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Introduction

Probability theory has found many applications within analysis starting in the early 20th
century. The study of potential analysis using probability has resulted in more under-
standing and further development in that area ([Doo84], [Pin95]). Schramm-Loewner
evolutions hallmarks a wonderful link between complex analysis and probability. There
have also been probabilistic proofs of classic analytic results such as Liouville’s theorem,
Picard’s little theorem ([Dav75]) and Atiyah-Singer index theorem (|Bis84]).

The natural question is then to ask if one can extend the use of probability to relativistic
settings and deduce properties of the spaces that relativity is based on. The link between
probability and analysis in the Euclidian setting stems from the one-to-one correspondence
of bounded harmonic functions and random variables in the invariant o-algebra[l| which
also holds in relativistic settings. Essentially, this is due to Brownian motion representing a
particle of gas in an equilibrium system and harmonic functions represent the equilibrium
state of the system. In relativistic settings, however, the classical means of specifying
processes as having independent increments with a certain distribution fails as the notion
of an increment no longer makes sense on manifolds. One is led to describing a diffusion
through its properties analogous to R¢, such as its generator and the invariance under the
action of isometry groups.

The discourse into relativistic diffusions yields some strange results. For example, one
can find a non-constant bounded harmonic function which is connected to the angular
part of the diffusion converging. This lead to the study of the so called Poisson boundary,
the set of non-constant bounded harmonic functions ([Bai08b], [BR08]). Indeed this has
a strong connection to the asymptotic behaviour of relativistic diffusions via the link of
the invariant algebra.

The paper investigates Markov processes in relativistic settings. The first account of
this (as far as I am aware) is in [Dud65] where Dudley constructs and investigates the be-
haviour of Markov processes in Minkowski spacetime. The approach here will be different
to that of Dudley, which was pointed out by my supervisor Bailleul. The construction of
diffusions on a general Lorentz manifold is also shown, as this is a wonderful generalisation
of the Minkowski case.

The first chapter gives a very brief account of geometry and probability tools that the
reader may not be familiar with. I shall assume that the reader has a background to that

!See Chapter 4 for a definition.
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comparable with the Part III courses advanced probability and stochastic calculus. The
geometry knowledge required is minimum, and I have tried to give more or less intuitive
explanations as opposed to heavy geometric arguments. Unfortunately the material in the
first chapter alone could fill out a whole book, hence the reader is advised to acquaint
themselves using a book on the subject where necessary. Chapter 2 will give an account
of Lévy processes in Lie groups. These will be obtained as a solution to and SDE given
in [AK93|, and will also give a proof of the result in [Hun56] about the generators of Lévy
processes in Lie groups. This will aid us in defining Markovian processes on relativistic
settings as, for example, diffusions in Minkowski case can be thought as projection of
diffusions from SO*(1,d)/SO(d). The main reference for this chapter is [Lia04], who in
turn uses [AK93| and [Ram74] as his sources.

The remainder of the paper will be focused on relativistic diffusions, where in chapter
3 we give the construction of these on a Lorentz manifold and also some asymptotic
properties of diffusions in Minkowski spacetime, namely that the diffusion asymptotically
approaches a hyperplane at a random height. Recently [FLJ07] have also proved some
properties of diffusions on a Schwarzschild spacetime, where the diffusion either hits the
singularity in a finite time or tends off to infinity as £ — oo both with positive probability.
The last chapter will give a informal account to the study of the Poisson boundary in the
Minkowski setting.
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CHAPTER 1

PRELIMINARIES

% (V) the set of continuous functions from V' to R
(V) the set of bounded continuous functions from V to R
c.(V) the set of continuous functions with compact support

F(V) the set of k continuously differentiable functions from V to R
¢ (V) the set of smooth functions from V' to R

T,.M tangent space at p € M

odX Stratonovich integral with respect to X

L, The left multiplication operator, i.e. L,(0) = 70
R, Strictly positive real numbers
T™ =[] T,M

peM

1.1 Probability

A process X on (2, .%,P) is said to be Markovian or a Markov process with respect to
a filtration {.%:}:>o if the process is adapted to the filtration and for each s,z > 0 and
Ac F,

B(Xero € A7) = B(Xeplo(X.)).

Recall that a process X is a strong Markov process with respect to {.%; }+> if for each
stopping time 7 with P(7 < 00) > 0, we have that conditioned on {7 < oo}, the process
X..r — X, is independent of .%, and has the same law as X.. Here is a useful result from
the study of Markov processes.

Proposition 1.1.1. Any Markov process X that is cadlag is a strong Markov process.

d

Proof. Suppose that 7 takes countably many values, then it is of the form " ¢,1,-;, . By
conditioning on events such as {7 = k} and using the simple Markov property, we can
deduce that X .., has the desired properties.

Now suppose that 7 is any stopping time such that P(7 < oo) > 0. We have that the
result holds for each 7, = 27| 2”7+ 1] where |z is z rounded down to the closest integer.
As 7, | 7, by using the right continuity we obtain the desired result. [

Suppose we have a collection of measures {u;}:~0 on a group G. We say that these
satisfy the semsi-group property if p: x s = ps1s where

pu(f) = [ flor)u(do)v(dr).

lc.f. |Ber96]
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A semi-group of measures if weakly continuous if lim;o u: = 0o in the weak sense. A
weakly continuous semi-group of measures give rise to a strongly continuous semai-group
of operators on %,(G), that is a set of operators given by P, f(c) = u:(f o L,) for each
f € €(G), which have the property that PP, = P.;, and lim;o P.f = f in the strong
sense

Conversely each strongly continuous semi-group of operators have a unique weakly
continuous semi-group of measures associated with them and if we assert that ||P|| =1
for each ¢t > 0 then p;(G) = P,(1) = 1, i.e. y; is a probability measure for each ¢ > 0.

A generator of a semi-group of operators (or measures) is defined by;

ZLf(r) =lim > [Ptf(T)— F(T)l-

Essentially, the generator tells us about the infinitesimal action of the operator. We can
also look at the generators of Markov processes. The processes that generate a strongly
continuous semi-group on 4;(G) via P, f(7) = E,[f(X})] are called Feller processes. It is
important to note that every Lévy process is a Feller processE]

Next is an important theorem which we will be needing.

Theorem 1.1.2 (Hille-Yoshida). If £ s the generator of a weakly continuous semi-
group of measures {l:}i=0 on a group G, then £ is closed and the domain of the
generator is dense in 6,(G). Moreover two semi-groups of weakly continuous mea-
sures coincide if and only if their generators are the same.

Also we give one proposition which follows directly from the uniqueness of generators.

Proposition 1.1.3. If two strongly continuous semi-group of operators {P;}:~o and
{Q+}+>0 assoctated with the processes X = (X;:t >0) and Y = (Y; : t > 0) are such
that

lim - [Ptf(z) — f(z)] =lim [Qtf(w) f(®)] VzeEB,feD
then X and Y are modifications.

The interested reader is referred to [Sat99] for a proof of both of these.
Stratonovich integrals are constructed in the same manner as the It6 integrals but
instead for simple previsible processes H, we have

/H OdX _,,7:!'1_1[1(3'02 Ht2+l+Ht )2(-Xt,_+1 +Xt)

2The strong sense refers to the fact that ¢;(G) is a Banach space with the supremum norm and so the
last statement reads that ||P.f — f||cc — 0. This contrasts with the weak sense of convergence, which is
that p,(f) converges to u(f) for each f € 6,(G).

3The Chapman-Kolmogorov equations give the semi-group property and the right continuity of the paths
with the uniform continuity of f gives the strong convergence using dominated convergence theorem, c.f.
[Sat99].
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and thus we can convert Stratonovich integral to an It6 integral using the following [
¢ ¢ 1
/ X, odY, = / X,-dY, + S [X,Y;
0 0

where X, Y are semi-martingales and [ X, Y]° is the continuous part of the quadratic varia-
tion [X,Y]. Stratonovich equations are useful on manifolds as they provide a way of doing
stochastic calculus without a dependency on the co-ordinatesE]

1.2 Geometry

A d-manifold M is a topological space that is locally homeomorphic to R¢. That is, for
each point p € M, there is a neighbourhood U of p and a map 7 : U — R¢ such that
m(U) is open and 7 is a homeomorphism to its image. Note that we can induce local
co-ordinates on a manifold by looking at 7 ~*(e;) where ey, - - ,eq is the basis in R%. The
system of the open sets along with the maps {(U, )4 }acr, such that {U,}acr is a covering
for M, is called an atlas. When we refer to a manifold we always assume that the atlas is
given. The manifold is called smooth if there exists an atlas for which each pair of maps 7
and 7' we have that the whenever the map ' o7 ! : 7(UNU’) — R? is well defined, it is
smooth. We will always assume that our manifolds are connected, smooth and Hausdorft.

A manifold is Riemannian if it is equipped with a Riemannian metric g, which obeys
the following;

(i) g, acts as an inner product on T, M x T, M
(ii) For smooth vector fields X, Y, the map p — g,(X(p), Y (p)) is smooth.

If the inner product is not positive definite then the metric is called pseudo-Riemannian
and similarly, the space is called a pseudo-Riemannian manifold.

A connection on a manifold is used to connect the tangent spaces together. This is
denoted by V, and satisfies the following;

(i) V : €M, TM) x €°(M,TM) — €=(M,TM), (X,Y) — VY is bilinear
(ii) For each f € ¥*°(M,R) we have that V;xY = fVxY and VxfY = df(X)Y +
VixY.

The torsion of a connection is given by VxY + Vy X — [X,Y]. On pseudo-Riemannian
manifolds there exists a natural connection called the Levi-Civita connection, which is
torsion free and preserves the inner product along parallel transports.

4Notice that the definition of the Stratonovich sum is nothing but the It6 sum with H;, replaced with
(Ht,,, + Hy,)/2. [App04] serves as a good reference to all the statements made here.

SNote that the Ité integral may change (due to the quadratic variation terms) as the co-ordinate system
of the space changes. This causes It integrals to be not well defined on manifolds.
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An orthonormal frame is a pair (p,s,) such that s, = (311,, ey sg) is an orthonormal

basis for T, M with respect to g,. The action of O(n), the Euclidian rotations, is free and
transitive on the orthonormal frame bundle.

A Lie group G is a group equipped with the smallest smooth manifold structure such
that the maps (0,7) — o -7 and 7 — 7 ! are smooth. We will again be assuming that
these are Hausdorff and connected. Each Lie group G gives rise to a Lie algebra g by
taking the left invariant vector fields on it, and equipping it with the so called Lie bracket
[X,Y]. The Lie algebra can also be identified with T.G.

The group O(1,d) is composed of (d + 1) x (d + 1) matrices A with

These can be though of rotations in the Lorentz manifold. The subgroup SO(1,d)
is then given by {A € O(1,d) : det(A) = 1} and has four connected components. The
connected component with the identity is denoted by SO (1, d).



CHAPTER 2

LEVY PROCESSES IN LiE GROUPS

Throughout this chapter we will take G to be a locally compact, Hausdorff Lie group with
Lie algebra g. We shall assume that (€2,.%#,P) is the probability space we are working in
and that any filtration mentioned satisfies the “usual assumptions” of right continuity and
completeness/T|

We shall see how one can construct Lévy processes in groups. This will follow a mixture
of [Lia04] and [AK93]. Lévy process are defined on a group using the increments specified
by the group operator.

Definition 2.0.1. A left Lévy process (hereafter referred to as Lévy process) is a stochas-
tic process g = (g; : t > 0) taking values in G such that;

(i) go =e as
(ii) The increments galgh, ey Oz, 1_1 g:, are stationary and independent for each 0 <
b <ty <-or <ty

(iii) The paths ¢ +— g; are cadlag

The condition (iii) may be replaced with the weaker condition that the paths are
continuous in probability (stochastically continuous)E] in which case a cadlag modification
exists. Notice that by taking G = (R, +) we obtain the definition of a Lévy process on R,
so this definition seems reasonable.

The first section deals with Poisson processes in G which we will need when we deal
with the SDE given in the next section. The second section shows that a Lévy process
can be given as a solution to an SDE. The last section proves the converse, that every
Lévy process solves this SDE.

2.1 Poisson Processes

Suppose that {£, : n € N} is a set of i.i.d. G-valued random variables with law F' and
that K = (K; :t > 0) is a Poisson process with parameter A > 0. We define a compound
Poisson process Y via

Y, =& & Lk,

with the convention that the empty product (e.g. Y;) is given the value e. It is easily
deducible that Y is a Lévy process and moreover;

P(Y; €da)= > e—“ F*"(d )

n>0

!Though in the case of Lévy processes, the natural filtration is right continuous, c.f. [Ber96]
%see [App04] for instance
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where F*" is the n-fold convolution. We define a Poisson random measure on G by the
following construction;

N((0,t],A) = #{s€[0,t): AY, € A}

where AY, =Y, —Y, , which extends by Kolmogorov’s extension theorem to a measure on
R x G. Via brute force computation, it can be shown that the number of jumps a G-valued
Poisson process makes by time ¢ is Poisson with parameter ¢\ and so the measure N is
indeed a Poisson random measure with intensity Leb ® II where II = AF'.

Lemma 2.1.1. The domawn of the infinitestmal generator for Y contains 6,(G) and
moreover,

(@)=, _[f(ah) - f(@)(da) (2.1.1)
for each f € 6,(G).
Proof. Notice that for any f € %,(G) we have that

f(oYy) = f(o)+ > (f(aYs) — f(oY:)). (2.1.2)

0<s<t

Now by noting the definition of the Poisson measure N we see that the jumps of the
process correspond to;

> (floYs) - / /G\{e} f(oY,T) — f(oY,)] N(ds,dT).

0<s<t

This is a martingale so has finite expectation, so by plugging it back into (2.1.2]) and using
Fubini’s theorem we arrive at;

B (oY) - £@) = [ [ (BLF(eY.m)] - ELf (Y] dr)ds.

The result follows by differentiation. [

We shall be using the following proposition later which is an adaptation to that in
[RY99].

Proposition 2.1.2. Real valued Poisson processes N},..., N are independent if and
only if they do not jump at the same time.

Proof. To avoid heavy notation, we will prove this for n = 2 which easily extends to
generality.

First let N, N' be two independent real-valued Poisson processes and T, be the jump
times of N. We have then that

>_(AN)(AN;) = 3~ ANg,.

t=>0 neN
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However N’ is independent from the stopping times (7, : » € N) and also that for each
fixed time ¢, AN, = 0. Hence we have that ANy, = 0 for each n € N.

For the converse take Poisson processes N, N’ that do not jump together and two step
functions h, h’. Consider the two exponential martingales given by

t t
M, = exp (—/ h(s)dN; + C/ (1-— e—h(S))dS)
0 0
¢ t ,
M, = exp (—/ h'(s)dN, + c'/ (1—e™" w)ds)
0 0

where ¢, ¢’ are constants.

Notice that M and M’ never jump simultaneously either and are both are bounded
with bounded variation. Using Ito’s formula and the fact that [N, N'] = >>(AN)(AN') =0
we obtain that MM' = (MM : t > 0) is a martingale with E[M;M]] = 1. Thus

E [exp (— /Ot h(s)dN, — /Ot h’(s)dNé)] — exp (c /Ot(l — e‘h(s))ds> exp (c’ /Ot(l — e‘h'(s))ds>

s enp ([ nGopan. )| fo (- [ Wtsran)

which shows the independence. O

2.2 Stochastic Differential Equations

We will construct Lévy processes as a solution to some SDE. Indeed this is analogous to
the case in R%, see for example [App04]. Firstly to define a “derivative” of some sort we
must look to the Lie algebra. So we let Xj,..., X, be a fixed basis of the Lie algebra for
now. The basis induces local co-ordinates associated with them on the group, in the sense
that X;z; = ¢;; via the following construction.

Set F ={fe%?: f(e) = X,f(e) = 0for1 = 1,...,d} which is closed, non-empty and
has finite co-dimension with respect to ¥2. Now we can explicitly construct a function
y € ¢? such that y(e) = 0 and X,y(e) = 1. Then we have that as F' + y is closed,
(F 4+ y) N D is dense in ¢?. Thus we have zi,...,z4 € DN €2 such that z;(e) = 0 and
le‘i(e) = (51'3' for each Z,] = ]., N ,d.

The objective of this section is to obtain Lévy processes as a solution to the following
SDE;

(@) =F(z0) + Z/Ot Xif(es )odBi+) /Ot X, f(z. )ds
+ t / @) = f(z. ) N(ds,do) (2.2.1)

+ /Of /G\{e} [f(ms_a) — f(zs2) — iz;:z:i(a)Xif(ms_)] N(ds,do)
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where f € €2.

For the remainder of the section we will assume that that U is a relatively compact
neighbourhood of e and denote by .%#; the natural filtration with respect to B and N.
This next lemma allows one to connect the case on the group to that in R¢. We leave the
details of the Euclidian case out.

Lemma 2.2.1. If supp(Il) C U then SDE given by has a unique local solution
onU.

Proof. Without a loss of generality we can assume that there exists a chart (U,%) that
maps the identity to the origin. Define v; = ¥(z:), N'(dt, A) = N(dt,v(A)), X!(:) =
Dy[Xp ()], X'() = DY[xL; eiXeyp *(-)] and v(z,y) = Y(¥ ()¢ *(y)){] The actions

of these maps are smooth on R?, so

A R Ny
Xi= Lkogy X'=Lbg,

j=1

where k,b € €% (R?) and z; are the local coordinates. Suppose we write out f = (fi, ..., f4)
and let k; = (ki1, ..., kig) and b = (by, ..., bg), then (2.2.1)) becomes;

d ot ) t
yt:Z/o ki(ys,)odB;—i—/O b(y,)ds

=1
t _

¥ / / w(ys_,z) — yo_| N'(ds, dz) (2.2.2)
o Ju)\{o}
t d

—|—// (Yo, ) — Ys— — > T;ki(y,_)] N'(ds, dz).
i ¢<U)\{0}[ (Ys—rz) — ¥ ; (ys-)] N'( )

This is a well known SDE that has a unique solution that is adapted to the filtration
of B and N'. See [App04][chap. 6] for details. As 9 is bijective, the uniqueness carries
forward to G.

O

It follows from Kolmogorov’s theorem that we can specify any process with the topology
of the space and so the solution to (2.2.2)) when mapped back to G will be adapted to %
as ¢ is homeomorphic.

The following lemma will allow us to patch up the solutions to obtain a global solution.

Lemma 2.2.2. Suppose that g; is a solution of for some B and N and let
N' = Leb® IT', where IT'(G) < oo and it is independent of B and N. Let J, be the
n-th jump time and a, the corresponding jump size of N.

3D is the derivative operator.
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Define y inductively by

Yt = Gt f0<t< Jy
Y = y(Jn_)ang(Jn)ilgt 'Lf Jn < t < Jn+1-

Then y; 1s a solution to with N and c; replaced by N+ N' and c¢; + [ z;dIT.

Proof. First, note that yo = 0 and that { — v, is cadlag for J, < t < J,11. By the
right-continuity of g; we have that y(J,+) = y(Jn—)an9(Jn) *9(Jn) = y(Jn—)ar = y(J,)
and also a similar calculation shows that the left limits are finite, thus ¢ — y; is cadlag.
As N is a Poisson measure, the jump times and sizes are independent and stationary, and
noting that g; also has independent stationary increments leads to the conclusion that
y = (y: : t > 0) is a Lévy process.

Suppose we write

b , d b
M(f9,0,8) =3 [ Xfla. )odBi+ S e [ Xif(a. )ds
i=1v9 i=1 e

+ / b /G\{e}[f(gsa) — f(9s )] N(ds, do)
+ /ab /G\{e} lf(gsa) = flgs-) - IZ;ﬂ:i(a)Xif(gs)] N(ds, do).

fora < band f € €.
Now as the jumps of g are determined by N and this is independent from N'. Thus g is
left continuous at £ = J; and hence continuous there and so we have that for J; <t < J,,

Flye) = f(g(Jn)) + [F(9(I1)arg(J1) ge) — Flg(Jr)an)] + [F(g(J1)ar) — f(g(Jn))]. (2.2.3)
Note that by definition we have

flo()a) — F@U) = [[ [ [#(u-0) = Flu. )IN'(ds,do),
Also

f(g(Jl)alg(Jl)_lgt) - f(g(Jl)an) — (f o Lg(Jl)alg(h)*l)(gt) - (f © Lg(Jl)alg(h)*l)(ng)
- I(f © Lg(Jl)alg(Jl)*l)g) Jl)t) — I(f) Y, Jl)t)

where the last equality follows from the definition of I.

By the strong Markov property, the processes B”* := B — By, and N’ ([0,¢],-) :=
N([Jy, J1 + t],-) are distributed as B, N respectively and moreover they are independent
of .%;,. Hence by using this and plugging in the above two calculations to (2.2.3)) we have
for J; <t < Jy;

£ = HeUN) + 19,90+ [ [ (F(ue-0) = F(ue IN'(ds, do),
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But then as f(g(J1)) = f(90) +I(f,9,0, 1) = f(%) + I(f,¥,0, J1), we have that

£ = o)+ I00,0+ [ [ [ (we-0) = f(ue N (ds, do)

which shows the result for J; <t < J>. The general result is obtained by carrying on
inductively. O

The theorem now follows immediately.

Theorem 2.2.3. The SDE has a unique solution which is a Lévy process on
G started from gq.

Proof. From above we know that a solution exists in a relatively compact neighbourhood
U around the identity. Then by letting N = N|y and N’ = N|y., the second lemma gives
the existence of a global solution. [

2.3 Generators

The remainder of this chapter will go towards proving the following theorem.
Theorem 2.3.1. For every Lévy process, there ezists a modification that solves ([2.2.1]).

With the proof of the theorem, we will also prove the expression of the generators of
Lévy processes in Lie groups which was first proved by [Hun56]|.
First let us denote the generator;

ZLf(z) = I}i%l[ﬂf(fﬂ) — f(z)]

where P, f(z) = E.[f(g:)]-
Now define D to be the domain of .. Then we have the following lemma.

Lemma 2.3.2. DN %? is dense in €2.

Proof. Suppose that f € ¢? and X,Y ¢ g, then notice that XY P,f = B.XY f and so
P.f € €2 for each t > 0. As a direct consequence we see that ||P.f||» < ||f||» and so by
an application of the Hille-Yoshida theorem the result follows. [

There is a generalisation from the preceding lemma that we shall make, that is to
assume that the generator is well defined for all f € 42(G). The reader is directed to
[Lia04] for a verification.

In order to prove that a Lévy process solves the SDE, we need a;; to specify a Brownian
motion, ¢; to specify the drift and a Poisson measure N. This is easy if we consider the
Lévy-Itd6 decomposition, which states that a Lévy process is a Brownian motion with drift
plus a pure jump process. We do not, however, have access to this theorem yet, but it
shall do no harm to bear that in mind in what follows.
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To that end, define

N((0,t], B) = #{s € (0,t] : g,2g; € B\{e}}
which count the number of jumps that land in B.

Lemma 2.3.3. The measure N s a Poisson random measure, and moreover the
intensity of the jumps are giwen by Il satisfying the following,

(i) II(e) =0
(i) TI(1x X%, 2?) < oo for any compact K
(iii) II(U*) < oo for any metghborhood U of e.
(iv) II(¢) = ZL¢(e) for any ¢ € €.(G) with ¢(e) = 0.

Proof. Without loss of generality we may assume that g = e almost surely. First, for
any B € % fixed, t — NP := N((0,t],B) is cadlag as t — g¢; is and also that the
increments are independent and identical. The process increments by 1, and so each point
is a holding point. As the increments are identical and independent, the holding points
must be memoryless and thus (N : ¢ > 0) is a Poisson process for each B € .Z.

It is clear that for disjoint sets By, ..., B,, NP, ..., N°* cannot jump together (as that
would imply that g jumps into disjoint sets at the same time, which is absurd). Thus by
Proposition NP, ..., NP~ are independent, and so N is a Poisson measure. Let II be
its intensity. We will now show the properties of IT as claimed.

Notice that (i) is immediate and that (ii) and (iii) follow easily from (iv), so we shall
only prove (iv). It suffices to show that (iv) holds for any ¢ € €>°(G) that vanishes on a
neighbourhood U of e and 0 < ¢ < 1. Recall that the intensity measure can be computed
by T1(¢) = E Jy Jo ¢(0)N(dt, do).

Notice that ¢(g;'g:) = I [ #(0)N(du,do) and so we have that

Fui= 32 B0 ayms) = [ [ $(@)N(dt,do) as
n = 2 Pnym9in) 7 ) 5.

Thus by stationary and independent increments;

E[ff]= > [¢(9(_kl_1)/n)9k/n)¢(9(_jl_1)/n)9j/n)]
j’kzl
= E[‘ﬁ(g@a1)/n)gk/n)]E[¢(g(j£1)/n)gj/n)]+ZE[¢(9611)/n)9l/n)2]
£k 1=1

n

E[p(gr/m)]” + 3 Eld(91/)°] = (n — DnE[$(g1/m))]” + nE[$(91/m))°]

=1

)
N
a
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Noting that ¢(e) = 0 gives that (n — 1)nE[¢(91/,)] = (n — 1)nPi/nd(e) — ZL¢(e) as. as
n — 00, and similarly for the second term. So

E[f2] = (ZL¢(e))’ + L¢?(e) < o0

and so the family {f, : n > 1} is bounded in L?, and hence, uniformly integrable. This
implies that f, — [y [u #(0)N(dt,do) in L' and so we have just proved the following;

II(¢) = lim E[f,] = Z¢(e).
]

Remark 2.3.4. The measure II above is called the Lévy measure of g. It can also be
obtained by the fact that f — Zf(e) is a linear map which is bounded, and so the
Riesz representation theorem, there exists a unique Borel measure II on the one point
compactification G. of G such that II({oo}) = II({e}) = 0 and II = II|; gives us the
measure we have described above, c.f. [Lia04].

Lemma 2.3.5. Let {z;}¢_, be the co-ordinates as before and g = (g; : t > 0) be a Lévy
process, then

R
sup -E [Z xi(gt)zl < 0.
A
Proof. By we have that lim,(1/¢)P(g: € U®) < oo for every neighbourhood U
around the identity and for each ¢ > 0, (1/¢)P(g; € U) < co. Then

1
sup — / Lye(o)P(g: € do) < o0.
t>0 L

Similarly taking U compact gives that sup,., tE[1y Y- :(g:)?] < oo and the result follows.
]

Let a;; = Z(ziz;)(e) — I(z;z;), ¢; = Z(z;)(e) where II is as defined in Lemma
Clearly the matrix (a;;)1<ij<q is symmetric and also for any k € R* we have

d d 2
ij=1 i=1
where ¢, € € with 0 < ¢, < 1 and {0 : ¢,(0) # 0} T G. By tending to the limit, the
right hand side tends to II(z;z;), which gives that (a;;) is positive definite.
Thus we can construct a Brownian motion B with using (a;;)1<i j<4 as the covariance
matrix.
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Proof of Theorem [2.3.1]. Using the notation above we will first prove that the generator
of g; is uniquely determined by a;;, ¢; and II. It suffices to consider the generator evaluated
at e, as we can substitute f = f o L, to get its value at 7. First consider the Taylor series
of f(oexp(s z;X;)) which gives;

Ho7) ~ £(0) = S mmIXf (@) 4 1 3w (M)XK, £ )

7,_7 1
where ¢’ = exp(s Y z;(0)X;) for some s € [0,1]. By plugging in 7 = g; and recalling that
z;(e) = 0, we have

d

E[f(ag:) — f(0)] = > Elzi(g:) — zi(e)] X: f(0) + = Z Elzi(g:)x;(9:) X X; f(T94)).

=1 z] 1

We needn’t worry about the term 3¢ | E[z;(g:) —z:(e)] X, f(c) as it is clear that by dividing
by t and tending to the limit, we see that this is determined by {c;}¢ ;.
For the last term we can separate the sum as

d d

> Ti(90)z(9) XX (1) = > zi(9)wi(9:) XiX; f(e)+ Z i(9:)25(90) X X5 (£ (9:)— f (e)).
ig=1 ij=1 4g=1
By taking expectations and limits gives

g [i $i$]‘X¢Xjf(T)] (e) = i aininf(e) + Z H(:z:za:])XzX]f(e)

2,7=1 2,7=1 2,7=1

+Z

oz X X, (f - f(e))] (e).

2,=1

where f(7) = f(7').

Notice that A(0) := z;(0)z;(0) X, X;(f(0)—f(e)) € €(G) and A(e) = z;(e)z;(e)X; X;(f(e)—
f(e)) = 0. As the local co-ordinate functions z; determine a co-ordinate system around
e, there exists a relatively compact neighbourhood W around the identity such that with
¢, as above, we have that

Z(4~ $.4)(e) < sup {EI(1~ $(e)|A(g0)]] ~ 3up ;B (1~ 4a(00)) Yo 01(s:)

Now as {¢, < 1} | {e} and z;(e) = A(e) = 0, from Lemma it follows that £ (A —
$nA) — 0 as n — oo.

Hence we can conclude that the generator of g; is uniquely determined (up to modifi-
cation) by (a;;), ¢; and II.
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From Theorem we can deduce that there exists a solution to with B
(having (a,;) as its covariance matrix), ¢; and N (Poisson measure with intensity II) given
above. Noting that the compensated Poisson process N has constant expectation and
that in local co-ordinates the Brownian has generator >,; a;; X;X;f gives the following
expression of the generator for the solution to the SDE;

ZLf(r) = Z X f(T)+ > ai XaX; f(7)

+ /G\{e}(f(TG) — f(r) - ;Xif(T):Ei(o')) T(do).

So then the generator of the solution is completely determined by a;;, ¢; and II. The result
now follows from the uniqueness of generators, Prop. [1.1.3| ]

The preceding theorem and Theorem give the following result which was first
established in [Hun56].

Corollary 2.3.6 (Hunt). A right continuous process g = (g : t > 0) 1s a Lévy process
if and only if it has a generator of the form

Zf(r) = Z X f(T)+ > aip XiX; f(7)

+ /G\{e}(f(w) — f(1) — ;Xif(f)mi(g)) (do).

where (a;;) 1s symmetric and positive definite and Il is a Lévy measure.

Remark 2.3.7. So far the dependence of the co-ordinates have been left out. Notice that
if {z.} are new co-ordinate for the same basis X3, ..., X, then z; = z; + o(z?), moreover
if aj; = Z(ziz})(e) — II(z;z’;) then

L (z;z;)(e) = ay; + (z;z5) = ayTl(ziz})

and so a;; = a;;.
Indeed it turns out that the diffusion component >
basis changes (c.f. [Lia04][Prop. 1.3]).

Remark 2.3.8. We will from now on be assuming that every Lévy process solves the SDE.
This is not really a hindrance as we will be considering the so called Lévy triplets (a, b, II)
which determine the Lévy process. To the reader that is uncomfortable with this notion,
formally we can create equivalence classes of Lévy processes with respect to modifications
and choose the representatives that solve the SDE.

d

5j—1 05 X;X; 1s also invariant under



CHAPTER 3

STOCHASTIC PROCESSES IN SPACETIME

The study of Markov process in spacetime invariant under isometries can be found in
[Dud65]. His original construction is different to that given in this chapter. The first
section describes two methods of construction of diffusions in Minkowski spacetime. The
second method will be extended to the general case of curved spacetime, using more tools
from geometry. The last two sections describe the asymptotic behaviour of diffusions in
the Minkowski spacetime. The sections 1,3,4 use [BRO8|, [Bai0O8b] and [Bai0O8a|] as their
main reference. The second section derives from [FLJ07] and [Hsu02].

In favour of less notation we leave out the possible explosion of the processes described
in this chapter, though it is worth to note that in the Minkowski setting diffusions do have
infinite lifetime.

3.1 Minkowski Spacetime

In the theory of relativity, one includes time as a part of space on the same manifold.
The Minkowski spacetime is a flat manifold, denoted by R»¢ which is indeed as a set
the same as R'*¢, however, the first component denotes the “time” of the object and the
pseudo-Riemannian metric is given by g(z) = z2 — X%, 2? for £ € R»4. The theory of
relativity asserts that only massless objects may travel at the speed of light and nothing
can travel faster than the speed of light. We shall model diffusions of objects that have
mass and thus must travel strictly less than the speed of light. We adhere to common
convention in relativity that the speed of light ¢ = 1.

Generally on manifolds there is no notion of an increment and hence defining stochas-
tic processes cannot be done by classical means. There is, however, a generalised notion
of a Laplacian on any pseudo-Riemannian manifold called the Laplace-Beltrami operator,
which is given by Ay f := divgrad f. As in the Euclidian case, the diffusions are associ-
ated with generators of the form (02/2)Aj,. Feller process in Euclidian settings naturally
give rise to Lévy process as any cadlag Feller process invariant under the isometries is a
Lévy process (c.f. [Sat99]). Thus it would seem natural then to try and find cadlag Feller
processes on R,

The direct isometry group of R¢ is SO(1,d) which has four connected components.
SOT(1,d) denotes the identity component in SO(1, d) and consists of isometries that don’t
change the direction of time nor change the orientation of space.

There is a problem that is encountered in relativistic settings when we ask for the
process to have speed less than that of light. For example, an object such as Brownian
motion is nowhere differentiable and the small time boosts behave quite frantically, and
so it would be unrealistic to expect that it indeed conforms to the principles of relativity.
In [Dud65] Dudley proves that it is impossible to have a non-trivial cadag Feller process
invariant under SO (1, d). It is essentially due to the fact that in order to assert conditions



3.1 Minkowski Spacetime Stochastic Processes in Spacetime 16

on the velocity of a process at time ¢, one has to assert conditions on .%; which means
that the process is no longer Markovian unless its filtration is left continuous. The solution
to this problem is to consider a cadlag process £, on {x € TR“;q(z) < 1,2z, > 0} and
then let & = & + f§ ¢,_ds to obtain a process on R

In relativity theory, each frame is relative to the object that is in spacetime. Each
object carries its own “time clock” which leads to counter-intuitive results such as the
famed twin paradox. It is often helpful to parametrise the process by the right inverse
of t v [5 \ﬂés)ds which gives a process on the hyperbolic space H := {z € R"? : g(z) =
1,zo > 0}. The correspondence here is one-to-one so henceforth we shall be assuming that
(é,&) € RM x H with & = & + [¢ & ds.

If we fix the point (1,0,0,0) as the origin and look at the action of SO™(1,d) on H,
two things become apparent. First is that the action of SO*(1,d) is transitive and free on
H, and secondly that the origin has stabilizer SO(d)E] This allows for the identification
of H ~ SO*(1,d)/SO(d). The action of SO"(1,d) on H can be viewed as the left action
on the cosets gSO(d), and this establishes a relation between process on the Lie group
SO™(1,d) and processes on H. The next theorem describes how to obtain Markov processes
in H via the action of SO"(1,d). We shall use a more geometric approach to construct
diffusions, so the proof is left out.

Theorem 3.1.1 ([Lia04]Theorem 2.2 p.43). Let 7 : SOT(1,d) — H, h = (A,...,h%) —
h. If g = (g : t > 0) is an SO(d)-invariant Lévy process on SO*(1,d) then 7(g:) is a
cadlag SO*(1,d)-invariant Feller process on H.

Conversely, for any cadlag SO'(1,d)-tnvariant Feller process with laws {:}t=o
on H there exists an SO(d)-invariant Lévy process g = (g: : t > 0) on SO7(1,d) such
that for each t > 0 the measure u; 1s the image measure of the law of g, under TEI

There is an alternative construction which extends to general Lorentz manifolds in
the next section. The Poincaré group P is the group of affine isometries of R™¢ and it is
identified with SO*(1,d) x R} as it is the Lorentz group with a shift. Let OM be the
orthonormal frame bundle with the first element in H, then it can be identified with the
Poincaré group P where R represents the points and SO*(1,d) represents the frames.

Let ey, ..., eq be the canonical basis for R and e}, ..., e} be the corresponding dual
basis with respect to g, viz. ¢; = (0,...,1,0,...)T and e} = el and e} = (0,...,—1,0...).
Define E;; 1= e} ® e; — e ®e; for 4,7 = 0,...,d. These matrices generate so™(1,d), the

Lie algebra of SO*(1,d), where E; := Ey, correspond to the boosts transformations, i.e.
the Lie algebra of SO*(1,d)/SO(d). Then from the previous chapter, a Brownian motion

1A stabilizer is the subgroup that leaves the point invariant. This always allows for the identification
given. In this case, it is easy to see that the origin is fixed by Euclidian rotations.

2The map 7 can also be thought of as the left action map on the left cosets of SO (1,d)/SO(d).

3The frames are identified with SO*(1,d) in the following way: suppose s°,...,s% is an orthonormal
frame at a point p, and let eg,...,eq be the canonical basis for R¥¢ (which is the same as the canonical
basis for R41). Because the action of SO (1,d) on R is transitive, we can find an element of SO (1, d)

that maps the canonical basis to the given orthonormal one.
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Figure 3.1: Diffusion on the frame bundle.
(9s,¢s) € P solves

d
dg; = > g¢:E;j o dBY’

i,j=1

d¢, = g%ds

as the matrices F;; together with e, form a basis for the Lie algebra of . The rotations
{E;;}izo act trivially on H and ultimately we shall map the diffusion using 7 : OM — H
g — ¢° and so we can ignore the trivial actions in which case we get the expression

d
dgs =Y g.E; 0 dB:

=1

d¢, = g%ds.

If we look at what the differential equation above does in a small time dt, we see that
first the frames are transported along the direction gq keeping the frames parallel to this
line. Once we arrive at go0t, then we apply a random change of bases and repeat the
process again (this time the direction of g° may be different see Figure .

The following proposition will be proved in full generality in the next section, so we
omit the proof.

Proposition 3.1.2. The diffusion (gs,(;) € P given by the equations
d . .
dgs = > _ g.E; o dB;
=1

d¢, = g%ds

where B*,1 = 1,--- ,d are independent Brownian motions on R generate a diffusion
on H via the map 7((g,¢)) = ¢° with the generator %AH.

The diffusion on H is then nothing but the projection of a process on the Lie group P
with independent increments, viz. a Brownian motion with drift. Furthermore the same
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technique can also be applied to Lévy process on the Lie group P. Using Corollary
we obtain a process on H with generator

d

Zf(eo) = cBuf(eo) + [ (F(€) = Fleo) = 2 w:()8,.F(e0)) ()
=1
where y1,...,%4 1s a smooth co-ordinate system around ey and n is measure on H that
satisfies

n({eo}) =0
n (i:l yf) < 00

n(U¢) < oo for any neighbourhood U of €.

3.2 Processes on Lorentz Manifolds

A Lorentz manifold (M, g) is an orientable pseudo-Riemannian manifold M with a metric
which has signature (1,-1,---, —1)]7_5] In light of the previous section we wish to construct
a process on T'M, the positively oriented half of the unit sphere. Again we denote by
OM the orthonormal frame bundle with its first element in 7'M and 7 : OM — T'M
maps each frame to its first element.

The same construction at the end of the preceding section does not work on Lorentz
manifolds for two reasons; the frame bundle can no longer be identified with the Poincaré
group and secondly, there may not be a global tangent space and the geodesics may be
curved so d{, = g°ds no longer makes sense. However, there is an analogous method for a
similar construction on Lorentz manifolds and to do so we need some tools from geometry.

A connection may be used to connect tangent spaces and a natural choice is the Levi-
Civita connection V. The connection identifies curves in QM that are horizontal to T M
in the sense that if v C OM is a curvef then it is horizontal to T M if for each z € RY4,
VYT = 0 at each point of the curve. The space of vector fields that are horizontal is
denoted by H(OM) and allow for T(OM) to be decomposed as

T(OM) = H(OM) ® V(OM).

The elements of V(OM) are called the vertical vector fields. Intuitively thinking, the
connection links up two tangent spaces in the sense that it allows us to identify vectors
in one of them from the other. If a curve in OM is horizontal, it means that the frames
transported parallel to the connection. In the case R'*¥ we had that the connection was

given by a straight line, and so we moved the frames staying parallel to the straight line
0

g .

4The signature is the number of positive and negative eigenvalues of the metric. In this case, the metric
generates 1 positive eigenvalue and d negative eigenvalues.
5A curve on the orthonormal frame bundle is a smooth choice of frames at each point p € M.
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We can also “lift" points in 7'M to OM. This is due to the fact that for each X € Tle
(the positively oriented half of unit sphere in T, M) and s, € OM we have a unique
horizontal vector X on QM such that 7(X) = X (c.f. [Hsu02], [Mal97]).

Suppose s, € OM is an orthonormal frame on T}, M, then we can view s, : R — T, M,
viaz — 24, :cis; where sg, e ,sz are the frames. Using this, SO*(1,d) acts on OM in
the following way

S0+(1, d)

RLA ) R1d Sp

- T, M.

Indeed, the fibres of OM can be modelled on SO*(1,d). This action of SO*(1,d) on
OM is simply transitive[f

As before, let E;; :=e; ®e; —e; ®e; for 1,7 =0,...,d and E; := Ey;. The vertical
fibres of OM infinitesimally behave like so*(1,d) and so defining the vector fields V;; as
the actions of E;;, i.e.

d g
Vif(w) i= g f(eou)]

defines vertical vector fields which generate V(OM)[

Fix a starting point u € OM and let H, be the horizontal lift of 7(u). In a small time
period ét, we push the frames along Hj for §t time, then permute them with random noise
using V;;. As before, the vector flelds {V;; : 1 < 7,7 < d} generate the rotations and so
they act trivially on T' M, hence we can restrict our attention to the vector fields {V;}2_,.

Formulating this, we have that the diffusions on QM are of the form

t=0

d
d¢: = Ho((s)ds + Z Vi(¢s) o de G=1u

=1

where B!, ..., B? are independent Brownian motions on R. The generator of the diffusion
is then given by
d
Hy+ E > VR
2o
Intuitively the operator 3% , V2 should give us some sort of a Laplace operator. Recall
that a Laplace operator is given by Af = dwvgrad f = trace(H(f)) where H(f) is the
Hessian matrix, i.e. the matrix of second order derivations. The second derivations may
be thought of as V;V; as F;E; are the derivatives in the Lie group around the identity,
then the trace is precisely % , V2. The rest of the section will go towards proving this
mathematically.

6].e. free and transitive. The reason for this is that via a rotation, we can obtain one orthogonal frame
from an other. In order for the frames to remain orthonormal we must apply SO(1,d) and for the first
element to remain in the positively oriented half, the action must be that of SOT(1,d).

"This is due to the fact that one can identify a one form between OM and so'(1,d) where the kernel
contains the horizontal vector fields, c.f. [KN69|. Indeed this allows V;; to generate all the vertical vector
fields on OM.
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If we let g;; = ((8/8z;), (8/8z;)) and g¥ be the inverse of g;; then the Laplace-Beltrami
operator can be expressed locally as

1, ( & 0
Asr = S g e 9
M 29 <32}1’3£Ej ”Bmk>

k

where I'}, are the Christoffel symbols given by

7
Pfj ak = vdai 6j

where 9, = (8/0z;).
The following theorem then closes off this section nicely.

Theorem 3.2.1. The operator V := % V? induces on €*(T*M) the Laplacian A,
in the sense that for any f € €*(T'M)

(Apf)om=V(fom)

Proof. Let ey,...,eq be the canonical basis for R, The exponential matrix e‘%: is given
byt
cosht 0 --- sinht O
0 1 0 N
sinht cosht
0 1

and so we have that the only terms that change are

etfie, = ey cosht + e; sinh ¢

etfie; = e, cosht + eg sinh ¢
and so
dcietEie ‘t:o =&
:;tetE"ei -

with (d/dt)e*®ie; = 0 for 7 # 1,0.

8This and a few other computations have been left out as they can be confirmed with the aid of a
computer thus add no real value to the proof.
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Choose the coordinate system (z7, ), e = (e}, ..., €}) in OM such that e; = e*(8/8z*)
then for any f € €*(OM) using the chain rule we have

detBiel detEie

t=0 - dt ‘t 086
= e () + € o ().
0 Hek * Oef

kf(uz)

d
Vif(usz) = af(etElum) kf( Us)

t= oae

Hence the action of V; is given by

Using the fact 3% e¥el + g* = ekel one can directly compute

62 0
Vf o = ((e’geé - gkl)aelgeé + dekadg) f oT.

3.3 Asymptotic Behaviour in Minkowski Spacetime

If we fix the point p = (1,0,0,0) € H and take z = (2o, z*) € H, then z may be expressed
in polar co-ordinates (p,0) € R, x S* ! by p = cosh™'(zy) and ¢ = z*/1/z — 1. The
asymptotic properties of és is indeed different than a Brownian motion on a Euclidian
space. The described set up was established by Dudley in [Dud65] who proved that the
radial part of the process p; is transient. In [BaiO8b] and [BRO8| describe more properties
of this process. The latter shall provide a reference for the remainder of section where we
will prove that the angular part o, of the process és converges to some random angle o,
which in turn implies that &, asymptotically approaches a hyperplane at a random height,

see Figure 3.3

Theorem 3.3.1. Writing outf wn polar co-ordinates (p:, 01), we have that

d—1 rt
Pt:P0+ﬂt+T/0 coth psds

t d
o sinh” p,

where B and & are independent Brownian motions on the reals and S*~! respectively.

Proof. Notice that ¢ = dp?® + sinh? pd6? where df? is the Reimannian metric on S* 1. A
direct computation shows that the Laplace-Beltrami operator on H can be expressed as;

Aga s

3.3.2
sinh® p 1) ( )

8\’ 8
AH_(B,D) +(d —1)cothp8p
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where Aga-: is the Laplace-Beltrami operator on S41. '
To obtain the first equation use the map r(z) = p and the fact that £ is a 1/2Ay-
diffusion to get that

B: = L /t A + (d — 1) coth 9 r(€,)ds
t = Pt — Po 2Jo \8p P ap \°°
is a continuous local martingale. The action on f can be shown via direct computation to

be (d — 1)/2 coth and so the only remaining task is to show that § is a Brownian motion.
Notice that we have;

1 1
EAHTZ —rAgr = 5(2 +2(d—1)pcothp —2(d — 1)pcothp) =1
and so the quadratic variation of g is
£, :
[B: = /0 E(AHT —rAr)(&)ds =t

and hence B is Brownian motion by Lévy’s characterisation.
Similarly by taking f(z) = o gives that

Aga1
M} = 01— o0 - 7/ s111Sh2 fs) as

is an S¢ !-valued continuous local martingale. Let 7; be the right inverse of ¢ — fg

sinh? ps!
then 3; = MTft is a time change Brownian motion by Dubins-Schwarz theorem.
For the independence we have that
pAga-1 f
A =(d-1 th —_—
(fr) = (d~ Docothp+ P
fAgr = (d — 1)o coth pg
pASd—lf
Agf ="—5—
rluf sinh? p
and so
[6,5) = Au(fr) — rAu(f) — fAu(r) = 0.
O

Using this theorem we may now prove the intended result.

Theorem 3.3.2. Suppose that f = (ft :t>0) s a Brownian motion on H with polar
co-ordinates (ps,01) and € = (& :t > 0) given by & = & + [T €,_ ds, then

(i) p; is transient
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Figure 3.2: Asymptotic behaviour of Brownian motion in R

(ii) 0w = lim; o ¢ exists almost surely and moreover if the process is started from
ey then o4 is uniformly distributed on S 1

(iii) The random hetght R°> := lim; , q(&,e0 + 0x) exists and so the process &
approaches asymptotically the random hyperplane parallel to ey + 0o at hight R

Proof. (i) Due to the fact that coth > 1 and the monotonicity of the integral,

d—1 rt d—1
Pt>P0+ﬂt+T/() dS:Po—i‘,Bt-i—Tt

By the strong law of large numbers and Donsker’s invariance principle the process
Bt + %t — 00 as t — oo and hence the result followsﬂ

(ii) The convergence is an immediate consequence of the preceding theorem, part (i)
and the law of the iterated logarithm which ensures that 8; fluctuates as /2t loglogt for ¢
large enough['% The distribution of o, started from ey is uniform because the law of the
Brownian motion is invariant under the rotations and as the rotations fix ey the law of o,
must be invariant under rotations. The uniform distribution is the unique distribution on

S4-! with this property. O
®The alternative is to let T, := inf{t > 0 : B; + ct = a} where ¢ = (d — 1)/2. Now for a < 0 < b by
2ac
Girsanov’s theorem we have P(T, < T,) = ;%(b_)a)c By letting a | —co we have that P(T, < 00) = 1 and
by b 1 oo we have P(T, < c0) < 1. Now we can apply the strong Markov property to conclude the result.
10 . . . ﬁs _ .
The law of the iterated logarithm states that hmi\/m = 1 and consequently via symmetry
lim—P- = _1as, cf [KS9]

2sloglog s
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For the moment we cannot prove the last part of the statement. In the next section
we shall become acquainted with the tools necessary to solve this problem.

3.4 h-Transformations

We will prove that the limit lim; .., (&, €0 + 0o ) €xists by conditioning on the process
hitting a particular value of o,,. Unlike previously, in this section we start the diffusions
at some point (¢, 5) € RY? x H and denote the law by P(¢ ¢ or where appropriate we will
drop one of the coordinates and simply write Pg = P (- x H) or Pz = P &(RM x -).

Suppose that a process has generator L and that A is a positive, bounded L-harmonic
function, that is Lh = O.E The h-transform of a process is an other process that has
generator L"f := (L(hf))/h.

Informally, we will take as our harmonic function k?(§) = Ps(0e = o). More formally,
this will be the density of 0., with respect to the uniform measure do on S 1.

Proposition 3.4.1. For any (f,f) € RY x H, the distribution of o under Peg s

continuous with respect to the uniform measure da on S*! and thus admits a density
he.

Proof. This follows easily from Theorem [3.3.1| as Brownian motion is continuous with
respect to the uniform measure on S%! regardless of the starting position. [

Now we assume that o € S ! is fixed. To simplify matters, sometimes it is more
convenient to work in the Poincaré half plane model R, x R !. The Riemannian metric
at a point (y,z) € R, x R4! is given by

d o <X7 Y>E'
X,Y €R (X,Y) (0 = e
where (-, ) is the Euclidian scalar product. This is a model for the hyperbolic space H
as the following map is an isometry;

. . —1 1 £2 d
H9(§°,~--,§d)L . .,.5 .,--.,.5. € R, x R¥?
50_51 50_61 60_51
2 211 2 2_1q B
R*de_la(y,m)lL <H$HE+y + ’HxHE_I'y ,ﬂ"“’md 1> cH
2y 2y Yy Yy

where || - ||g is the Euclidian norm.
The Laplace-Beltrami operator on R, x R%! is given by

A =y*(82, + -+ 62

Td—1

+82) — (d— 2)yd,.

1INo generality is lost in assuming that the harmonic functions are positive. Indeed for any bounded
harmonic function h, h — inf A is also harmonic.
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As the diffusion on H has generator (1/2)Ay, then by denoting 8¢ f(§, ¢ ) as the deriva-

tive of ¢ along &, we have
A .
Lf:— ff 1 6.

In [Pin95][Theorem 9.5.2] Pinsky proves that for any measurable set U C S¢°1, (¢, £) —
P(g,é)(am € U) defines a harmonic map and in particular this implies that A° is harmonic.
Let L" denote the h-transform, i.e. L f = L(hf)/h, and p(t,z,dy) be the transition
kernels of (¢;,&;). Define

o h?(y)
h
t,z,dy) = t,z,d
p" (t,z,dy) ha(x)p( , T, dy)

The process given by the transition kernels has generator L*” an thus solves the

L™ martingale problem

Mf = f(Etaét) - At thf(gmés)ds

and hence must be strongly Markovian. The continuity of the process is apparent from
the kernels.

Proof of Theorem (111). We can find more information about h? by looking at the
Poincaré ball model of the hyperbolic space. Let B¢ C R? be the open unit ball. The
hyperbolic space can be thought of as living in B¢ by using the following map to induce
a metric on it (c.f. [BH99])

Trg

1 2 9
IB%‘@:::&( +H$H2E, z 2) ¢ H.
1= |lzl[z" 1 - |l=[%

Ha(go))gd)'Q( 61 ’ gd >€Bd

Notice that this map preserves the conformal boundary, i.e. ¢(c) = o for each o € S%
The corresponding map between the half-plane R, x R¢! and B¢ is then given by;

~ - zl|z +v> -1 2z
R*XRd 19y’$|‘§_1><|| E , E:@d
@)= e+ + 97 T2+ A+ 9)?
B>z ( 2]l — 1 224 22> ) € R, x R4 1.
2o + 25’ 1= 2z + B 1= 221 + ol

The Poisson kernel™| K (z,7) is well known in the ball and is given by (c.f. [Doo84])

K(z,m) =

12consult [Pin95][Theorem 4.1.1]
13Probabilistically, this is the density of a Brownian motion starting at z € B¢ and hitting 7 € S9.
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Figure 3.3: New random co-ordinates on R'¢ given by g’

Suppose now we tilt the axis by defining a new basis {€p, -, €5} C R by letting
€y = €p, €1 = 0 and €5, - - , €4 be orthonormal. To avoid confusion, we let E = (fo, . ,éd)
be in the new co-ordinate system. We can also specify, as above, half-space coordinates
by letting g = (€o, €1, - ,€4) and (y,z) = ¥~ }(g~1¢). The Laplacian on R, x R%! with
the new co-ordinates has the same expression has above.

Notice that the point o in these co-ordinates corresponds to (1,0,...,0) € B¢, which
corresponds to co € (R, x R41), where A is the conformal boundary of A. The hitting
density A (y, ) then is invariant under translations in z € R%! so it suffices to compute
h¢(y,0). Using the kernel on B¢, we obtain that h® is proportional to a polynomial of
degree d — 1, and using the fact that Ayh® = 0 we obtain that A% is proportional to y% 1.
Thus

2
€1 d -
L f = (82 + 82F) + Sud,f + 6 f

The y terms are nothing but the description of an It6 diffusion in R and so this has
the expression

d
dys — ysst + Eysds

where B = (B; : t > 0) is a Brownian motion in R. This is just a geometric Brownian
motion.

If we change the co-ordinates once more using g’ := (—€1,€q + €1,€2,...,€4), We see
that now that it is sufficient to find the bound of the processes in these co-ordinates (see
Fi. Let (£°,...,€%) be &£ € H expressed in the co-ordinates given by g’, then
ds ds

gl =~ = ———
s da—1_"
Ys yoeBs+T s

On the other hand, observe that ¢° = ¢(£,0, + €9) and so recalling that R~ =
lim; 00 (€5, 0oo + €0), We have

1 _
RO =¢ +— | e B"Teds.
Yo Jo
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It remains to see that the integral is finite. This is a consequence of the fact that as
noted before B, + Cs — o0 as s T 0o, where C is a constant, and the law of the iterated

logarithm.
O



CHAPTER 4

PoOIiSSON BOUNDARY

In the last section we encountered A° which is a bounded harmonic function that is non-
constant. Indeed this contrasts starkly with the Euclidian case where Liouville’s theorem
states that any bounded harmonic function must be constant. To keep notation to a
minimum we denote by (&, £,) the diffusion described as before. The invariant o-algebra
Inv((&,,€,)) given by events of the form (&,,&,) € A if and only if (¢,.¢, £.:) € A for each
t>0.

Theorem 4.0.2 (Correspondence Between Probability and Analysis). If h is a bounded
L-harmonic function then there ezists an X € Inv((&,&;)) such that

h(€,€) = B X].

Conversely, any function in the above form for some X ¢ Inv((&s,fs)) 1s L-
harmonaic.

Proof. Suppose that A is bounded and L-harmonic, then by Ité’s lemma h((fs,fs)) is
a bounded Martingale and thus by the Martingale convergence theorem, converges to a
random variable X a.s. It is clear that X € Inv((€,,&;)) and moreover by the optional
stopping theorem E.[X]| = h(e).

Conversely take X € Inv((£,£,)) and denote by 6, the shift operator, then

BEq 6l X] = EgglEq, ¢,)[X]] = E g[X 00.] = E [ X]

which shows that (£, €) — E #[X] is harmonic. O

Thus the invariant o-algebra determines the behaviour of the harmonic functions. One
has a-priori that Inv((¢,,£,)) C Tail((€,,€,)) and so in the case of some manifolds, the
tail g-algebra fails to be trivial.

It is readily seen now that it is enough for the angular part of a process to converge in
order to obtain a non-constant bounded harmonic function[]

The Poisson boundary is the set of bounded harmonic functions and as before, no
generality is lost in assuming that these functions are positive. Most of the discussion so
far has been towards the behaviour of the process in R»¢ x H. Indeed this relates to the
Poisson boundary via the following;

(i) The o-algebras Inv(&,,&,), Tail(€,, €,) and 0(0, R7>) co-inside P s-as.

!Note that the process is invariant under isometries, and hence if the angular part converges then it will
be invariant under rotations (given that the rotations leave the origin invariant) so the invariant algebra
will be non-trivial.
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(ii) The joint law of (0w, R°~) is continuous with respect to da dl, the product measure
of the uniform measure on S=! and the Lebesgue measure on R, and admits a density
he(&, &R (€, )

(iii) For any starting point (¢,£) € RY¢ x H, the positive function h°h¢ is a minimal
L-harmonic function, in the sense that if u < h°h] is harmonic, then u = Ch7h{ for some
constant C

(iv) Consequently a positive bounded harmonic function is of the form [ [ Fh7h{dadl,
where F' : S%7! x R — R is Borel measurable, and conversely any function of that form for
some Borel measurable F' is a positive bounded harmonic function.

There are two methods of proving these statements found in [BaiO8b] and [BROS].

In [BaiO8b] Bailleul uses the coupling method to prove these statements. The idea of
coupling is to look at a pair of stopping times (.S, T') such for processes (¢;, fs), (€. §s) with
starting distributions x and v respectively, couple at (S, T) i.e. P((¢s,€s) = (§T,§T)) =1
Coupling then allows us to express;

P(T = 00) + P(S = 00) = sup{{(i — v, h) : h > 0 harmonic function , ||h|| < 1}

where the norm is the uniform Banach norm (see [CG95]).

Bailleul shows that bounded L"’*/-harmonic functions are constant by showing that
the processes with generator L"”* couple in a finite time. Through Theorem this
shows that the tail o-algebra of the L"*"*/-diffusion is trivial. It is well known (see [Doo84]
for instance) that the h-transform corresponds to the process conditions on hitting a
conformal boundary point, hence this shows that indeed the invariant o-algebra is given
by 0(0w, R7>).

An alternative approach is given in |[BRO8|, where Bailleul and Raugi look at the
random walk on the Poincaré group P. Naturally, P is just R} x SO*(1,d) and the map
P> (€ g)— (& g°) € RV x H helps us project results.

The Iwasawa decomposition allows for a decomposition of the Lie algebra so™(1,d)
into € + a + n where the and the associated groups K, A and N. This is similar to the
Cartan decomposition in the sense that K x A x N — SO*(1,d), (k,a,n) — kan is a
diffeomorphism. The algebras are given by

t = so(d)

a is generated by E; = e; Q@ e; — el ® e
0 0 zT 0
o o zf o .- i1

n= T —1 0 0 ::EER_
0 0 O

This allows one to decompose the Lie group P into D~ x DT x SO(d) where D~ =
R(eg+e;1) x N and D" = (R(eg — e1) @ span{es, ...,eq4}) X A. Again the map D~ x DT x
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SO(d) > (d~,d",k) — d d"k € P is a diffeomorphism. A random walk e, = (§,,8,) € P
can now be split into e, = d,d}k, where d, € D7, d € D" and k, € SO(d).

Bailleul and Raugi then prove that the limit lim,_,, d,; exists P.-a.s. and that any D~-
left invariant bounded harmonic function is constant. Indeed this convergence is much
similar to that of the h-transform method, and allows for a similar expression for the
bounded harmonic functions.

The Poisson boundary of general Lorentz manifolds is still unknown. Though it is
known that on complete manifolds with non-negative Ricci curvature, Liouville’s theorem
holds, i.e. every bounded harmonic function is constant (c.f. [Hsu88|). Perhaps one could,
on some spaces, associate the L*"* -diffusion with a Aj,-diffusion on a complete manifold
M with non-negative Ricci curvature and obtain results similar to that of Bailleul and
Raugi.

We leave the reader with the following epilogue;

"The most beautiful thing we can experience is the mysterious. It is the source
of all true art and all science. He to whom this emotion is a stranger, who can
no longer pause to wonder and stand rapt in awe, is as good as dead: his eyes
are closed."

-Albert Einstein
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