)

The time until the next click is then subdivided into two phases. During
the first phase the deterministic dynamical system decays exponentially
fast towards its Poisson equilibrium, swamping the randomness arising
from the finite population size. At the time that he proposes for the end
of the first phase the size of the best class is approximately 1.6my. The
mean fitness of the population has decreased by an amount which can
also be readily estimated and, combining this with a Poisson approxima-
tion to the binomial distribution, Haigh proposes that (at least initially)
during the second (longer) phase the size of the best class should be
approximated by a Galton-Watson branching process with a Poisson
offspring distribution.

Haigh’s original proposal was that since the mean fitness of the pop-
ulation (and consequently the mean number of offspring in the Galton
Watson process) changes only slowly during the second phase it should
be taken to be constant throughout that phase. Later refinements have
modified Haigh’s approach in two key ways. First, they have worked
with a diffusion approximation so that the Galton—Watson process is
replaced by a Feller diffusion and, second, instead of taking a constant
drift, they look for a good approximation of the mean fitness given the
size of the best class, resulting in a Feller diffusion with logistic growth.
Our aim in the rest of this paper is to unify these approximations in a
single mathematical framework and discuss them in the light of simula-
tions. A crucial building block will be the following extension of (13.5),
which we call the Poisson profile approzimation (or PPA) of Y based
on Yy:

() := (YO 1 _YZ(MM . .)). (13.6)

As a first step, we now turn to a diffusion approximation for the full
ratchet dynamics (13.2).
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13.3 The Fleming—Viot diffusion

For large N and small A and s, the following stochastic dynamics on
P(Np) in continuous time captures the conditional expectation and vari-
ance of the discrete dynamics (13.2):

AXe = [ D s — k)X X + M(Xio1 — X) | dt

J
1
+Z,/NX,-X,CC1WJ-,C, k=0,1,2,..., (13.7)

ik
where X_; := 0, and (Wj;)j>k is an array of independent standard
Wiener processes with W},; := —W;;,. This is, of course, just the infinite-

dimensional version of the standard multi-dimensional Wright—Fisher
diffusion. Existence of a process solving (13.7) can be established using
a diffusion limit of the discrete dynamics of §13.2. The coefficient s(j—k)
is the fitness difference between type k and type j, A(Xp—1 — X} ) is the
flow into and out of class k due to mutation and the diffusion coefficients
ﬁX ;X reflect the covariances due to multinomial sampling.

Remark 13.1 Often when one passes to a Fleming—Viot diffusion ap-
prozimation, one measures time in units of size N and correspondingly
the parameters s and A appear as Ns and NX. Here we have not rescaled
time, hence the factor of ﬁ in the noise and the unscaled parameters s
and X in the equations. O

Writing
M (X) =) jX;
J

for the first moment of X, (13.7) translates into

1
dX), = (S(Ml(X) k) = ANX /\Xk_l)dt + z#: VXX W
i#k
(13.8)

In exactly the same way as in our discrete stochastic system, writing k*
for the number of mutations carried by individuals in the fittest class,
one would like to think of the population as a travelling wave with profile
Y = Xir+. Notice in particular that

1
dYp = (sMi(Y) = N)Yodt + 1/ Yo(1 — Y5)dWo,
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where W} is a standard Wiener process. Thus, just as in Haigh’s setting,
the frequency of the best class is determined by the mean fitness of the
population.

Substituting into (13.7) one can obtain a stochastic equation for My,

dM; = (/\ — SMz)dt +dG

where My =}, (j — M)?X; and the martingale G has quadratic varia-
tion

1
d(G) = - Madt.

Thus the speed of the wave is determined by the variance of the profile.
Similarly,

dMs = (— & Mo + (A — sM3))dt + dH

where Mz =3, (j — M;)?X; and the martingale H has quadratic varia-
tion d(H) = +(My—M,)dt with M denoting the fourth centred moment
and so on.

These equations for the centred moments are entirely analogous to
those obtained in [9] except that in the Fleming—Viot setting they are
exact. As pointed out there, Biirger [1] obtained similar equations to
study the evolution of polygenic traits. The difficulty in using these
equations to study the rate of the ratchet is of course that they are not
closed: the equation for M} involves M, and so on. Moreover, there
is no obvious approximating closed system. By contrast, the infinite
population limit, in which the noise is absent, turns out to have a closed
solution.

13.4 The infinite population limit

The continuous time analogue of (13.3) is the deterministic dynamical
system

da = ((s(My(x) = k) = Nax + Az )dt, k=0,1,2,... (13.9)

where x_; = 0, obtained by letting N — oo in our Fleming—Viot diffu-
sion (13.8). Our goal in this section is to solve this system of equations.
Note that Maia et al. [12] have obtained a complete solution of the cor-
responding discrete system following (13.3).

As we shall see in Proposition 13.2, the stationary points of the system
are exactly the same as for (13.3), that is, x = 7 and all its right
shifts (mp—k=)r=01,.., * = 0,1,2,.... Since the Poisson distribution
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can be characterized as the only distribution on Ny with all cumulants
equal, it is natural to transform (13.9) into a system of equations for the
cumulants, ki, k = 1,2,..., of the vector x. The cumulants are defined
by the relation

o0 oo _ k.
log Y ape :Z"%( ]j) . (13.10)
k=0 k=1 ’

We assume x5 > 0 and set

Ko == — log zy. (13.11)

Proposition 13.2 For x;,k =0,1,2,... as in (13.10) and (13.11) the
system (13.9) is equivalent to

;‘%}k:—SK/k+1+)\7 k:071727"‘

Setting k := (Ko, K1, . ..) this system is solved by

A X
k= Br(0)" + g(l —e N1, B=(bij)ij=01.. .,
sy
by =4 oo J=t (13.12)
0 otherwise.

In particular,

exp ( — %(1 — e“”))

wo(t) = e = ay(0) - —— (13.13)
(Ek:o xk(o)e—stk)
and
- 9 — —¢k A —st
nl(t):kak(t): —a—glogZxk(O)e +—-(1—-e"").
k=0 k=0 E=st §
(13.14)

Remark 13.3 If x(0) is a Poisson(p) distribution then substituting
into (13.12) we see that x(t) is a Poisson distribution with parameter
As+ e (n— N\/s). In other words, just as for the discrete dynami-
cal system considered by Haigh, vectors of Poisson weights are mapped
to vectors of Poisson weights. In particular m := Poisson(\/s) is once
again a stationary point of the system. Moreover, this proposition shows
that for any vector x(0) with xo(0) > 0, the solution converges to this
stationary point. The corresponding convergence result in the discrete
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case is established in [12]. More generally, if k* is the smallest value of
k for which xi(0) > 0 then the solution will converge to (Ty—k+)k=0,1,2,...-

Proof [Proof of Proposition 13.2]. Using (13.9) we have

B Zo S wret 1 < . ek
= —= AU 3 0o+ — Tie
D ko Tk 0 =0
oo 00 (%)
Yoo kzye™t
:—SZ]QJJ + A — s =5 P JrsZ]x]
J=0 k= J=0
A o0 o0
+ (e%zxk et U—Z:rke 51”)
&k
Zk L€ k=1 k=0
o0
= sd—glog(Zaﬂke 51“) +Xe”¢
k=0

Thus, (13.10) gives
d g, (=9
&kz“"‘ !

=0

Comparing coefficients in the last equation we obtain

k

R (9" e
= Szmk+1 k" +)\€ .
k=0 ’

Rl = —8Kgp4+1 + A, kE=0,1,....
This linear system can readily be solved. We write

D := (6i11,5)ij=012,..., 1=(1,1,...),
so that

kT =—sDr" 4+ 1T, (13.15)

Since

—st)! 7! . .
(6—Dst)/‘/ _ ((j—)i)! Jj=t
’ 0 otherwise,

the linear system (13.15) is solved by

t

A
ﬁ(t)T — efDSt@(O)T + A estuldu — esttE(O)T + 7(1 o efst)lT.
0 s

O
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Remark 13.4 With the initial condition x(0) := 7 given by (13.5),
equations (13.13) and (13.14) become

6‘ —st
zo(t) = e (13.16)
1 —e0e
and
fe—s?
At time
log 6
=27 (13.18)
s

we have xo(T) = 6_0# ~ 1.6m. Comparing with Section 13.2 we see

that in our continuous time setting T is precisely the counterpart of the
time proposed by Haigh as the end of ‘phase one’.

In Section 13.5 our prediction for M;(Y) given Y, will require the
value of M;(y(7)) for y solving (13.9) when started from a Poisson
profile approximation. This is the purpose of the next proposition.

Proposition 13.5 For y, € (0,1), let y(t) be the solution of (13.9) with
the initial state y(0) := I(yo) defined in (13.6), and let T be Haigh’s
relazation time defined in (13.18). Then for A > 0 with n := 6'=4

n (A7)
My(y(Ar)) = 0+ —— (1 - yom) )

Proof. Since

o0
Zme‘gl" =exp(—0(1— 6_5)) = 71'57875,
k=0

we have
) 1— e
Zyke £ ‘ =1 + i (eae 1)‘
o 13 1 E=sAT
o+ W e — 1)
Yo7z o 0
and
0 = 1—y ¢ 1-—
o —fk‘ B 0 1—e 9e—¢ o Yo n
e = e = — e .
6£ Zyk E=sAT 1-— un o E=sAT 1-— ) Toe

k=0
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Using the solution (13.13) and (13.14) and yo(0) = yo

moe"
AT) =
Yo(AT) W (e 1)
moe (1 — mp)
_ , 13.19
yoyo(l —mee) + mo(e” — 1) ( )
=0 moell
M, (y(AT)) = Lo +0—
ytan) = I
0 — Yo
=0+ . 13.20
Tyo(T = moem) + mo(en — 1) (13.20)
From (13.19),
_ yo(AT)mo(e? — 1)
o moe (1 — mo) — yo(AT)(1 — mee?)
and thus
o moe” (mo — yo(A7)) (1 — 7o)
070 = e (1 — 7o) — yo(AT) (1 — mpeh)’
yo(1 — mpe”) + mp(e” — 1)
71'067](1 — 7T0)
= n_ 1 .
70 = D) T =) = o (AT) (1 = me)
Plugging the last two equations into (13.20) we find
A
Mi(y(Ar) =0+ (1~ tol T)).
en—1 )
O

13.5 One-dimensional diffusion approximations

Recall from Section 13.3 that in our Fleming—Viot model the frequency
Y} of the best class follows

1
vy, = (le(Y) - )\)Yodt +/ Yol — Yo) AW, (13.21)

where Wy is a standard Wiener process. The system of equations (13.8)
is too complex for us to be able to find an explicit expression for M;(Y),
which depends on the whole vector Y of class sizes. Instead we seek
a good approximation of M; given Y. Substituting this into equa-
tion (13.21) will then yield a one-dimensional diffusion which we use as
an approximation for the size of the best class. Of course this assump-
tion of a functional dependence between Y; and M, is a weakness of
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N=10*
A=0.1

5.0

My

3.5

Yo=To
[ [ [

0.00 0.01 0.02 0.03 0.04

Yo

Fig. 13.2. Using simulations (see also Section 13.6) we plot (Yo, M1). There is a
good fit to a linear relationship between Y; and M;. Note that v = 0.6 in the
figure.

the one-dimensional diffusion approximation, but simulations show that
there is a substantial correlation between Yy and M, see, for example,
Figure 13.2.

To understand our approach to finding a map Yy — M, recall as a
first step Haigh’s approximation that immediately after a click of the
ratchet the profile has the form (13.5). The reasoning is as follows. De-
viations of Y from a Poisson profile can only be due to the randomness
arising from resampling in a finite population. Since resampling has no
tendency to increase or decrease the frequency of a given class, the av-
erage profile immediately after a click of the ratchet is approximated by
the state where 7 is distributed evenly over all other classes according
to their equilibrium frequencies. During his short ‘phase one’, Haigh
then allows this profile to ‘relax’ through the action of the discrete dy-
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namical system (13.3) and it is the mean fitness in the population after
this short relaxation time which determines the behaviour of the best
class during ‘phase two’.

A natural next step in extending this argument is to suppose that also
in between click times the resampling distributes the mass my— Y; evenly
on all other classes. In other words, given Y|, approximate the state of
the system by Y = II(Y}) given by (13.6).

Of course in reality the dynamical system interacts with the resam-
pling as it tries to restore the system to its Poisson equilibrium. If this
restoring force is strong, just as in Haigh’s approach one estimated mean
fitness during phase two from the ‘relaxed’ profile, so here one should
approximate the mean fitness M; not from the Poisson profile approx-
imation (PPA) but from states which arise by evolving the PPA using
the dynamical system for a certain amount of time. We call the re-
sulting states relaxzed Poisson profile approzimations or RPPAs. There
are three different parameter regimes with which we shall be concerned.
Each corresponds to a different value of 1 in the functional relationship

M, :0+L<1— ﬁ). (13.22)

el —1 o

of Proposition 13.5. These can be distinguished as follows:

0
A small, n~0, M, = 1 (1-Yo), (13.23a)
.
%
A=1, n=1, M, %6—1—0.58(1— —0), (13.23b)
o
%
A large, =0, M, ~ 0+ (1 _ f). (13.23¢)
0

The resulting maps Yy — M, are plotted in Figure 13.3. Observe that,
for consistency, M; has to increase, on average, by 1 during one click of
the ratchet.

Finally, before we can apply our one-dimensional diffusion approxima-
tion we must choose a starting value for Y; following equation (13.21).
For A large, the system is already close to its new equilibrium at the
time of a click and so we take Yy = m.

For A = 1, at the time of the click we observe a state which has
relaxed for time 7 from a state of the form 7 from (13.5). We computed
in Remark 13.4 that such a state comes with Yy = 1.6m.

For small values of A, observe that the profile of the population im-
mediately after a click is approximately 7 from (13.5). Since 7 is not a
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0+1

6+0.58
8/(1-mg)
5]

A small

A=I | Abig

0 y 1.6m, T

Yo

Fig. 13.3. Since simulations show a strong correlation between the first moment
M, and Yy, we use (13.23a)—(13.23¢) to predict M; from Y depending on the
model parameters.

state of the form II(yy) the arguments that led to Proposition 13.5 do
not apply. Instead we follow Haigh in dividing the time between clicks
into two phases. Consider first ‘phase one’. Recall from the dynamical
system that

dYy = (sM; — M) Yo dt.
We write
(sM; — N)Yy = ¢ (7o — Y0),

where ¢ (like Yy and M;) depends on r = fe~*'. Starting in Y(0) = 7
we have from (13.16) and (13.17)

fe— st r
Yot)=e ' ——— = —
o(t) = e 1 — exp(—fe—st) C 1
fest r
Mit)=0—-1+ ———=0-1 .
1t + exp(fe—st) — 1 + er —1

‘We compute

c (Mi—-0)Y, 1-7=  r(l—e")—re"

s m—Yy 11z r(l-eT)—(1—eT)?

r
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It can be checked that this expression lies between 1 and 1.25 for all
r > 0 which suggests that the size of the best class in the initial phase
after a click is reasonably described by the dynamics

1
dYy = s (my — Yp) dt + ,/NY0 dw, (13.24)
T

ery- We allow ¥j to evolve according to equation (13.24)
until it reaches 1.67, say, and then use our estimate of M; from equa-
tion (13.23) to estimate the evolution of Y during the (longer) ‘phase

two’.

started from

We assume that states of the ratchet are RPPAs, i.e. Poisson profile
approximations (13.6) which are relaxed for time A7, where 7 = % log 8,
which leads to the functional relationship (13.22). Consequently, we
suggest that (13.21) is approximated by the ‘mean reversion’ dynamics

_ n _n 1
dy, = ST (1 ﬁg)Yodt—k \/ NYUdWO, (13.25)

, where we have used a Feller noise instead of the Wright—

with n = g1=4
Fisher term in (13.21). In other words, Yy is a Feller branching diffusion
with logistic growth.

Using the three regimes from (13.23), we have the approximations

1
A small, dYp = M(mp — Yp)Yodt + 4/ NYOdVV, (13.26a)
Y, 1
A=1, vy = 0.585(1 - —)YOdt ) —YodWy,  (13.26b)
0 N
Yo 1
A large, vy = 3(1 - —)Yodt ] =Yy dW, (13.26¢)
™0 N

(where in the first equation we have used that 1_17T0 ~ 1 + m and that
Yomo is negligible).

An equation similar to (13.26b) was found (by different means) in
[16] and further discussed in [7]. Stephan and Kim [17] analyse whether
a prefactor of 0.5 or 0.6 in (13.26b) fits better with simulated data. We
discuss the relationship with these papers in detail in Section 13.7.

The expected time to extinction of a diffusion following (13.25) is
readily obtained from a Green function calculation similar to that in
[10]. We refrain from doing this here, but instead use a scaling argument
to identify parameter ranges for which the ratchet clicks and to give
evidence for the rule of thumb formulated in the introduction.
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Consider the rescaling

1

0

Z(t) = —Yy (Nmot) .

For A small equation (13.26a) becomes

dZ = NMr2(1 — 2)Zdt + vV ZaW
= (N1 = 2)Zdt + VZaw. (13.27)

For A =1 on the other hand we obtain from (13.26b)

dZ = 0.58Nsmy(1 — Z2)Zdt + VZdW
1

— - 1=v(1 —
0.58710g(N>\)(N)\) (1 — 2)Zdt +VZdw. (13.28)

For A large we obtain from (13.26¢) the same equation without the factor
of 0.58.

From this rescaling we see that the equation that applies for small
A, i.e. (13.27), is strongly mean reverting for v < 1/2. Recall that the
choice of small A is appropriate when the ratchet is clicking frequently
and so this indicates that frequent clicking simply will not happen for
v < 1/2. To indicate the boundary between rare and moderate click-
ing, equation (13.28) is much more relevant than equation (13.27). At
first sight, equation (13.28) looks strongly mean reverting for all v < 1,
which would seem to suggest that the ratchet will click only exponen-
tially slowly in (NA)!=7. However, the closer v is to 1, the larger the
value of N we must take for this asymptotic regime to provide a good
approximation. For example, in the table below we describe parameter
combinations for which the coefficient in front of the mean reversion
term in equation (13.28) is at least 5. We see that for v < 1/2 this
coeflicient is large for most of the reasonable values of N\, whereas for
~ > 1/2 it is rather small over a large range of NA.

v 0.3 04 0.5 0.55 0.6 0.7 0.8 0.9

NA> 20 10®° 9-10® 4-10° 2-10* 4-10° 2.10% 8.10%

Thus, for example, if ¥ = 0.7 we require N\ to be of the order of 10°
for the strong mean reversion of equation (13.28) to be evident. This is
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not a value of N\ which will be observed in practice. Indeed, as a ‘rule
of thumb’, for biologically realistic parameter values, we should expect
the transition from no clicks to a moderate rate of clicks to take place
at around v = 0.5.

13.6 Simulations

We have argued that the one-dimensional diffusions (13.26) approximate
the frequency in the best class and from this deduced the rule of thumb
from Section 13.1. In this section we use simulations to test the validity
of our arguments.

For a population following the dynamics (13.2), the (t+1)st generation
is formed by multinomial sampling of N individuals with weights

k

or (D)1 — s)E=i A
pe(t) =Y = ](tl)/‘(/l(t) ) e_A%, (13.29)

j=0

where W (t) is the average fitness in the ¢th generation from (13.4) and it
is this Wright—Fisher model which was implemented in the simulations.

To supplement the numerical results of Figure 13.1 we provide simula-
tion results for the average time between clicks (where time is measured
in units of N generations) for fixed N and ~ and varying \; see Fig-
ure 13.4. Note that, for fixed 7 in equation (13.1), s is increasing with
A . We carry out simulations using a population size of N = 10° and
A varying from 10~ to 1. For v = 0.5 we observe that the power-law
behaviour breaks down already for NA = 10 and the diffusion (13.26b)
predicts the clicking of the ratchet sufficiently well. For increasing -,
the power law breaks down only for larger values of NA. For v = 0.7, in
our simulations we only observe the power-law behaviour but conjecture
that for larger values of N the power law would break down; compare
with the table above.

For a finer analysis of which of the equations (13.26) works best, we
study the resulting Green functions numerically; see Figure 13.5. In par-
ticular, we record the relative time spent in some dYj in simulations and
compare this quantity to the numerically integrated, normalized Green
functions given through the diffusions (13.26a) and (13.26b). (We do not
consider (13.26c) because it only gives an approximation if the ratchet
clicks rarely.) We see in (A) that for v = 0.5 (13.26b) produce bet-
ter estimates not only for the average time between clicks (Figure 13.4)
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Fig. 13.4. The power-law behaviour of the rate of the ratchet with respect to
is valid for a large portion of the parameter space. (A) For v = 0.5 clicks become
rare and the power law does not apply for NA > 10%. (B), (C) For v = 0.55 and
v = 0.6, we have to explore a larger portion of the parameter space in order to
see that the power law does not apply any more. (D), (E), (F) For v > 0.7 we
never observe a deviation from the power law. For every plot, we used N = 10°
and simulations ran for 5 x 10° (y = 0.5: 2 x 10”) generations for each value of
NA.
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Fig. 13.5. We compare the plots for the occupation density of Y from the sim-
ulations with theoretical curves corresponding to the Green functions for the
cases of small A and A = 1 in (13.26). (A) If clicks are rare, A = 1 produces
better results than small A. (B) If clicks are frequent, the simulated densities of
Yy are better approximated by small A. Every plot is based on the simulation
of 5 - 10° generations.

but also for the time spent around some point y,. However, for v = 0.9,
clicks are more frequent and we expect (13.26a) to provide a better ap-
proximation. Indeed, although both (13.26a) and (13.26b) predict the
power-law behaviour, as (B) shows, the first equation produces better
estimates for the relative amount of time spent in some dYj.

To support our claim that the states observed are relaxed Poisson
profile approximations we use a phase-plane analysis; see Figure 13.6. At
any point in time of a simulation, values for Y; and M; can be observed.
The resulting plots indicate that we can distinguish the three parameter
regimes introduced in Section 13.5. In the case of rapid clicking of the
ratchet (so that the states we observe have not relaxed a lot and thus
are approximately of the form II(yg)) we see in (A), (B) that the system
is driven by the restoring force to M; < 6. The reason is that M,
is small at click times and these are frequent. However, the slope of
the line relating Yy and M, is low, as predicted by (13.23a). (We used
(1-Y;)/(1 —m) = 1—Yy+ m in the plot here.) For the case A =1
the system spends some time near Yy = 0 and thus the ratchet clicks,
but not frequently. So, the dynamical system restores states partly to
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Fig. 13.6. There are three regimes for the relationship between Y, and M, as
given in (13.23). If clicks are frequent, at least the slope of the relationship
between Y; and M; fits roughly to equation (13.23a). If clicks occur reasonably
often, (13.23b) gives a good approximation. If clicks are rare, (13.23c) gives a
reasonable prediction. The plots show simulations for different values of 7. The
dashed horizontal and vertical lines are M; = 6 and Y, = 7, respectively. For
every plot we used N = 10*, A = 0.1 and simulations ran for 10° generations.
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Fig. 13.7. Our heuristic that observed states come from a RPPA applies in
particular at click times. (A) For small v, i.e., rare clicking, the frequency of
the best class is already close to my while (B) it is close to m for larger 7, i.e.
frequent clicking. Every plot is based on the simulation of 5 x 10° generations.

equilibrium and we see that the slope given in (13.23b) gives the most
reasonable prediction in (C), (D), (E). For rare clicking, i.e. A large, the
dynamical system has even more time and (F) shows that the slope is
as predicted by (13.23c).

Our prediction that we observe profiles which are well approximated
by a relaxed PPA applies especially well at click times. We check this
numerically by observing the frequency of the (new) best class at click
times; see Figure 13.7. For small + the ratchet clicks rarely and the
system has some time to relax to its new equilibrium even before the
click of the ratchet. As a consequence, we see that the frequency of the
(new) best class at the time of the click is already close to my. However,
if v is large and the ratchet clicks frequently, the dynamical system has
no time before the click to relax the system to the new equilibrium.
Therefore, we observe that the frequency of the new best class is close
to 1.

13.7 Discussion

Haigh [8] was the first to attempt a rigorous mathematical analysis of
the ideas of Muller [14]. However, in spite of the apparent simplicity
of Haigh’s mathematical formulation of the model, the exact rate of
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Muller’s ratchet remains elusive. In this paper, we have developed ar-
guments in the spirit of [8], [16] and [7] to give approximations for this
rate.

Haigh gave the empirical formula

4N+ Tlog + 2 — 20

for the average time between clicks of the ratchet (where time is mea-
sured in generations). A quantitative understanding of the rate was first
obtained in [16] using diffusion approximations and later extended in [7].
Both obtain the diffusion (13.26b) as the main equation giving a valid
approximation for the frequency path of the best class.

The reasoning leading to (13.26b) in these papers is twofold. [16] and
[17] argue that although fitness decreases by se™* during one ‘cycle’ of
the discrete ratchet model from Section 13.2 (in which the system ad-
vances from one Poisson equilibrium to the next), at the actual click
time only a fraction of the fitness has been lost. They suggest kse™*
for £k = 0.5 or £ = 0.6 as the loss of fitness at click times. In other
words they predict the functional relationship M;(Y;) discussed in Sec-
tion 13.5 by linear interpolation between M;(m) = 6 and M;(0) =
0+ ke ~ 0+ k; compare with Figure 13.3. On the other hand, Gordo
and Charlesworth [7] use a calculation of Haigh which tells us that if the
dynamical system (13.2) is started in 7 from (13.5), then at the end of
phase one (corresponding in the continuous setting, as we observed in
Remark 13.4, to time 1log) we have sM; ~ 1 — e *(1 + 0.42s). This
leads to the approximation M;(1.6mp) = #—0.42 and again interpolating
linearly using M (my) = 6 gives (13.26b).

Simulations show that (13.26b) provides a good approximation to the
rate of the ratchet for a wide range of parameters; see e.g. [17]. The nov-
elty in our work is that we derive (13.26b) explicitly from the dynamical
system. In particular, we do not use a linear approximation, but instead
derive a functional linear relationship in Proposition 13.5. In addition,
we clarify the role of the two different phases suggested by Haigh. As
simulations show, since phase one is fast, it is already complete at the
time when phase two starts. Therefore, in practice, we observe states
that are relaxed PPAs.

The drawback of our analysis is that we cannot give good arguments
for the choice of A =1 in (13.23b) and (13.26b). However, note that the
choice of A =1 is essential to obtain the prefactor of 0.58 in (13.23b).
For example, if 6 = 10, the choice of A = 0.5 leads to a prefactor of 0.13
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while A = 2 leads to the prefactor of 0.95, neither of which fits with
simulated data; see Figure 13.6.

We obtain two more diffusion approximations, which are valid in the
cases of frequent and rare clicking, respectively. In practice, both play
little role in the prediction of the rate of the ratchet. For fast clicking,
(13.26b) shows the same power-law behaviour as (13.26a) and rare clicks
are never observed in simulations.

Of course from a biological perspective our mathematical model is
very naive. In particular, it is unnatural to suppose that each new
mutation confers the same selective disadvantage and, indeed, not all
mutations will be deleterious. Moreover, if one is to argue that Muller’s
ratchet explains the evolution of sex, then one has to quantify the ef-
fect of recombination. Such questions provide a rich, but challenging,
mathematical playground.
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