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Introduction

When particles are suspended in a fluid, they are found in a very animated and irregular state of
motion. A description of such a phenomenon can already be found in an article by Jan Ingenhousz
published in 1784. Nevertheless, nowadays this motion is known as Brownian motion, named after
Robert Brown. He observed this phenomenon in 1827 while studying pollen grains of the plant
Clarckia pulchella. The first persons who put Brownian motion in a mathematical framework were
Thorvald Thiele in 1880 and Louis Bachelier in 1900. However, it was not until the work of Albert
Einstein in 1905 and of Marian Smoluchowski in 1906 that the theory of Brownian motion really
got started, cf. [14]. A nice collection of historical articles regarding Brownian motion, including
Ingenhousz’s and Brown’s work, can be found under [7].

This essay serves as an introduction to the well-developed field of Brownian motion on a Rie-
mannian manifold. The main two chapters are Chapters 4 and 5. After giving a definition of
Brownian motion on a Riemannian manifold at the beginning of Chapter 4, we continue by dis-
cussing characterisations of Brownian motion using stochastic differential equations, in terms of
discrete approximations and via the heat equation. In Chapter 5, we then analyse the recurrence
and transience behaviour of Brownian motion. We conclude by presenting concrete examples of
Riemannian manifolds for which one can decide whether Brownian motion on them is recurrent or
transient. For the most part, these two chapters are based on Emery [3], Feres [4], Grigor’yan [5]
and Hsu [9], with the details added in.

We shall assume basic knowledge of Differential Geometry, including manifolds and their tangent
spaces. The definitions of any further concepts we need from Differential Geometry are given in
Chapter 2. Moreover, in Chapter 3 we set up all the required notions from Stochastic Calculus on
manifolds. However, we shall assume familiarity with probability theory up to Stochastic Calculus
on R. A reader who is unfamiliar with the definitions of filtrations, stopping times, real-valued
semimartingales or the It6 integral could consult Rogers, Williams [15] and [16] beforehand.

In Chapter 1, we recall the definition of Brownian motion on R?. Furthermore, in order to motivate
the different characterisations of manifold-valued Brownian motion, which we give in Chapter 4,
we briefly present alternative ways of characterising Brownian motion on R%.

Throughout the entire essay we adopt the following conventions. Our manifolds are smooth and
the underlying topological space is assumed to be Hausdorff, second-countable and connected. We
write T,, M to denote the tangent space to the manifold M at the point © € M and C™(M) for the
space of n-times continuously differentiable functions from M to R. Moreover, we always work on
a complete probability space and any filtration is assumed to satisfy the usual conditions, i.e. it is
right-continuous and contains all the null sets. We also only consider continuous semimartingales
which allows us to simply call them semimartingales. Finally, we use [-, -] to denote the quadratic
covariation of two semimartingales, whereas (-, ) is reserved for the Euclidean inner product.
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1 Motivation

To begin with, we recall the definition of a standard Brownian motion on R?.

Definition 1.1 Let X = (X;);>0 be a continuous stochastic process defined on a probability space
(Q, F,P) and taking values in R?. We call X a standard Brownian motion on R? if it satisfies that

(1) XOZO;

(ii) for any 0 <tp <ty < ...<ty,, the increments X;, — X;
and

., Xy, — Xy, are independent,

n—19""

(iii) for any 0 < s < t, the increment X; — X has normal distribution N (0, (t — s)1;), where Iy
denotes the identity matrix.

We adopt the convention that any stochastic process Y = (Y;)i>0 given by ¥; = X; + a for a
standard Brownian motion X = (X;);>0 on R% and a € R? is called a Brownian motion on R%.
Moreover, if (F;)i>o is a filtration on (2, F,P) we say that X is a Brownian motion in (F});>o if
X is adapted to (F;);>0 and for all s > 0 the process (X;+s — Xs)i>0 is independent of F. In
particular, X = (X;)¢>0 is then a martingale on the filtered probability space (2, F, (Fi)i>o0, P).

Let P, denote the law of a Brownian motion X = (X;);>¢ on R? starting at a € R?. By property (iii)
in Definition 1.1, it follows that for ¢t > 0 and any Borel subset C' of R?

1 2
Po(X, € C) = ——— [ e lv=all/2t qy
( t ) (27Tt)d/2 /Ce Y
In Section 4.3, we establish a generalised version of this formula valid for Brownian motion on a

Riemannian manifold.

The following theorem says that one can obtain a real-valued standard Brownian motion as the
limit of a sequence of random walks on the integers scaled in the right way. Thereby, we use |t] to
denote the greatest integer less than or equal to .

Theorem 1.2 (Donsker’s invariance principle) Let (£,)nen be a sequence of independent and
identically distributed real-valued random variables with E[¢1] = 0 and E[¢2] = 02 < co. Let

k
Sk = Z &
=1

denote the k™ partial sum. Then the stochastic processes X (™ = (Xt(n)) N which are defined by
>0

b
ovn

are continuous and converge weakly to a Brownian motion on R.

Xt(") = Rt , where Ry = Sy + (t = [t])E1¢)41

A proof is given in Karatzas, Shreve [11, Chapter 2]. To approximate a standard Brownian motion
on R? by scaled random walks on Z¢, one can take d independent sequences

(€1n)nen > €2mdnens - (§dm)nen

of independent and identically distributed real-valued random variables with zero mean and finite

variance. If we define Xl-(") in terms of (&;.m),,cy @8 X () is defined in terms of (6m)men then

(XY‘), XM, ,le”))



converges weakly to a Brownian motion on R% as n — oc.

In Proposition 1.5, we find another alternative characterisation of Brownian motion on R This
new characterisation has the advantage that it can be generalised to a Riemannian manifold. The
latter is done in Chapter 4.

For the rest of this chapter, we work on a filtered probability space (2, F, (F)¢>0,P). A continuous
stochastic process X = (X;);>0 taking values in R? is called a semimartingale on R¢ if and only
if X* = (X})i>0 is a semimartingale on R for each 1 < i < d. Similarly, one defines R%-valued

local martingales. Moreover, we have the following two important theorems. For proofs we refer to
Rogers, Williams [16, VI.39 and IV. 33].

Theorem 1.3 (Itd’s formula) If X = (X;)i>0 is a semimartingale on R? and f € C?(RY) then
(f(Xt))tZO is a semimartingale on R satisfying

f(Xe) = f(Xo)

gay 32 [ ST at )

Theorem 1.4 (Lévy’s characterisation of Brownian motion) An R%-valued semimartin-
gale X = (Xi)i>0 is a Brownian motion on RY if and only if X is a local martingale and
[X*, X7, =t6Y for1<i,j<d.

As shown in the proof of the next proposition, Lévy’s characterisation is a nice tool to determine
whether a given semimartingale is a Brownian motion. In the following, let A denote the usual

Laplace operator on R?, i.e.
d o \?2
A= ,
> (5r)

Proposition 1.5 An R%-valued semimartingale X = (Xt)t>0 s a Brownian motion on R? if and
only if for all f € C>®(RY) the process N = (Ny)i>o given by

1 t
Ne= (X0 - (o) - 5 [ Af(x
0
18 a local martingale on R.

Proof. Suppose X is a Brownian motion. From Lévy’s characterisation, we know [X ¢ ] ;= 6%
for 1 <i,5 < d. Thus, we have

¢ o 4 92f
Z@x’@xi X d [X1,00] = 37 2 (X ds = Af(X.) ds

and Ito’s formula yields

By Lévy’s characterisation, we also know that X is a local martingale, i.e. X* is a local martingale
for each 1 <1 < d. Since the It6 integral preserves local martingales, it follows that IV is indeed a
local martingale.

Conversely, suppose that f(X;)—f -3 fo Af(X,)dsis alocal martingale for each f € C™(R%).
By taking f = 2*, which is a smooth functlon on Rd satisfying Af = 0, we deduce that

N} = X| - X{



is a local martingale for each 1 < ¢ < d. In particular, X = (X;);>¢ is a local martingale. Further-
more, by considering f = z‘z7, which satisfies Af = 2§, we obtain that

iy o 1t
NP = XiXT - XiX] - /O 257 ds

= XiX] - XX —tov (1.1)

is a local martingale. However, if N and N are local martingales on R then [N , N } is the unique con-

tinuous adapted process A = (A)¢>o of finite variation with Ag = 0 and such that (NtJ\N/'t —Api>o
is a local martingale. Hence, (1.1) implies that [Xl7 Xj]t = t6". From Lévy’s characterisation, we
conclude that X is a Brownian motion on R¢, as claimed. O

In Chapter 4, we show that the preceding proposition is in fact a special case of Theorem 4.7, which
is taken from Hsu [9]. The proof we gave for Proposition 1.5 is a simplified version of the proof of
Theorem 4.7. However, it does still illustrate the main ideas used in the more general proof.



2 Concepts needed from Differential Geometry

In the next two chapters, we set up the Differential Geometry and the Stochastic Calculus needed
to discuss Brownian motion on a Riemannian manifold.

Remark 2.1 In this chapter only, we use X and Y to denote vector fields. Throughout the rest
of the essay, the letters X andY are reserved for stochastic processes.

2.1 Riemannian manifolds and the Laplace-Beltrami operator

Working on R? we always have the Euclidean inner product at hand, and for instance, we need it
to define the usual Laplace operator A. When we aim to generalise Brownian motion to manifolds,
we therefore want to work on manifolds which are equipped with a Riemannian metric.

Definition 2.2 Let M be a manifold. A Riemannian metric on M is a smooth tensor field h €
(T*M @ T*M) such that h, € TiM @ T M is symmetric and positive definite for all x € M.

By our topological assumptions on a manifold M, it always admits a Riemannian metric.

Definition 2.3 A Riemannian manifold is a pair (M,h) consisting of a manifold M and a Rie-
mannian metric h on M.

For a Riemannian manifold (M, h), we adopt the shorthand notation M with the presence of the
Riemannian metric h being understood. We also set d = dim M.

Our next aim is to define the Laplace-Beltrami operator Ajy; on a Riemannian manifold M. It is a
well-known fact from Differential Geometry, e.g. see Kobayashi, Nomizu [12, Chapter 4], that for a
given Riemannian manifold M there exists a unique covariant derivative V on M which is metric,
ie.
XhY,2)=nVxY,Z)+h(Y,VxZ) forall X,Y,ZeT'(TM),
and torsion-free, i.e.
VxY - VyX - [X,Y]=0 forall X,)Y e(TM).
The unique such covariant derivative is called the Levi-Civita connection.
Let f € C*°(M) be a smooth function on M and let € M be fixed. Since h, is positive definite,
we can define (grad f), to be the unique vector vy € T, M satisfying
h(vg,v) = (df)z(v) =v(f) forallveT, M.

This gives rise to a vector field grad f on M. In the following, let (F1, Es,...,E4) be a local
orthonormal frame. For a vector field X € I'(T'M) we define the divergence div X of X by

d
divX =Y (Ve X, E),
i=1
where V is the Levi-Civita connection on M. Since div X is the trace of VX : TM — TM it does
not depend on the choice of the local orthonormal frame (E1, Es, ..., Ey).

Since grad f is a vector field on M, one can particularly consider div grad f. It is clear that div grad f
is also well-defined for functions f € C?(M). In fact, the Laplace-Beltrami operator Ay is applied
to twice-continuously differentiable functions f € C?(M) and yields a new function Ay f on M
defined by

Ay f=divgrad f .

For instance, if we consider the manifold M = R? equipped with the Euclidean inner product, then
Ajr agrees with the usual Laplace operator A on R

In our discussions in Chapter 4 we need the following lemma, which can be found in Hsu [9].
Thereby, V2f = V(df) is the Hessian of a function f € C?(M).



Lemma 2.4 Let M be a Riemannian manifold. For f € C*(M) it holds true that

d
Amf =Y V*f(Ei, E),

i=1
i.e. Aprf equals the trace of V2f.

Proof. From the definition of Ay, f, we have

d
Apf=> Vg egradf,E).

i=1
By using the definition of grad f and the fact that V is compatible with the metric, we deduce
WV E, grad f, E;) = E;(h(grad f, E;)) — h(grad f, Vg, E;)
= Ei(df(Ei)) —df (Ve Ei)
= (Ve df)(E)
= VQf(Ei’ Ei)

for each 1 <14 < d. Summing over i yields the desired expression. O

2.2 Principal bundles and connections

For one of the characterisations of Brownian motion on a Riemannian manifold, we need an un-
derstanding of principal bundles and connections defined on such bundles. Here, we only give the
formal definitions, which one finds in many classical textbooks on Differential Geometry, e.g. in
Kobayashi, Nomizu [12, Chapter 1 and 2].

To define a principal bundle, we need to know what a Lie group is.

Definition 2.5 A Lie group G is both a manifold and an algebraic group with the additional
property that the map

GxG—(G

(9,a) — ga™"
is smooth.

The general linear group GL(d) and the orthogonal group O(d) of degree d over the real numbers
are examples of Lie groups. We meet both groups again when we present examples of principal
bundles.

Definition 2.6 Let M, P be manifolds, let G be a Lie group and let m: P — M be a smooth
map. We call (P,7, M,G) a principal bundle over M with structure group G if the following three
conditions are satisfied.

(i) G acts freely on P on the right, i.e. there is an action

PxG—P
(p,g) — Ry(p) =p-9g

with the property that if Ry(p) = p for some p € P then g is the unit element of G.

(i) For p1,ps € P, there exists some g € G with po = Ry(p1) if and only if m(p1) = m(p2).



(iii) For any x € M there exists an open set U, C M and a diffeomorphism 1, : 7= (U,) — Uy, xG
such that ¢, = (7,¢5) for some map ¢,: 7~ (U,) — G satisfying

¢x(p-9) = ¢=(P)g
for allp € m=*(U,) and all g € G.

One calls P the total space and M the base space of the principal bundle. Moreover, P, = 7~ *(z)
is called the fibre over . By conditions (i) and (ii), the action is free and transitive on each fibre.
Furthermore, the diffeomorphisms 1,, are also called local trivialisations and  is called projection.
We note that = must be surjective by condition (iii).

Our first example of a principal bundle is the so-called trivial bundle.

Example 2.7 Let M be a manifold and let G be a Lie group. We claim that (M x G,m, M, Q)
s a principal bundle with m: M x G — M being the projection onto the first factor and with the
action of G on M x G given by

Ry, (M, g1)) = (m, 9192)
fOT’ (magl) e M x G and go € G. Indeed, fOT’ any r € M we can choose

U,=M and ¢, =(id,id): M xG— M x G
to satisfy condition (iii) of Definition 2.6.

In the following, we frequently denote a principal bundle (P, 7, M, G) by P only. With that notation,
the next example introduces the frame bundle .% (M) over a manifold M.

Example 2.8 Let M be a manifold of dimension d. For a fited x € M, let # (M), be the set of
all linear isomorphisms u: R — T, M. One generally calls an element u € .F (M), a frame at x.
We now set
F(M)= | F(M),.
zeM
For each uw € F(M) there exists a unique x € M such that u € F(M),. Thus, we can define
a map 7w: F(M) — M by w(u) = x. Furthermore, an element g € GL(d) can be considered as
a linear isomorphism g: RY — R, Therefore, if g € GL(d) acts on the right of u € .F (M), by
composition, then
w-g: RY 2 R T, M
is a linear isomorphism, i.e. u-g € F(M),. In particular, this action of GL(d) on F (M) preserves
the fibres (M), and is transitive on each fibre. Moreover, by using the charts on M one can give
F (M) the structure of a manifold such that condition (iii) in Definition 2.6 is also satisfied. This
makes (% (M), n, M,GL(d)) into a principle bundle.

If the underlying manifold M is equipped with a Riemannian metric h, one can construct the
orthonormal frame bundle O(M) as another example of a principal bundle.

Example 2.9 Let M be a Riemannian manifold and let x € M be fized. We call u: R — T, M a
linear isometry if u is a frame at v which satisfies

(a,b) = h(ua,ub) for all a,b € R .

Hereby, (-,-) denotes the usual Euclidean inner product on R?. In particular, if {e1,es, ..., eq} is
the standard basis of R? then {ue;}1<i<a s an orthonormal basis of Ty, M. Let O(M), be the set
of all linear isometries u: R — T, M and let

o) = J om), .

zeM

10



An element g € O(d) is a linear isometry g: RY — R, Hence, O(d) acts on the right on O(M)
by composition. If we also let w: O(M) — M be the obvious projection map, one can equip O(M)
with a manifold structure which turns (O(M),r, M,0(d)) into a principal bundle.

Before we present the formal definition of a connection on a principal bundle (P, 7w, M,G), we aim
to get an intuitive idea of what a connection gives us. For a fixed p € P, set x = 7(p) and let
P, = n71(z) be the fibre over z. We observe that T, P contains the tangent space T}, P, of the fibre
P, at the point p as a subspace. For obvious reasons, we call T}, P, the vertical subspace of T}, P and
elements of T, P, vertical vectors. Moreover, we use V, P as notation for T}, P,. Having defined the
vertical subspace, we would like to get a notation of horizontal subspace. This is in fact provided
by a connection.

Definition 2.10 A connection on a principal bundle (P, 7, M,G) is a smooth map which assigns
a subspace H,P C T,P to each p € P such that

(i) T,p =V,P® H,P , and
(ii) Hp.gP = (Ry)+H,P for everyp € P and g € G.
Hereby, (Rgy). denotes the differential of the transformation R,: P — P.

In Kobayashi, Nomizu [12, Chapter 2] it is proved that for the manifolds we consider, a principle
bundle always admits a connection. We call H,P the horizontal subspace of T, P and elements of
H, P horizontal vectors. However, we need to remember that the horizontal subspace of T, P does
depend on the chosen connection as different connections give rise to different horizontal subspaces.

It remains to discuss the concept of a horizontal lift. Let (P, 7, M, G) be a principal bundle with
a connection. One easily checks that at every point p € P the differential of 7 yields a linear
isomorphism (7.),: H,P — Ty M. Thus, for any vector v € Ty, M there exists a unique

horizontal vector v; € HyP such that (m.),(vy;) = v. We call v; the horizontal lift of v to p.

This defines all the concepts from Differential Geometry we necessarily need in later parts of the
essay. However, for one example in Chapter 4 it is convenient to know how one can use connection
forms to obtain horizontal subspaces H,, P satisfying the conditions of Definition 2.10.

Definition 2.11 A connection form w on a principal bundle (P, 7, M, G) is a 1-form on P taking
values in the Lie algebra g of G and satisfying the following conditions.

(i) For every g € G and every vector field X on P we have w((Ry).X) = Ad (¢7') w(X), where
Ad denotes the adjoint representation of G in g.

(ii) For everyY € g and p € P it holds true that w (?p) =Y, where

(p- exp(tY)) .
t=0

dt

We get a map wp: TpP — g and the horizontal subspace at p is given by H,P = ker(w,). In
fact, for a given principal bundle, the connections and the connection forms on this bundle are in
one-to-one correspondence. For a proof see Kobayashi, Nomizu [12, Chapter 2].

11



3 Stochastic Calculus on a Riemannian manifold

Throughout this chapter, our stochastic processes X are defined on a filtered probability space
(Q, F, (Ft)t>0,P) and take values in a d-dimensional manifold M. We also allow our processes to
be defined only up to some stopping time. However, we generally consider a process X up to the
maximum stopping time e for which it can be defined on M. We call e the explosion time of X
and write X = (X¢)est>0-

In Section 3.4, we additionally assume that M is a Riemannian manifold.

3.1 Semimartingales and Stratonovich differentials

Let f € C*(R%) be a smooth function and let X = (X;);>0 be a semimartingale on R%. From
Ito’s formula, it follows that (f(X;)),~, is a semimartingale on R. This motivates the following
definition. -

Definition 3.1 Let X = (Xy)est>0 be a continuous stochastic process taking values in a manifold
M. We call X a semimartingale on M if (f(X})) o @5 a semimartingale on R for every smooth

function f € C(M).

e>t>

By the above remark, this definition is consistent with our previous definition of a semimartingale
on R%,

From Emery [3, Chapter 1], we recall that if X and Y are semimartingales on R then the
Stratonovich integral of X along Y is defined by

t t
1
/XsaYs:/ X, dY, + - [X,Y], |
0 0 2

where fot X, dY; is the usual It6 integral of X along Y and [X,Y], the quadratic covariation of X
and Y. Moreover, if X is a semimartingale on R? and f € C®(R?) then we have the chain rule

PR = () 3 [P (%) ox:.

This is a consequence of 1t6’s formula, see e.g. Rogers, Williams [16, TV. 46] for the 1-dimensional
case, which easily generalises to d dimensions. Using Stratonovich differentials, the chain rule reads

o (%) =32 2 (%) oxi.

L~ Ot
1=1

In the following, we mainly want to use the differential notation. For this, we first need to define
the Stratonovich differential 0X = (0X})esi>0 of a semimartingale X = (X;)e>¢>0 on a manifold
M. Hereby, one may think of 90X as the equivalent of the tangent vector field to a differentiable
curve. As in Norris [13] we symbolically define

2, (0X) = 0(X]) (3.1)

for a chart x = (:rl, z2, ... ,azd) around X;. However, this symbolic definition has to be understood

as part of an integral equation. For instance, if « € I'(T*M) is a 1-form on M one can define the
integral of o along the semimartingale X in the following way. Let 0 < 0 < 7 < e be random times
with the property that there exists a chart of the manifold M such that X;(w) lies in the domain
of that chart for all ¢ satisfying o(w) <t < 7(w). In this chart, we can write

d
o= E a; dx’
i=1

12



for smooth functions a; € C°°(M). The integral of o along X between o and 7 is then defined as

T d T .
/ ax, (0X,) = / i (X,)d(X?E) . (3.2)
o =170

Ifz = (5517552, ey jd) is another chart satisfying the same restrictions as x subject to ¢ and T
then
d ort
o= Z ai@ dz’
1,7=1
and
; ; 4 oxi : 4 ai
O(X}) = 2 (0X) = 3 S (X (0X) = > S (X)a(X))

Jj=1 Jj=1

by the symbolic definition (3.1). It follows that

d r d 4 4. B
;/U ;i (Xs)0(XY) = Z/U ai(Xs)gﬂ (Xs)a(Xg):;/o a;(X,) 0(X1) .

ij=1

Therefore, (3.2) is independent of the chosen chart and by patching the integral together across
overlapping charts, we can define

/ ox, (0X,)

for e > t > 0. For more details see Emery [3, Chapter 7]. It is a pleasant feature that the chain
rule for the Stratonovich integral extends to functions on a manifold M.

Lemma 3.2 Let M be a manifold, let f € C*(M) be a smooth function and let X be a semi-
martingale on M. It holds true that

5f(Xt) = (df)Xf, (aXt) .

Proof. We recall that this identity has to be understood as

F(X0) = F(Xo) + / (df)x, (0X.) .

Let 0 < 0 < 7 < e be random times such that there exists a chart x of M with the same properties
as above. By (3.2), we have

. d  r
[ anxiexo=3 [ FLo e,

Furthermore, the chain rule for semimartingales on R yields

d
T af ; B -
> [ S0 = (foa ) (a(X0) - (Fow) (X)) = FX) = F(Xe).
=179
Patching integrals together across overlapping charts gives the desired result. O

13



3.2 Stochastic differential equations

Having defined Stratonovich differentials, we can now explain what we mean by a stochastic differ-
ential equation (SDE), cf. Emery [3, Chapter 7]. Let M7, Ms be manifolds, let V' € T'(T* M, @ T M>)
be a smooth section over M7 x My and let X = (X;)es>t>0 be a semimartingale on M;. We say
that a semimartingale Y = (¥})¢>¢>0 on My with e > ( is a solution of the stochastic differential
equation

oY, = V(X,,Y;) 0X, (3.3)

if for every 1-form a € T'(T™*M>)

/Ot ay, (0Y3) = /O ay, (V(X,,Y,) 0X,)

holds true for all t < ¢. As stated in Emery [3, Theorem 7.21], we have the following existence and
uniqueness property.

Theorem 3.3 Suppose we are given two manifolds My and M, a section V € T'(T*M; @ T M,),
a semimartingale X on My and an Fo-measurable random variable Yy on My. Then there exists
a stopping time ¢ and a semimartingale Y = (Y;)¢>i>0 on My starting from Yy with the following
properties.

(i) Y is a solution of the stochastic differential equation (3.3).

(ii) If ¢ is finite then Y explodes at (, i.e. for almost every w € Q the path (Yi(w))csi>0 is not
contained in any compact subset of Ms.

(iii) If}N/ = (f”})z . is another solution of (3.3) starting from Yo = Yo then almost surely Z <¢
>t>

and almost surely §~Q =Y, forall0<t< E

We call Y the unique solution of (3.3) up to explosion.

3.3 Quadratic variation of a semimartingale

We would like to have the notion of a quadratic variation process associated to a semimartingale
X on the manifold M. In fact, it turns out to be convenient to define a quadratic variation process
for each tensor field b € I'(T*"M @ T*M).

Let X be a semimartingale on M. In Emery [3, Theorem 3.8] it is established that there exists a
unique R-linear map, denoted by

b /b(dX, ax) ,

from I'(T* M ®T™* M) to the space of real-valued continuous stochastic processes with finite variation
such that for all smooth functions f,g € C°°(M) we have

() [(/B)(X,dX) = [ F(X)d ([ b(dX,dX)), and
(i) [(df ®dg)(dX.dX) = [f(X),g(X)] .

We call [b(dX,dX) the b-quadratic variation of X and denote its value at ¢ by fot b(d X, dXs).
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3.4 Horizontal lift and stochastic development

Let M be a Riemannian manifold of dimension d and let O(M) be the orthonormal frame bundle
over M. To be able to talk about horizontal vectors in TO(M) we need to choose a connection on
O(M). One can show that there is a one-to-one correspondence between metric covariant derivatives
on M and connections on O(M), cf. Kobayashi, Nomizu [12, Chapter 4]. From now onwards, we
shall equip O(M) with the connection which corresponds to the Levi-Civita connection on M.

In Differential Geometry, we have the following notions. A differentiable curve u = (ut)e[q,5 ON
O(M) is called a horizontal curve if all its tangent vectors are horizontal. Moreover, if # = (2¢);¢[a,]
is a differentiable curve on M and u, € O(M) is a fixed frame at x, then a horizontal curve
u = (Ut)iela,p) o0 O(M) starting from u, with 7(u) = x is called horizontal lift of = to u,. In fact,
there is a unique curve u satisfying these conditions, cf. Kobayashi, Nomizu [12, Chapter 2]. By
the chain rule, we also have

j"t = (TF*)ut (ut) )

where 2; and u; are the tangent vectors to x and u at x; and wu,, respectively. Furthermore, the
anti-development w = (w¢)se[q,5 Of the curve z is defined by

t
wt:/ u;lfbsds
a

for a <t < b. We note that w is a curve on R with w, = 0.

If we are given a semimartingale X = (X¢)est>0 on M we would like to talk about its horizontal
lift U = (Ut)est>0 to O(M) as well as its anti-development W = (Wy)esi>0 on R?. The problem
is that a path X (w) of X for some w € § need not be differentiable. Therefore, we cannot use
the notions of horizontal lift and anti-development as defined above. A definition which works
for semimartingales makes use of the following horizontal vector fields. Let v € R? be fixed. We
define H, € T'(HO(M)) by H,(u) = (wv)}, for v € O(M), i.e. H,(u) is the unique horizontal lift
of ww € TryM to u. Moreover, if {e;}1<;<q denotes the standard basis of RY we set H; = H,,.
We observe that at each v € O(M) the horizontal vectors Hi(u), Ha(u), ..., Hq(u) form a basis
of H,O(M). In particular, if u = (ut)e[q,5 is a horizontal curve on O(M) we can find curves

(atl)te[a,b] ) (a%)te[a,b] o (O‘g)te[a,b] on R such that
d
Up = ZHi(ut)at
i=1

If we let w! = f; alds, then

d
Uy = ZHi(ut)wt
i=1
In fact, if w is the horizontal lift of a curve x on M then w = (wl,w2, .. .,wd) is indeed the

anti-development of z. The latter follows from
d d d
= (), () = (1), (Z Hi(ut)> af =Y (we) af = g (Z eiaz>
i=1 i=1 i=1

as it gives
—1. _ (.1 2 d
Uy xt—(at,at,...,at).

This motivates the following definitions, cf. Hsu [9, Chapter 2.3].
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Definition 3.4 A semimartingale U on O(M) is called horizontal if there exists a semimartingale

W on R? such that .,

OU, =y H;(Uy) OW; . (3.4)

i=1

By construction, (Hp, Hs,...,Hy) is a global frame of the horizontal bundle HO(M). Let
(H', H?,..., H%) denote its dual frame. If U is a horizontal semimartingale on O(M) then Equation
(3.4) implies

d
HI(Uy) 0U, =y - HY(Uy) Hy(Uy) OW; = oWy
i=1
for 1 < j < d. Hence, if we fix Wy then W is uniquely given by
. . t .
Wi =w; —|—/ H(Us) 90U .
0

Definition 3.5 A horizontal lift U of a semimartingale X on M is a horizontal semimartingale
on O(M) such that 7(U) = X. Moreover, the unique semimartingale W on R? satisfying (3.4) and
Wo = 0 is called an anti-development of X .

In Hsu [9, Chapter 2.3], it is proved that for a given semimartingale X = (X;)est>0 on M and
an JFp-measurable random variable Uy on O(M) with 7(Up) = Xy there exists a unique horizontal
lift U = (Up)est>0 starting from Uy. In fact, Hsu does not restrict his attention to O(M) until [9,
Chapter 3]. Before that, he still works with the frame bundle .#(M). However, one can consider
O(M) as a subbundle of .#(M). If one then equips .# (M) with a connection which corresponds
to a metric covariant derivative on M and ensures that Uy takes values in O(M) then the unique
horizontal lift U = (Up)esi>0 to F(M) stays in O(M). Thus, we also get uniqueness for the
situation we consider.

Conversely, if W is a semimartingale on R? and Uy is an Fo-measurable random variable on O(M),
then by Theorem 3.3 applied to

d
V=> di'®H; el (T"R'@TO(M)) ,
i=1

there exists a unique semimartingale U = (Uy)est>0 starting from Uy and satisfying (3.4) up to

explosion. We call X = (X})es¢>0 given by m(U) = X the development of W on M. Moreover, X
is independent of the choice of the initial frame Uy over X, see Elworthy [2, Lemma 11A].

We use the correspondence between semimartingales X on M and semimartingales W on R¢ in
Section 4.1. There we characterise Brownian motion on Riemannian manifolds using stochastic
differential equations.
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4 Equivalent definitions of Brownian motion

In this chapter, we discuss various characterisations of Brownian motion on a Riemannian manifold.
To begin with, we need to agree on one definition and similar to Emery [3, Chapter 5] we make
the following definition.

Definition 4.1 Let M be a Riemannian manifold, let X = (Xi)est>0 be a continuous M -valued
stochastic process defined on a probability space (Q, F,P) and let (ftX)e>t>0 denote the natural
filtration generated by the process X. We say that X is a Brownian motion on M if for all smooth

functions f € C°(M) the process N = (Ny)est>0 given by

M= £00) = 10X0) = 5 [ Awf(x) s

is a local martingale on R in the filtration (]:tX)e>t>O'

Our first observation about Brownian motion is stated in the next lemma.

Lemma 4.2 If X is a Brownian motion on a Riemannian manifold M then X is a semimartingale

on M in the natural filtration (]:tX)e>t>0 .

Proof. It suffices to note that for all f € C°°(M) the process A = (A;)e>i>0 defined by

t
A =1 / Awf(X,)ds
2 0

is an adapted process of finite variation. O

For M = R? equipped with the Euclidean metric, Definition 4.1 has to be consistent with Defini-
tion 1.1. Indeed, this is ensured by Proposition 1.5 since Ars = A .

As remarked in Hsu [9, Chapter 3.2], sometimes it is necessary to extend our definition of Brownian
motion slightly. Let (0, F,(Ft),s¢,P) be a filtered probability space and let X be a Brownian
motion according to Definition 4.1. If X is additionally adapted to (F;),s, and satisfies the strong
Markov property with respect to that filtration then we say that X is a Brownian motion in the
filtration (F),~,. We shall work in this set-up from here onwards.

Having discussed the definition of Brownian motion on a Riemannian manifold we present the first
alternative characterisation, cf. Proposition 4.5. This one is taken from Emery [3, Chapter 5]. It
needs one more definition and one preliminary lemma. Both of them make use of the b-quadratic
variation, and particularly of the V2 f-quadratic variation, defined in Section 3.3.

Definition 4.3 Let M be a Riemannian manifold equipped with the Levi-Civita connection V. A
semimartingale X = (X})es1>0 on M is called a martingale if

F000) = 1(X0) = 5 [ V30X 0x)

is a local martingale on R for every smooth function f € C*(M).

We remark that this is standard terminology, even though it would seem more sensible to call the
martingales we have just defined ‘local martingales’. In particular, a martingale on R? according
to Definition 4.3 is in fact a local martingale. However, we only consider martingales according to
the new definition up to and including Section 4.1, whereas we do not need true martingales on
R? according to the usual definition before Section 4.3. Therefore, the terminology just introduced
should not cause any confusions.
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Lemma 4.4 Let M be a Riemannian manifold with metric h. If X = (X})est>0 1 a semimartin-
gale on M satisfying

t
£, OOl = [ h(grad fograd £) () ds (11)
0
for every smooth function f € C*°(M) then
t t
/ b(dX,,dX,) = / Tr(b)(X,) ds
0 0
for every smooth tensor field b € T(T*M & T*M).
Proof. Let f,g € C*°(M) be arbitrary. By polarising Equation (4.1), one obtains
t
£, 9(0) = [ h(grad f.gradg) (X.) ds (12)
0

Moreover, let (Ey, Es, ..., E,) be a local orthonormal frame. We deduce that

d
Tr(df @ dg) = Z df(E =Y h(grad f, E;) h(grad g, E;)
=1

) (grad f.grad g)

by Parseval’s identity. From (4.2), it follows that

[f(X),g(X)]t:/O Tr(df @ dg)(X,)ds .

By property (ii) of the quadratic variation process, this implies

/ " (df @ dg) (AX,, dX,) = / "Tr(df @ dg)(X.)ds . (4.3)
0 0

Furthermore, under our assumptions on the manifold M every smooth b € T'(T*M @ T*M) can be
written as

d
b= Z bijdft @df?

ij=1

for smooth functions b;j, %, f/ € C*°(M), see Emery [3, Lemma 2.23]. Hence, from (4.3) and
property (i) of the quadratic variation process, we conclude

/t </0 (dff @ df’) (dXT,er)>

/ Te(df* @ dfF)(X,) ds

t
/ b(dX,,dXs)
0

b2
b

- / CTHB)(X,) ds

as claimed. O

We use the preceding lemma to prove the next proposition.
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Proposition 4.5 Let M be a Riemannian manifold. A semimartingale X = (X;)est>0 on M is a
Brownian motion if and only if X is a martingale on M and for every smooth function f € C*(M)
we have

[F(X), (X)) = / h (grad f, grad f) (X,) ds . (4.4)

Proof. Let f € C°°(M) be arbitrary. For the ‘if’ direction, we observe that by Lemma 4.4 applied
to V2f and by Lemma 2.4

/O v f(dXS,dXS):/O Tr (Vf) (Xs)ds=/0 Anrf(X,)ds .

As X is a martingale by assumption, this further implies that

F00) = 10X0) = 5 [ Auf(Xds = F00) = f(X0) = 5 [ VRFAXLAX) (@)

is a local martingale on R. Thus, X is indeed a Brownian motion on M.

Conversely, assume that X is a Brownian motion on M. From

Anr (%) = 2fAp f + 2h(grad f,grad f)

and the definition of Brownian motion, we deduce that

PX) — F2(Xo) — / F(X) A F(X,) — / h(grad f, grad f)(X,) ds (4.6)
0 0

is a local martingale. Moreover, if Y is a semimartingale on R then by It6’s formula
t
\ % :Y02+2/ Y, dY, + [V, Y], .
0
Applying this to the real-valued semimartingale Y = (f(X;))e>t>0 gives

FX0) = F2(Xo) + 2 / FX) dF(X0) + [, F(X) (4.7)

By again using the fact that X is a Brownian motion on M, we also know that the process
N = (Np)est>0 given by

M= £00) = 10X0) — 5 [ Awf(x) s

is a local martingale on R. Since the It0 integral preserves local martingales, it follows that

t t 1 t
| ey, = e aree) =5 [ s as

is also a local martingale. Substituting this into Equation (4.7) yields that

(X0 — f2(Xo) - / FX) A f(X) ds — [F(X), F(X)],

is a local martingale on R. From (4.6) we therefore deduce that

/o h(grad f,grad f)(Xs) ds — [f(X), f(X)]:
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is a local martingale. On the other hand, it is also a process of finite variation and hence, it must
be constant. As it takes the value zero at ¢ = 0, it follows that

/0 h(grad f,grad £)(X,)ds — [f(X), F(X)l =0,

which establishes (4.4). In particular, we are now able to apply Lemma 4.4. As before, we obtain

t t
/V2f(dXs7dXs):/ Ay f(X,)ds
0 0

as well as Equality (4.5). Since X is a Brownian motion on M this implies that X is a martingale
on M. O

We observe the similarities between Lévy’s characterisation of Brownian motion and Proposi-
tion 4.5. Both criterions characterise Brownian motion as a (local) martingale with a certain
quadratic variation process.

4.1 Characterising Brownian motion using SDEs
In this section, we present the construction of Brownian motion which is due to Eells, Elworthy
and Malliavin, cf. Theorem 4.7. We use the same set-up as in Section 3.4.

To prove Theorem 4.7, we need the following lemma.

Lemma 4.6 If X is a semimartingale on a Riemannian manifold M and f € C®°(M) then

F(X1) = f(Xo) +Z/ H; f(U,) AW + /HHf yd (Wi wi]

17 1
where f = fom: O(M) = R.

Proof. Using the chain rule for Stratonovich differentials, cf. Lemma 3.2, and the Relation (3.4) we

obtain
d

0f(Ur) = (df)u, (0U;) = Z(df)Ut (Hi(Uy)) OW .

i=1

By definition, it holds true that (df)y, (H;(U;)) = H;f(U;) for all 1 <4 < d, which implies
fw) - fun =y [ mfw.ow:.
i=170

Since 7(U;) = X;, we have f(Uy) — f(Uo) = f(X:) — f(Xo). Moreover, as W is a semimartingale
on R? we can write the Stratonovich integral in terms of an It6 integral. This yields

d

F(X0) = F(Xo) = / ) awi+ 53" [mfw),w] (49)

=1

By applying the chain rule for Stratonovich differentials to the function H;f: O(M ) — R we also
get

(atm.), @) =3 (), () ow?

j=1

O(H, f)(Uy)

H,f(U;) OW]

<
I
—

|
.M&
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for all 1 <4 < d. Since the It6 and the Stratonovich integral only differ by a finite variation term,
we deduce that

d
[Hz‘f(U),WiL = Z [/ HH; f(U)dW? W*
j=1

t

By the Kunita-Watanabe identity, see e.g. Rogers, Williams [16, IV. 28], it follows that
i)W =Y [ mmic)apw, .
t , 0
Jj=1
From (4.8) we then obtain

d + ~ ‘ 1 d t B . )
F(Xy) :f(X0)+Z/O Hif(U) AW + 5 > /0 H:H; f(U,)d [W!, W],
=1

1,5=1
as claimed. O

For the most part, the proof of the next theorem follows Hsu [9, Chapter 3.2]. However, one
intermediate result is deduced differently as we have Lemma 4.4 and Proposition 4.5 available.

Theorem 4.7 Let M be a Riemannian manifold of dimension d and let X be a semimartingale
on M. Then X is a Brownian motion on M if and only if its anti-development W is a standard
Brownian motion on RY.

Proof. For the ‘if’ direction, let f € C°°(M) be arbitrary and set f = fom. By assumption, W is
a standard Brownian motion on R? and Lévy’s characterisation implies that [Wi, wi } .= t6% for
1 <i4,5 <d. From Lemma 4.6, it follows that

d t B ) 1 d t ~
fee) = 1o+ 3 [ miwyawi+ 3 Y [ mw)as. (4.9

In the last term, one recognises Bochner’s horizontal Laplacian
d
Noany =Y _H}.
i=1
As proved in Hsu [9, Chapter 3.1], we have
Ao f(u) = Ay f(mu) (4.10)

for any u € O(M). Thus, Equation (4.9) implies that

t d_ pt
FO6) = £00) = 5 [ Aaif(X)ds = £00) = 5x00) = 5 3 [ mEFw.)as

2
d t ~ )
_ ; /0 Hf(U,) AW |

The latter is indeed a local martingale as W is a local martingale by Lévy’s characterisation. Hence,
X is a Brownian motion on M, as claimed.

It remains to prove the ‘only if’ direction. By the Nash embedding theorem, we may assume that the
Riemannian manifold M is isometrically embedded into Euclidean space RY for some N € N. Let
{Na}1<a<n be the standard basis of RY and let Py, P, ..., Py be the vector fields on M which one
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obtains by defining (P, ), to be the orthogonal projection of 7, onto T, M. In the following, we use

the coordinate functions f®: M — R given by f®(x) = 2® where z = (x',2%,...,2") considered

as an element of RV. Set X = f%(X;) and note that f* € C*°(M) for each 1 < a < N. As we
assume that X is a Brownian motion, it follows that

t
NP = X® — X§ — %/0 Ay fo(X,)ds (4.11)

is a local martingale. On the other hand, by applying Lemma 4.6 to the function f* we also obtain

XP = X¢ +Z/ H; f*(U,) dW! + / HH; f*(Uy)d [W, W7] | (4.12)

zyl

Furthermore, for any f € C°°(M) it holds true that

Z/HHf d[wiwi] Z/v2 (Usei, Usej) d [W, W]

1,j=1 1,j=1

:/ V2f(dX,,dX,),
0

Where~{€1,€2,‘..,€d} is the standard basis of R%. The result is a consequence of the facts
H;H;f(u) = V?f(ue;,ue;) for any f € C>(M), cf. Hsu [9, Chapter 2.2], and

t
b(dX,,dX,) Z / b(Uses, Uses) d [WH, W] (4.13)

0 i1

for any b € T(T*M @ T*M), see Emery [3, Lemma 8.25]. Moreover, since X is a Brownian motion
by assumption, we can use Proposition 4.5 and Lemma 4.4 to deduce that

t t
| v ax) = [ Ao ds,
0 0
for any f € C°°(M). In particular, it follows that
/ HH; f*(Us)d [W, W] / A f*(X
Substituting this into Equation (4.12) yields
d t ~ o1t
X =Xg + Z/ H; f*(U,) dW! + 5/ Anfo(X
i=1"0 0
and from (4.11) we then obtain
d t ~ '
N& = Z/ H;f*(U,)dW}! .
i=1"0

We claim that H;f*(u) = (1, ue;) for any u € O(M), where (-,-) denotes the Euclidean inner
product on RY. To prove the claim, we observe that if v* € H,O(M) and v = (.)(v*) then

v f =df(v*) =d(fom)(v*) = df (m)u(v")) = df (v) = h(grad f,v)
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for f € C°°(M) and h the Riemannian metric on M. Since M is isometrically embedded into R,
we further have that h(grad f,v) = (grad f,v) and therefore,

v* f = (grad f,v) .

Applying this general result to the horizontal lift H;(u) of ue; to u and the function f< as well as
noting that grad f* = P, yields H;f*(u) = (P,, ue;). The claimed result

H;f* (1) = (o, ues)
follows because (P, ), is the orthogonal projection of 1, onto Ty, M and ue; € Ty, M. Multiplying

d

AN = (1o, Use;) AW}
=1

by (na,Uie;), summing over o and using Parseval’s identity as well as the orthonormality of the
vectors Ue1, Uses, ..., Uieq gives

N d
> e Usej) ANP = ZZ (Nay Urej ) (o, Ures) AW} = Z (Usej, Use;) AW} = W .
a=1 a=11i=1 i=1

Since Wy = 0, we have established that

wi=3 / (1o Use;) AN (4.14)
a=1

This implies that W is a local martingale on R? as N¢ is a local martingale on R for each «. In
the following, we compute the quadratic variation of W. For 1 < «, 8 < N, we deduce from (4.11)
that

[N*, NP, = [X*, XP], (4.15)

since fot Apn fY(Xs)ds is a term of finite variation. Due to the integration by parts formula for
real-valued semimartingales we have

t t
Xex? = xgxp +/O Xedx? +/0 xXPdxg+ [x*, x7],

From (4.11), we also obtain dX; = dN{ + $A,;f*(X;)dt. Substituting this into the previous
formula yields

t t
1
xoxP :X3X§+/O X dN§+5/O XA fP(X,)ds
t 1 t
+/ deN§+§/ XPAMF(Xs)ds+ [X*, XP], . (4.16)
0 0

On the other hand, by considering the function f*# = f®f#: M — R and by using the assumption
that X is a Brownian motion, we know that

1 t
Ne? = XX - XX -5 [ Aurh(x

is a local martingale. Moreover, it holds true that

Anrf* = Aur (fF7) = (Darf®) 2+ £ (Aar f7) + 2k (grad £, grad f7)
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Since h (grad f*,grad f?) = (P,, Pg) it follows that

1 t 1 t t
xox/ :X3X5+Nfﬁ+§/o XgAMfﬁ(Xs)ds+§/o XEAMf“(XS)ds+/O (Pa, P3)(X,) ds .

Comparing this with (4.16) gives

t t t
5—/0 ngNf—/O XP ANy = [XQ7XB]t—/O (Py, Pg)(X,)ds .

We note that the left-hand side is a local martingale, whereas the right-hand side is a finite variation
process starting from zero. Thus, we must have

[Xa,Xﬂ]tz/o (P, P3)(X,)ds .

Using (4.14), the Kunita-Watanabe identity and (4.15), we further deduce that

N
d[WEWI), = > (0, Uses) (n, Urej)d [N, NPT,
a,B=1
N

= (N, Urei) (n, Uej)(Po, Pp)(X:) dt (4.17)
a,B=1

for 1 <i,5 < d. If we now set F; = Ue;, one can write

<Fi77]a>F1’

5
=

|
_M&

because {F;}, -, ., is an orthonormal basis of T'x, M. Using this expression, we conclude

N

a,Bf=1 a,B=1k,l=1

s

N d

(e i) (0, Fy)(Pay P3)(X0) = > Y (Mo F) (g, Fy) (Fiy na) (Fi, ) (e, )
B
d

= Y (Fi, F)(Fy, F))0w = bij ,
k=

—

by Parseval’s identity. From (4.17) we then get
(WH W, =16y

By Lévy’s characterisation and since Wy = 0 due to the definition of the anti-development, it
follows that W is indeed a standard Brownian motion on R%. O

Remark 4.8 In Hsu [9, Chapter 2.4] Identity (4.13) is in fact used as the definition of the b-
quadratic variation of X. However, this definition is equivalent to the one we took from Emery [3,
Chapter 3].

Remark 4.9 Having established the characterisation of Brownian motion which uses stochastic
differential equations, one can prove the existence of Brownian motion on a Riemannian manifold
M up to explosion. We start with a standard Brownian motion W on R?, which does exist, and
then solve the stochastic differential equation (3.4). By Theorem 3.3 we are guaranteed the existence
of a solution U on O(M) up to explosion. At the end, we project U onto M to obtain a Brownian
motion X on M.
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We can now give our first example of a Brownian motion on a non-trivial manifold.

Example 4.10 Let V = (V;);>0 be a Brownian motion on R. We claim that X = (X;);>0 given
by ‘
Xt = elvt

is a Brownian motion on S'. By Theorem 4.7, it suffices to show that the anti-development W of
X is a standard Brownian motion on R.

Let Up be an Fy-measurable random variable on O(S1) with 7(Up) = Xj. Since we have
O(SY) =8 x 0(1) = §* x {1},

the random variable Uy must be of the form Uy = (Xy, B) for a random variable B taking values
in {£1}. We observe that (X;, B) is the only continuous semimartingale on O(S') which lies above
X and starts from Uy. As we are guaranteed the existence of a horizontal lift U = (Uy);>0 starting
from Uy, it follows that

U =(X:,B) . (4.18)

In general, one can think of an element (z,+1) € O(S!) as the linear isometry from R to T}.S*
which sends 1 to 4-iz. Furthermore, the structure group of O(S?) is G = {#1}. Since its associated
Lie algebra is g = {0}, any connection form on O(S!) must be identically zero. This implies that
HO(S') = TO(SY), i.e. all tangent vectors are horizontal. We deduce that the horizontal vector
field H; which corresponds to the basis element 1 of R is given by

(iz,0) ife=1

Hy(z.e) = {(—ix,O) ife=-1

for (z,e) € S' x {£1} = O(S'). In particular, we obtain H;(U;) = (1BX;,0) = (iBe'",0).
Moreover, from (4.18) and the chain rule for Stratonovich differentials, we also have

AU, = (0X4,0) = (ie'V* 9V4,0) .
Hence, 0U; = H,(Uy) OW; yields
ie'V* 9V, =iBe'Vr oW,

which is equivalent to dV; = B OW,. Since we require W = 0 for the anti-development, it follows
that

ViV

-—5

Hereby, we can divide by B as it takes values in {£1} only. Furthermore, since Uy is Fp-measurable
and as V = (V4)¢>0 is a Brownian motion in the filtration (F),-,, the process V' must be inde-
pendent of B. Thus, W is indeed a standard Brownian motion on R since V is a Brownian motion
on R. (|

Wi

At the end of this section, we want to show that Proposition 1.5 is really just a special case of
Theorem 4.7. It suffices to prove the following, without making use of Theorem 4.7.

Proposition 4.11 A semimartingale X = (Xt)¢>0 on R? is a Brownian motion on R% if and only
if its anti-development W is a standard Brownian motion on R®.

Proof. We certainly have
O(RY) = R? x O(d) .

Furthermore, one can show that the decomposition

T,O0R%) = T,RY ® T, O(d)
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which assigns T,,R? = R? as the horizontal subspace to u € O(R?) yields the connection on O(R?)
which corresponds to the Levi-Civita connection on R?.

Similar to the previous example, any Fo-measurable random variable Uy on O(R?) with 7(Up) = X,
is of the form Uy = (Xo, B) for a random variable B taking values in O(d). We claim that the
horizontal lift U of X to O(RY) starting from Uy is

Ut - (Xt7B) .

We certainly have 7(U) = X. Therefore, it suffices to find a semimartingale W on R? which
satisfies (3.4). We note that with respect to the specified connection, the horizontal vector fields
Hi, Ho, ..., H; are given by

H;(u) = (Ae;,0) for u= (z,A),

where {e;}1<i<q is the standard basis of R?. Thus, due to U, = (X, 0) the stochastic differential
equation OU; = Z?:l H;(Uy) OW} reads

d
(0X1,0) = > (Be;,0) 0W; .
i=1
It follows that 4
0X; = Be;OW; .
i=1
Hence, the anti-development W of X is given by

W, = B~ Y(X; — X,) . (4.19)

Note that B~ is well-defined because B is a random variable on O(d). It particularly follows that
U, = (X4, B) is indeed the horizontal lift of X starting from (X, B). Moreover, if W = (Wy)>0
is a standard Brownian motion on R? in the filtration (F;),-, then B is independent of W. Thus,
as B takes values in O(d) only, Equation (4.19) implies that X is a Brownian motion on R%. On
the other hand, if X = (X;);>0 is a Brownian motion on R? in the filtration (Ft)y>o then B is
independent of X and it follows that W is a standard Brownian motion on R¢. (]

4.2 Discrete approximation of Brownian motion

In this section, we present a discrete approximation of Brownian motion on a Riemannian manifold.
This also gives us a better idea of how one could think about Brownian motion. For the most part,
we follow Feres [4, Chapter 8].

Let M be a d-dimensional Riemannian manifold. In this section only, we shall additionally assume
that M is compact. On the one hand, this guarantees the completeness of every horizontal vector
field on O(M) and on the other hand, this assumption ensures that stochastic processes on M and
on O(M) do not explode. To find a discrete approximation of Brownian motion on M, we first use
a standard Brownian motion W on R¢ and the horizontal vector fields H; to construct a discrete
approximation of its horizontal lift on O(M). Afterwards, we project this approximation onto M.

For a horizontal vector field H on O(M) let (®{7) denote the flow of H, i.e. ®/(u) is the unique
integral curve of H through v € O(M). By our assumptions, this flow is defined for all times ¢.
Let € M be fixed and let Uy be a random variable taking values in O(M), . For some fixed time

T > 0 and for each n € N, we define a curve U™ = (Ut(n))T> oo O(M) in the following way.
>t>
Set Uén) = Up. We then use the horizontal vector field
d . .
Hy = Z (Wtz - W}ianT) H;
i=1
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for t € [k27"T, (k+1)27"T] and 0 < k < 2™ — 1 to inductively construct

ol (05.,)

Note that this is consistent for t = k27"T as H;' vanishes at ¢t = k27 "7

We are mainly interested in the projection X (") = <Xt(")) given by X(") =1 (U(”)). Using
0

T>t>
the correspondence between the connection on O(M) and the Levi-Civita connection on M, one
can show that for ¢ € [k27"T, (k+1)27"T] we reach Xt(n) by walking a parameter distance 1 along

the geodesic through X liz),,,T with tangent vector

d
Z (Wi = Wig-nr) Uzig)—nTei

i=1

(n)
at X olng -

The following theorem says that the sequence of processes (U ("))n eN has the desired limit, i.e. it
approximates the horizontal lift.

Theorem 4.12 Let M be a Riemannian manifold, let x € M be fized and let Uy be a random
variable on O(M), . Then there exists a stochastic process U = (Uy);~, on O(M) starting from
Up such that for every T > 0 and every smooth function f € C*°(O(M))

lim sup]’f (Ut(”)) ff(Ut)‘ -0 as.,

n=00 ¢e[0,T

where UM = (Ut(")> are the stochastic processes defined above. Moreover, for every smooth
T>t>0

function g € C* ([0,00) x O(M)) the stochastic process N = (N;)¢>0 given by

0

! 1
M= 9000 = 90.00) ~ [ (54 580un ) o500 ds
0 S 2

is a local martingale on R.

A proof of a more general version of this theorem is included in Feres [4, Chapter 8].

Let X = (X})¢>0 be the stochastic process on M given by X = 7 (U). For an arbitrary f € C*°(M),
we consider the function g € C* ([0, 00) x O(M)) which is defined by g(¢,u) = (fon)(u). Applying
the second part of Theorem 4.12 to g shows that

700 = 50%0) = 5 [ Boqn(f o) 01 ds

is a local martingale. Using (4.10), we deduce that

£ = 5000) = 5 [ Awfx) s

is a local martingale on R. Hence, X is a Brownian motion on the Riemannian manifold M and
(X ("))n is indeed a sequence approximating Brownian motion on M.

The constructions we presented in the last two sections are generally known as ‘rolling without
slipping’. They also provide an intuitive picture of how to obtain Brownian motion on a Riemannian
manifold, see e.g. Rogers, Williams [16, V. 33]. We think of the d-dimensional Riemannian manifold

eN
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M as embedded into R for some N € N. To construct Brownian motion on M starting at x we
first construct a standard Brownian motion on L = R? and place L tangential to M at z such
that the origin of L coincides with x. We then roll L without slipping on M such that at time ¢
the point W; € L is in contact with M. The corresponding points (X;);>o on M form a Brownian
motion X on M. Moreover, if we mark coordinate axes on L, then at each point X; these axes
provide a choice of an orthonormal basis for the tangent space Tx, M. This corresponds to the
horizontal lift U of X to the orthonormal frame bundle O(M).

Remark 4.13 It is possible to define the concept of a random walk on a Riemannian manifold.
As in the Euclidean case, one can then construct Brownian motion as the limit of a sequence of
random walks. An exposition of this idea can be found in Jorgensen [10].

4.3 Characterising Brownian motion via the heat equation

As before, let M be a d-dimensional Riemannian manifold. Moreover, let X = (X})esi>0 be a
Brownian motion on M starting at Xy = x and let P, denote its law. In this section, we aim to
find the transition density function of X, i.e. we want to find a non-negative function py(t, z,y)
defined on (0,00) x M x M satisfying

P.(X;€Ct<e)= / pu(t,x,y) dy
C

for ¢ > 0 and any Borel subset C' of M, cf. Proposition 4.18. Note that the integral is understood
to be with respect to the Riemannian volume measure.

To find such a function, we follow the approach presented in Hsu [9, Chapter 4.1]. In the following,
let £y denote the heat operator on M. It is applied to functions g € C12 ((0,00) x M) and is

defined by
o 1

a2
Thereby, % is applied to the time coordinate of g and Aj; to its spatial coordinates.

Ly = M -

Theorem 4.14 Let M be a Riemannian manifold and let D C M be a relatively compact domain
with smooth boundary OD. There exists a unique continuous function pp(t,z,y) defined on (0, 00)x
D x D satisfying the following conditions.

(i) pp(t,z,y) is strictly positive and infinitely differentiable on (0,00) x D x D.

(ii) For every fized y € D, the function q(t,x) = pp(t,z,y) on (0,00) X D is a solution of the
heat equation, i.e.
ZLuq(t,x) =0 forall (t,z) € (0,00) X D .

(iii) For every bounded continuous function f on D and every y € D it holds true that

ltiﬁ)l DpD(w:,y)f(x) dr = f(y) .

(iv) For every y € 0D we have pp(t,z,y) =0 for all (t,z) € (0,00) X D.
(v) The function is symmetric in its last two arguments, i.e. pp(t,z,y) = pp(t,y, ).

(vi) For any x,y € D and t,s > 0 the Chapman-Kolmogorov equation

pD(t—i—s,x,y):/pD(t,%Z)pD(S,Z,y)dz
D

holds true.
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(vii) For every fized pair (t,x) € (0,00) x D we have [, pp(t,x,y)dy < 1. This inequality is strict
if M\ D # 0.

We omit the proof here as it does not use any techniques which are of further interest to this essay.
For more details, we refer to Grigor’yan [6, Chapter 7 and 8§].

Since we would like to consider pp(t,z,y) as a function on (0,00) x M x M, we agree to set
pp(t,z,y) =0if x € M\ D or y € M \ D. In particular, with that convention, we have

/ po(tz.y)f(y) dy = / po(t 2, 9) () dy
D M

for any continuous function f on M.

The next lemma, which is needed later, is a consequence of the preceding theorem.

Lemma 4.15 Let D C M be a relatively compact domain with smooth boundary and let f be a
continuous function on M. Then

u(t,z) = /MpD(t,x,y)f(y) dy (4.20)

defined on (0,00) x D satisfies the heat equation
Lyu(t,z) =0 for all (t,z) € (0,00) x D,
the boundary condition u(t,z) =0 fort >0 and x € 0D as well as the initial condition

13&)1 u(t,x) = f(x) forall x€D.

Sketch of proof. The function defined in (4.20) has the claimed boundary condition by Theo-
rem 4.14 (iv) and (v) as well as the claimed initial condition by Theorem 4.14 (iii) and (v).

To prove that u solves the heat equation, one first has to argue that one can interchange the heat
operator %), and the integral to obtain

Lrrult, ) = / Lrpp(t,e, ) f () dy .
M
Since it also holds true that
/ Lapp(t,z,9)f(y) dy = / ZLrpp(t 2, 9)f ) dy
M D

the desired result then follows by Theorem 4.14 (ii). O

In fact, (4.20) is even the unique solution to the initial-boundary value problem given in
Lemma 4.15, cf. Hsu [9, Chapter 4.1].

The following lemma, see e.g. Stroock, Varadhan [17, Theorem 4.2.1], is also needed to prove the
next proposition.

Lemma 4.16 Let X = (X;)esi>0 be a Brownian motion on a Riemannian manifold M and let
g € C*([0,00) x M). Then

0o 1

g(t, X;) — g(0, Xo) — /Ot (85 + 2AM> g(s, X;)ds

s a local martingale on R.
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Proof. Let N = (N¢)es¢>0 be the stochastic process given by

1t
Ny = ¢(0,X;) — g(0, Xo) — 5/ Apng(0, X)) dr.
0

Since X is a Brownian motion on M and as ¢(0,-) € C°°(M), it follows that N is a local martingale
on R. Moreover, we deduce that

g<t7Xt) - g(O>X0) = g(taXt) - g(ont) + g(OvXt) - 9(07X0)

t t

:/ (89> (s,Xt)ds+3/ Anig(0, X,) dr + N,
o \0s 0
v

:/0 <8s+ AM> (s, Xs)ds + IV,

[ (@[ e

/AMQOX /AMng

For each s > 0, we set

Ni(s) = <z‘;) (s, X;) — (gi) (s, Xo) — %/0 A (Z‘Z) (s, X,) dr (4.21)

and observe that N(s) is a local martingale because (9g/ds)(s,-) € C°°(M). We also note that

Fi(o) = Malo) = (52) 5.0~ (22) (5. ) - ;/ 2 () . Xy ar

Furthermore, we can write

]
A]\/Ig(07XT) - AJWg(ra XT) = _/ (as> A]\/fg(SaXT) ds
0

Putting these expressions into the previously established identity yields

tro o1
g(taXt)ig(OvX()):/ <6 +AM) g('s?X?)d5+Nf
0 S 2

1/t /t As (39> (S,X,.)drds+/0t (Ne(s) = Ni(s)) ds
AL @swene

The two double integrals cancel each other because Ay (9g/0s) = (8/0s)Apg and in both cases
the region of integration is 0 < s < r < t. To establish the desired conclusion, it remains to prove
that

/Ot (]\E(s) - NS(S)) ds (4.22)

is also local martingale. By using the Riemannian metric h on M, we can define the distance d(x, y)

between two point xz,y € M. If

sup d(Xo, X,)
e>t>0
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is a.s. bounded, let (Tn> be a sequence of stopping times increasing to the explosion time and
neN
otherwise, let

T, = inf{t > 0: d(Xo, X;) > n} .

We then define T,, = n A T, n and note that (T),)nen is a sequence of stopping times increasing to
the explosion time. Moreover, we claim that for every s € [0, e) the sequence (T}, )nen reduces the
local martingale N (s). Indeed, by definition there exists a sequence of stopping times (S,,)men
increasing to the explosion time e such that N (5)°m is a martingale for each m € N. This implies

that T’
(o)™

is a martingale for each n,m € N. Furthermore, by examining (4.21) we observe that N(s)T» is
bounded. Thus, by the dominated convergence theorem, we have

B[ Noar, ()] Fio] = B[ lm Noazons, (5)] Fia]
m— o0

= lim E [Ntl/\TnASm(S)‘}—m]

m— 00

= lim_ Niyatunsm (8) = Nigar, (s)

for e > t; > to > 0. Due to T,, < n and from (4.21), we also obtain that

sup  Ny(s) < oo
0<5,t<Tn

for any n € N. Hence, we can use Fubini’s Theorem to argue that for e > ¢ >t; > 0and n € N

E /OtlATn (]\~ft1/\Tn(s) - ]\73(3)) ds

ti AT, _ ~
th] = / E [Nt1/\Tn(8) - NsATn(S)’ ]:tz] ds .
0

Since _
Nigar, (s) if s> to

Ns/\Tn (8) lf S S t2

E {]\NfsATn(s)‘ Ft2] = {

it follows that
t1 AT, _ _ tAT, taATn
/ E [NtlATn(s) - NsATn(s)‘ ftzl ds = / Niyar, (s)ds — / Nopr, (s)ds
0 0 0

t1 AT, ~
- / Niyar, (s)ds
t

2 ATy,
t2ATn , ~
- / (Niant, (5) = No(s)) ds
0

Thus, (T},)nen reduces the expression given in (4.22) which implies that the latter is indeed a local
martingale. O

For an open subset U C M, let

v =inf{t <e: X; U}
be the first exit time from U, where we agree to set 7y = e if {t < e: X; € U} is empty. We note
that the random time 7y is a stopping time because M \ U is closed.

The following proposition says that pp (¢, x, y) is the transition density function of Brownian motion
on M which starts at x € D and gets killed at the boundary of D. For the proof, we use the ideas
given in Hsu [9, Chapter 4.1] and add in the details, such as the previous lemma.
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Proposition 4.17 Let M be a Riemannian manifold and let D C M be a relatively compact
domain with smooth boundary. If X is a Brownian motion on M starting at x € D then

PI(Xt S C,t < TD) = / pD(tvxay) dy
C

fort >0 and any Borel subset C' of M.

Proof. Let f be a continuous function on M and consider the function u(s,y) on (0, 00) x M defined
by

u(s,) = [ ol 2) () ds
M
For a fixed t € (0,00), let v(s,y) be the function on [0,¢) x M given by

(s, y) = ult —s,9) .

The restriction s < t ensures that u(t — s,y) is well-defined. We note that v is continuous on
[0,t) x M and smooth on [0,t) x D. Therefore, by Lemma 4.16, the process N = (Ns)irrp>s>0
given by

0 1

Ns =v(s, Xs) —v(0, Xo) — /0 <6r + 2AM> v(r, X,) dr

is a local martingale on R. Furthermore, we also have

0 1
= (g + 380 ) ol X0) = Larule - )

By Lemma 4.15, we know that Zyru(t—r, X,) = 0 aslong as X, € D. Since we assume s € [0,tATp)
it follows that
Ny =v(s, Xs) —v(0,Xo) = u(t — s, Xs) —u(t,x) .

As f is continuous, it is bounded on the compact set D. Thus, since pp(s,y,z) =0if y € M \ D
or z € M\ D and due to Theorem 4.14 (vii) the functions « and v are bounded. In particular, this
implies that N is a true martingale. As Ny = 0, we further deduce that E,[Ns] =0, i.e.

Eyu(t — s, Xs) = u(t, ) (4.23)
for 0 < s <tA7p. For a fixed ty < t, we note that
u(t_qus> %u(t_tOATDaXto/\TD) as STtO/\TD

by the continuity of v on (0, 00) x D and since X has continuous sample paths. Using the dominated
convergence theorem and (4.23), it follows that

E u(t —to A Tp, Xegarp) = u(t, x) .
On the other hand, since u(s,y) = 0if y € 9D and as X,, € D, we also have

u(t—to,Xt ) if Tp > to
t—to ATD, Xtonarr) = 0
u(t =to ATy Xignrs) {0 if 7p < to
which implies
u(t,z) = Eyu(t — to Ap, Xegarp) = Eo [ult — to, Xeg) Litg<rp}] - (4.24)

Let us now consider a sequence (t,)nen C [0,t) strictly increasing to t. From Lemma 4.15 we know
that for y € D the function u(s,y) satisfies the initial condition

léjlf(}U(svy) = fly) -
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Using the fact that D is relatively compact, one then argues that u(t —t,, Xy, )1, <7} tends to
f(Xt)1fi<rpy pointwise as n — oo. Furthermore, due to the boundedness of u, we can apply the
dominated convergence theorem to deduce that

Eo [u(t = tn, Xe, ) Lt <rpt] = Eo [F(Xe)Lit<rpy] as n — oo .

Since ty < t was arbitrary in (4.24), it follows that
Eo [£(X)1gperpy] = ult, ) = / ot 2)f(2)dz . (4.25)
M

Finally, let C' C M be a Borel subset. One can find an increasing sequence of continuous functions
(fn)nen on M such that for almost every x € M the values f,,(z) tend to Lo(z) as n — oo. Using
(4.25) and the monotone convergence theorem, we obtain

P.(X:eCit<1p)=E, []lC(Xt)]l{t<'rD}] = / pp(t,x,2)le(z)dz = / pp(t,z,z)dz,
M c

as claimed. O

To extend this result to M, we consider a sequence (D,,)nen of relatively compact domains with
smooth boundary and such that

(i) D,, C Dy41 for all n € N and
(ii) UneN D,=M.

One can show that such a sequence always exists. We refer to (D, )nen as an exhaustion sequence
of M.

Let X be a Brownian motion starting at « € D,,. From Proposition 4.17, we deduce that for any
Borel set C C M and for ¢t > 0

/ (pDn-H(taxa y) — Pb, (t,.’ﬂ, y)) dy = Px(Xt € Oa TD,, <t < TDn+1) >0.
C

Since we also have pp, (¢, z,y) = 0 for x € M \ D,, the non-negativity of pp,,, (¢, z,y) implies that

PD, (ta L, y) > Pp, (t, Zz, y)
holds true everywhere. Thus, we can define
pM(t7x7y) = lim Pp, (tvxay) . (426)
n—oo
The next proposition shows that pas(¢, z,y) is the transition density function of Brownian motion
on M starting at x.

Proposition 4.18 Let M be a Riemannian manifold. If X = (X;)est>0 95 a Brownian motion on
M starting at x € M then

]P)a:(Xt S C7t < 6) = / p]\/[(taxay) dy
c
fort > 0 and any Borel subset C' of M.

Proof. Let C C M be an arbitrary Borel set and let ¢ > 0. Due to the properties of the exhaustion
sequence (Dy,)nen, there exists some N € N such that « € D,, for all n > N. By Proposition 4.17,
it then holds true that

P.(X;eCit<tp,)= / pp, (t,z,y)dy (4.27)
c
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for all n > N. Since pp, (¢,2,y) T par(t, z,y) as n — oo the monotone convergence theorem implies

n—oo

lim [ pp,(t,,y) dy:/pM(tw,y)dy-
C C

Moreover, we note that 7p, 1 e as n — co. By again applying the monotone convergence theorem,
we obtain
lim P, (Xt eCt< TDn) =P, (Xt eCt< 6) .

n—oo

Thus, the desired result follows by letting n tend to +oco in (4.27). O

From Proposition 4.18, we also deduce that pys (¢, x, y) is independent of the choice of the exhaustion
sequence (Dy,)nen. In fact, pps(¢, x,y) is the minimal heat kernel of M. This is a consequence of
the next two theorems, both of which are taken from Hsu [9, Chapter 4.1]. In Theorem 4.19, one
finds the main properties of pps(t, x,y), most of which follow from Theorem 4.14 and (4.26).

Theorem 4.19 Let M be a Riemannian manifold. The function py(t, z,y) satisfies the following
conditions.

(i) par(t,z,y) is strictly positive and infinitely differentiable on (0,00) x M x M.

(ii) For every fized y € M, the function q(t,z) = pa(t,x,y) on (0,00) x M is a solution of the
heat equation, i.e.
Lrq(t,x) =0 for all (t,z) € (0,00) x M .

(iil) For every bounded continuous function f on M and every y € M it holds true that

ltif{]l pum(t,z,y) f(z)dz = f(y) .
M

(iv) The function is symmetric in its last two arguments, i.e. par(t, z,y) = pu(t,y, ).

(v) For any x,y € M and t,s > 0, the Chapman-Kolmogorov equation

pu(t+s,z,y) = / pu(tz, 2)par(s, z,y) dz
M

holds true.
(vi) For every fized pair (t,x) € (0,00) X M we have fMpM(t,:c,y) dy < 1.

The final theorem establishes a minimality property of pas(t, z,y). Even though we do not need
this property in later parts of the essay, we state it here for the record.

Theorem 4.20 Ifp(t,z,y) is a function satisfying the conditions (1) to (iil) of the previous theorem
then par(t, x,y) < p(t,z,y) for allt € (0,00) and z,y € M.

A proof is given in Hsu [9, Chapter 4.1].
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5 Recurrence and transience

Having established various characterisations of Brownian motion, we want to conclude the essay by
analysing the recurrence and transience behaviour of Brownian motion on a Riemannian manifold.
We start by giving the formal definitions of these two concepts and then check that Brownian
motion is indeed either recurrent or transient. Afterwards, we find criterions which are equivalent
to the transience of Brownian motion. We finish off by considering some Riemannian manifolds for
which one can explicitly determine whether Brownian motion on them is recurrent or transient.

Throughout this chapter, we assume that the stochastic process X = (X})es¢>0 defined on the
filtered probability space (€2, F, (Ft);>q,P) is a Brownian motion on the Riemannian manifold M
and in the filtration (%), . We denote its starting point by x and its law by P,.

5.1 Definitions and basic properties

The main ideas are taken from Hsu [9, Chapter 4.4]. However, I modified a few details to ensure
that the arguments presented do actually work.

We observe that for a fixed w € €, one obtains a path X(w) on M defined by X(w) =
(Xt(w))e(w)>t20 :

Definition 5.1 Let C' be a Borel subset of M and let w € Q be fivred. We say that C' is recurrent
for the path X (w) if there exists a strictly increasing sequence (tp)nen C [0,e(w)) such that

lim ¢, = e(w) and X, (w) € C  forallneN.

n—roo

Otherwise, i.e. if there exists some T € [0, e(w)) such that X, (w) & C for allt > T, we say that C
is transient for X (w).

Definition 5.2 A Borel subset C' of M is called recurrent if for all x € M we have
P, {X(w): C is recurrent for X(w)}) =1,

whereas it is called transient if for all x € M
P, ({X(w): C is transient for X (w)}) =1.

For a fixed w € €, Definition 5.1 ensures that a given Borel set C' C M is either recurrent or
transient for X (w). Thus,

P, ({X(w): C is recurrent for X(w)}) =1 —P, ({X(w): C is transient for X (w)}) (5.1)
and it follows that C' cannot be both recurrent and transient.

Definition 5.3 We say that Brownian motion on M is recurrent if every non-empty open subset
of M is recurrent. Similarly, we call Brownian motion on M transient if every compact subset of
M is transient.

For the latter definition note that the empty set is always transient.

We would like to have the property that Brownian motion on M is neither recurrent and transient
at the same time nor that it has none of these two features, cf. Corollary 5.5. However, this does
not immediately follow from the last definition and we need to prove a series of lemmas to show
that it is indeed the case.

In contrast to Hsu [9, Chapter 4.4], let J# (M) be the set of all non-empty, compact and connected
subsets of M which have a smooth boundary and a non-empty interior. The next proposition
establishes that either all sets in J# (M) are recurrent or all sets in J# (M) are transient.
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Proposition 5.4 A subset K € ¢ (M) is either recurrent or transient. Moreover, if there exists
some L € (M) which is recurrent then any K € (M) is recurrent.

We claim this proposition implies that Brownian motion on M enjoys the desired property. In fact,
the following corollary is not explicitly stated or proved in Hsu [9]. However, one can deduce it
from Proposition 5.4.

Corollary 5.5 Brownian motion on M is either recurrent or transient.

Proof. Let C7,C5 be subsets of M satisfying C7 C Cy. We observe that C being recurrent implies
the recurrence of Cy whereas C being transient implies the transience of C. The reason for this
is that any path which hits C; has to meet C5 at the same time, whereas any path which never
comes back to C5 can also never re-enter C;.

Assume Brownian motion on M is not recurrent. By Definition 5.3, there exists a non-empty open
subset U C M which is not recurrent. Taking the closure of a geodesic ball with small radius and
which lies inside U, one obtains a set Ky € J# (M) satisfying Ko C U. Hereby, we used the fact
that a geodesic ball with small enough radius has a smooth boundary. Since U is not recurrent
the set Ky cannot be recurrent by our first observation. From Proposition 5.4, we deduce that
every set contained in J¢ (M) must be transient. Let L be a compact subset of M. One can find
some K € (M) with L C K;. Since K is transient, the set L must be transient as well. As L
was an arbitrary compact subset, it follows that Brownian motion on M is transient. Hence, we
established that Brownian motion on M not being recurrent implies that it is transient.

Conversely, suppose that Brownian motion on M is transient. By definition, this means that every
compact subset of M is transient. In particular, any set contained in .# (M) must be transient.
Let U be a geodesic ball in M. Provided U has a small enough radius, we have K = U € ¢ (M).
As K is transient, U must be transient as well. By Equation (5.1), this implies that U cannot be
recurrent. Since U is also a non-empty open subset of M, it follows that Brownian motion on M
cannot be recurrent.

Thus, we have established that Brownian motion on M is transient if and only if it is not recurrent.
This gives the desired result. O

The rest of this section is devoted to proving Proposition 5.4.

Let D be an open subset of M and let K be a closed subset. The first exit time 7p from D and
the first hitting time Tk of K are defined by

tp =inf{t <e: X, ¢ D}, and
Tk =inf{t <e: X; € K},

where we agree to set inf () = e. We note that 7p and Tk are stopping times because both K and
M\ D are closed subsets of M.

The next lemma states that Brownian motion on M almost surely leaves a relatively compact and
non-dense domain D with smooth boundary in finite time.

Lemma 5.6 Let D C M be a relatively compact domain with smooth boundary and such that
M\ D # 0. It holds true that

supE,mp < o0
xeD

Proof. Let z € D be arbitrary. From Proposition 4.17 we recall the identity

Pm(Xt S C,t < TD) = / pD(tax7y) dy ’ (52)
C
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for t > 0 and any Borel subset C' of M. Let o € R be given by

azsup/ pp(1,2,y)dy .
ze€D JD

Using (5.2) we deduce
Py(tp > 1) =P, (X1 € D,1<71p) = / pp(1,z,y)dy < a. (5.3)
D

From Theorem 4.14 (iv) and (v) it follows that [, pp(t, z,y)dy = 0 for all z € dD and t > 0.

Moreoever, [, pp(1,z,y)dy is continuous on D. Thus, since M \ D # ) by assumption and as D
is compact, Theorem 4.14 (vii) implies that

oz:sup/ ppo(l,2,y)dy <1.
zéD /D

Using the Chapman-Kolmogorov equation, cf. Theorem 4.14 (vi), one further obtains that for n € N
with n > 2

IP’I(TD>n):/DpD(n,x,y)dy:/D(/Dpp(n—1,x,z)pD(1,z,y)dz) dy

:/DpD(n—l,x,z) (/Dpp(l,z,y)dy> dz

SO‘/ pp(n—1,z,2)dz=aPy(tp >n—1).
D

We were allowed to interchange the order of integration since pp (¢, x,y) is non-negative everywhere
so that Fubini’s theorem applies. From (5.3) it then follows by induction that for n € N

Py(tp >n) <a™.

Since it certainly holds true that P, (7p > 0) < 1, we deduce

o0 o0
E.7p EQEE:IPI(TD > ﬂ) E;ji:(ln.
n=0 n=0

Finally, o < 1 implies that
1
11—«

oo
supExTDSZa”: <00,

zeD n—0

as claimed. O

Let D C M be a relatively compact domain with smooth boundary 0D and let f be a continuous
function on dD. From Hormander [8, Chapter 20] we recall that there exists a unique function
u € C?(D)NC (D) solving the Dirichlet problem Apu(z) =0 for all z € D and u(z) = f(z) for
all x € 0D. The uniqueness of this solution follows from the maximum principle. In fact, we have
the following result.

Lemma 5.7 Let D and f be as above with the additional assumption that M\ D # 0. The unique
solution u of the corresponding Dirichlet problem is given by

u(x)::EIf(X}D)7

where X is a Brownian motion on M starting at x € D.
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Proof. If © € 8D then 7p =0 and E, f(X,,) = E, f(Xo) = f(x) = u(x), as claimed.

Otherwise, we have € D. Let t > 0 be fixed. We observe that X, € D for all r € [0,t A 7p) and
therefore, Apru(X,) = 0. By examining the proof of Theorem 4.7, we note it also establishes that
X being a Brownian motion on M implies that

FO6) = 1060 5 [ BufCxar

is a local martingale for every twice-continuously differentiable function f € C2(M). In particular,
since u € C?(D) the stochastic process N = (Ng)inrp>s>0 given by

N = u(X;) —u(Xo) — ;/OS Apu(X,) dr = u(Xs) — ulx)

is a local martingale on R. Moreover, © must be bounded as it is a continuous function on a compact
set. It follows that N is a true martingale. Furthermore, we claim that (Ns)iarp>s>0 with

Norrp = lim (u(X.) — (@) = u(Xinry) - ula)

sTtATD
is also a true martingale. Indeed, by using the boundedness of v and the dominated convergence

theorem, we deduce that

]Ex[NMTD]—‘S]:EI[ lim N,

rMtATD,T>S

}'S] = lim E,[N,|Fs] =

rTMtATD,r>Ss
for 0 < s <tA7p. Since Ny = 0, we obtain E,, [Niar,] = 0 which yields
u(z) = Epu(Xinrp ) -

From Lemma 5.6 we also know that P, (7p < oo0) = 1. Therefore, by letting ¢ tend to +oco and by
using the dominated convergence theorem once again, we conclude

U(I) =E;u (XTD) = E:cf (XTD> 5
as claimed. O

For K € 2 (M), let hx be the function on M defined by hx(z) = P.(Tk < €). We call hi the
hitting probability of the set K. It certainly holds true that hx(xz) = 1 for all x € K. Further
properties of the hitting probability are established below.

Lemma 5.8 For K € (M), the hitting probability hy is harmonic on M \ K, i.e. Aprhg =0
on M\ K, and continuous on M \ K.

Proof. To prove harmonicity of hx on M \ K, let us consider some arbitrary € M \ K. Since
M \ K is open, we can find a geodesic ball B centred at = such that B C M \ K. Moreover, by
choosing the radius of B small enough we can ensure that its boundary is smooth. As before, let
Tp denote the first exit time from B. By construction, we have 75 < Tk. In particular, on the
event {Tx < e} we also have 75 < e. Applying the strong Markov property at the stopping time
7B, we then deduce

hic(z) = Po(Tk <€) = By [Iizycce}] = Be [Bo [ 1z <e}| Frp]

T

[
" {Ex {TK<e}”
[IP’ (Tw < e }

)
E
E
Eohk (Xs,) -
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In Hsu [9, Proof of Proposition 4.4.4], it is stated that this and Lemma 5.7 imply that hg is the
solution of a Dirichlet problem on B. However, I was not able to work out how one could apply
Lemma 5.7 as we do not yet know that hg is continuous on dB. If it was, we could argue in a way
similar to the one below. On the other hand, if hx is indeed the solution of a Dirichlet problem on
B then this yields the harmonicity of hx on M \ K as x € M \ K was arbitrary. In the following,
we shall assume that hx is harmonic on M \ K and present the rest of the proof given in Hsu [9,
Chapter 4.4].

If hg is harmonic on M \ K then we also know that hg is continuous on M \ K. Therefore, it
remains to establish the continuity of hx at the boundary of M\ K. Let (D,,)nen be an exhaustion
sequence of M with the additional property that K C D,, for every n € N. For each n € N, one
defines a function w, on D, \ K by

un(x) =Py (Tk < 7p,) -

Since K is particularly closed, we have 0K C K, whereas D, being open implies 0D,, ¢ D,.

Hence, it holds true that
0 if aD,, ,
un(z)=4{. L°€ (5.4)
1 ifxedK.

We note that 7p, ATk = Tp,\k- Since K € (M) has non-empty interior, we also have

M\ (D VK) #0.

Thus, from Lemma 5.6 we obtain P, (7p, ATk < c0) = 1. Therefore, we can apply the strong
Markov property at the finite stopping time 7p, A Tk to deduce that

wun(@) = Po(Tx < p,) = E, [PXTD”ATK (Tx < TD")} = Byt (Xrp, atyc) - (5.5)

On each connected component of D,,\ K, we now consider the Dirichlet problem with the boundary

condition given by
0 ifzxedD,,
f(m)_{1 if 2 € OK .

Since M \ (Dn \ K) # () and as f is continuous, it follows by Lemma 5.7 and (5.4) as well as (5.5)

that the unique solution to this Dirichlet problem is
Emf (XTD"\K) = Ezun (XTDn/\TK) = Un(l') .

In particular, u,, must be continuous on D,, \ K. By setting u,(z) = 0 whenever z € M \ D,, we
extend u,, to a continuous function on M \ K. Since D,, C D,y for each n € N and U, enD,, = M,
we further conclude that (u,),en is an increasing sequence with limit kg restricted to M \ K. Thus,
hx is lower semicontinuous on M \ K. Therefore, for any « € K, we have

liminf hx(y) > hx(z)=1.
y—x,ye M\ K

Since it also holds true that hx (y) <1 for all y € M, we obtain

lim  hg(y) =hk(z),
y—z,ye M\ K

which establishes the continuity of hy at the boundary of M \ K. U
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Corollary 5.9 For any K € # (M) we have either hx =1 on M or K # M and 0 < hi(x) <1
forallz e M\ K.

Proof. If K = M it is certainly the case that hx = 1 on M. Therefore, in the following, we may
assume that M \ K is non-empty.

From the definition hy(x) = P, (Tk < e), it follows that 0 < hg(x) < 1 for all x € M. Suppose
we have hg(x) =1 for some x € M \ K. Since hg is harmonic on M \ K the maximum principle
implies that hx(z) =1 for all x € M \ K. Due to hx(x) =1 for € K it holds true that hxg =1
on M and we are in the first case.

If there does not exist some x € M \ K with hx () = 1 then we have hg(z) < 1forallz € M\ K.
It remains to exclude the case hg (z) = 0. Indeed, if we could find some z € M \ K with hx(z) =0
then the minimum principle, i.e. the maximum principle applied to the function —h g, yields hx =0
on M \ K. However, since hi(z) =1 for x € K, this contradicts the continuity of hyx on M \ K.
Thus, we must have hg (z) > 0 for all z € M \ K and we are in the second case. (]

The next lemma shows that these two cases correspond to K € J# (M) being recurrent or transient,
respectively. In particular, this establishes the first part of Proposition 5.4.

Lemma 5.10 A set K € (M) is recurrent if hiy = 1 on M, whereas it is transient if K # M
and 0 < hg(x) <1 forallz e M\ K.

Proof. First, suppose that hx =1 on M and consider the event
R = {K is recurrent for X} .

We aim to prove that P, (R) = 1 for all z € M. Let (£,)nen be a sequence of stopping times strictly
increasing to the explosion time e. For instance, if M is compact, in which case we have e = oo,
one can take &, = n. On the other hand, if M is not compact one could consider an appropriate
exhaustion sequence (Dy,)nen and set &, = 7p,, . If K is recurrent for a path X (w) then for every
n € N there exists some t, > &,(w) such that X; (w) € K. Thus, if we set

R, = {3t >¢&, such that X; € K}
then R C N9, R,,. On the other hand, if X (w) € R,, for all n € N then X (w) € R by Definition 5.1.

n=1
Hence, we obtain

R:ﬁRn.

n=1
Since R,, D R, 41 for all n € N, it follows that
lim P, (R,) =P.(R)

n— oo

and therefore, it suffices to establish P,(R,) = 1 for every n € N. By using the strong Markov
property at the finite stopping time &, we deduce that

P.(R,) =E, [Px, (Tk <e€)] =E.hg (Xe,) -

By assumption hxg =1 on M and thus, P, (R, ) = 1, as required.

Secondly, we deal with the case where K # M and 0 < hg(z) < 1 for all z € M \ K. We aim to
prove that K is transient. By (5.1) it suffices to establish P,(R) = 0 for all x € M, where R is
the same event as considered above. Due to M \ K # () we can find a relatively compact domain
D with smooth and non-empty boundary dD such that M \ D # () and K C D. By construction,
we have 0D C M \ K and hence, hg(z) < 1 for all x € D. Since the boundary of a relatively
compact domain is compact, it follows that

a= sup hg(z)<1.
z€dD
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We now consider two sequences of stopping times ((,)nen and (04, )neny which are given by ¢; =0
and

on =1inf{t > (,: Xy € K},
Cnt1 = inf{t > 0, Xy & D}
for n € N. As before, we agree to set inf() = e. By Lemma 5.6 we have 7p < oo a.s. Moreover,

if X explodes in finite time then it leaves every relatively compact and non-dense domain before
explosion. It follows that 7p < e a.s. Thus, for any n € N we obtain

R cC{o, < e}

up to null sets and therefore,
P.(R) < P(o, <e). (5.6)

Let n > 2. On the event {¢,, < e}, we have X, € D and can use the strong Markov property to
deduce that

Pz(gn < 6) =E; DPXgn (TK < e)]]'{Cn<e}]
- ]ECE [hK(XCn)]]'{gn<e}:|
<aP,(( <e).
Furthermore, we observe that {(,, < e} C {o,,—1 < e}. Thus,

P.(o, <e) <aPi(op_1 <e)

n—1

and as we certainly have P,(0; < e) < 1, it follows by induction that P,(o, < €) < «
Therefore, by (5.6) it holds true that

P.(R) <P.(0, <e) <a" ',
for all n € N. This indeed implies P, (R) = 0 because o™~ — 0 as n — oo for a < 1. O

It remains to prove the second part of Proposition 5.4.

Lemma 5.11 If there exists some L € J& (M) which is recurrent then any set K € (M) is
recurrent.

Proof. We are given the recurrent set L € # (M). Let K € J# (M) be arbitrary and let

a= m1r61fihK(9U) .

By Corollary 5.9, we have 0 < hi (z) < 1 for all x € M and the compactness of L yields a > 0. As
in the first part of the previous proof, we consider a sequence of stopping times (&, )necn strictly
increasing to the explosion time e. For n € N, we again set

R, ={3t>¢&, such that X; € K}

and conclude Py (R,) = E, [Px, (Tk <e€)]. Let § = inf{t > T: X; € K}. We observe that for
any y € M
P,(Tx <e) >Py(0 <e). (5.7)

By assumption, L is recurrent and therefore h;, = 1 on M. As before, using the strong Markov
property at the finite stopping time T, gives

P,(0 <e¢)=E, [IP’XTL (Tw < e)} — E,hx(Xz,) .
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Moreover, since L is particularly closed and as T7, is finite we also have Xy, € L. By (5.7) it follows
that
Py(TK < 6) > ]Eth(XTL) > .

As y € M was arbitrary this yields
]P)I(Rn) =E, []szn (TK < 6)] >«
for every n € N. Thus, for R = {K is recurrent for X} and every € M we obtain

P,(R) = lim P,(R,) > a>0.
n—oo
By (5.1) this implies that K cannot be transient. As any set in J# (M) is either recurrent or
transient, K must be recurrent. ([l

5.2 Equivalent criterions for transience

In this section, we find two conditions which are equivalent to Brownian motion on M being
transient. Since Brownian motion on M is either recurrent or transient, cf. Corollary 5.5, those
conditions can be turned into criterions for the recurrence of Brownian motion.

One of the two conditions makes use of the function
1 o0
Gu(w,y) = 3 / pu(t, z,y)dt
0

for z,y € M and where pps(t, z,y) is the minimal heat kernel from Section 4.3. Since pp (¢, z,y)
is strictly positive on (0,00) x M x M, cf. Theorem 4.19 (i), the function Gps(z,y) is well-defined
for all x,y € M, provided we allow it to take the value infinity. We generally call Gjs(x,y) the
Green function on M because as stated in Grigor’yan [5, Chapter 4.2], it is the smallest positive
fundamental solution of the Laplace equation on M.

The next theorem is part of a theorem in Grigor’yan [5, Chapter 5] which contains a lot more
conditions equivalent to the transience of Brownian motion on M. We follow Hsu [9, Chapter 4.4]
for the proof of the equivalence of (i) and (ii), whereas we use Grigor’yan [5, Chapter 5] and
Davies [1] to prove that (ii) is equivalent to (iii).

Theorem 5.12 Let M be a Riemannian manifold. The following are equivalent.
(i) Brownian motion on M is transient.
(ii) For all/some x # y, the Green function on M is finite, i.e. Gpr(x,y) < oo .
(ili) For all/some z € M, it holds true that [ pa(t, z,2)dt < oo .

We read this theorem in the way that whenever there is a choice between ‘all’ and ‘some’ we
choose the one which makes the corresponding statement stronger. For instance, (i) = (ii) states
that Brownian motion on M being transient implies that G s (x,y) is finite for all x # y. Similarly,
(ii) = (i) says that the existence of some = # y with Ga(z,y) < oo implies the transience of
Brownian motion on M.

Proof of (i) < (ii). We prove the ‘if’ direction by establishing the contrapositive, i.e. we assume
that Brownian motion on M is recurrent and aim to show that Gp/(z,y) = oo for all x # y. Let
K € (M) be small enough so that there exists some relatively compact and non-dense domain
D C M with smooth boundary and such that K C D. Moreover, let = # y be fixed. Using the
non-negativity of pas(¢, z,y) and the Chapman-Kolmogorov equation, cf. Theorem 4.19 (i) and (v),
we deduce

1 o0 1 o0
GJV[(xay) Z 7/ pM(t+ 1,:c7y) dt = 7‘/ </ pM(tvxaz)pM(l,Zvy) dZ> dt . (58)
2 0 2 0 M
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For the fixed y € M, we define

Since par(1, z,y) is strictly positive as well as continuous on M and as K is compact, it follows
that o > 0. From (5.8) and Proposition 4.18, we further obtain that

Gul(z,y) > 3/000 (/KpM(t,x,z)dz> dt

(67

o0 « o0
— 7/ P,(X, € K,t <e¢)dl = —Ew/ Tix,exice dt .
2 Jo 2 0 ’

V

In the last step, we applied Fubini’s Theorem. As before, let 7p be the first exist time from D and
let (¢n)nen, (0n)nen be the sequences of stopping times given by (3 = 0 as well as

on =inf{t > (,: Xz € K},
CnJrl = 1nf{t > On ' Xt g D}
for n € N. We claim that the recurrence of K implies that o, < e and (, < e for all n € N.
First, we note P, (Tx < e) = hi(x) = 1 which yields 07 = Tk < e. Secondly, by Lemma 5.6 and
the fact that if X explodes in finite time then it leaves every relatively compact and non-dense
domain before explosion, we also have 7p < e. Thus, if 0, < e for some fixed m € N, we can
apply the strong Markov property at the finite stopping time o, to deduce (,,,+1 < e. By using
the strong Markov property at the finite stopping time (,,+1 and due to the recurrence of K we
conclude 0,11 < e from (11 < e. The desired result then follows by induction. In particular,

Cn <t < (p41 ensures t < e. Moreover, we observe that Iix,exy =0 for all ¢t with (, < t < oy.
Therefore, by also using the strong Markov property at the finite stopping times o,, we deduce

0 o0 Cnt1
E. / ixeeriee dt > 3B, / Lix,exy dt
0

n=1

OO Cn+1
ZEI/ ]]'{XtEK} dt

n=1 n

[ee) D
:ZEIEX% / Iix,exydt.

n=1 0

From Proposition 4.17, it follows that for any u € K

D oo oo
Eu/ ]]'{Xt,EK} dt = ]Eu/ I{Xt€K7t<TD} dt = / (/ pD(t,'LL,Z) d2> dt .
0 0 0 K

By the compactness and non-emptiness of K and due to Theorem 4.14 (i), we get

= inf .
6 “ng/o (/Kpp(tu,z) dz> dt >0

Finally, we observe that X, &€ K. Putting everything together and using «, 5 > 0, we obtain

oo . )
« «
GM(x,y)2§ E EIEXUn/ H{XtEK}thE E [ =o0.

n=1 0

n=1

This yields G (z,y) = 0o, as required.

For the ‘only if’ direction, assume that Brownian motion on M is transient. We aim to prove that
G (z,y) < oo for all  # y. Let € M be arbitrary and let K € J# (M) be a small set for which
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one can find a relatively compact and non-dense domain D with smooth and non-empty boundary
such that K C D. Moreover, let (¢, )nen and (05, )nen be the same sequences of stopping times as
defined above. Making similar deductions as in the first part of the proof, we obtain

[ee] <n+1
0

2/ GM(x,z)dz:Em/ Lix,ex.i<e) dt:IEx/ Lix,ex) dt:ZEm/ Lix,exydt .
K 0 n—=1 o

n

By the strong Markov property, we also get

Cn+1 D
Ew/ ]I{XtGK} dt = E, l:(EXon / ]l{XtGK} dt) ]l{an<e}:| <E, [(EXU,L TD) ]l{an<e}] . (59)
o 0

n

Set

y=supE.7p,
zeD

which has to satisfy v < co by Lemma 5.6. Since X,, € K C D we can use (5.9) to further deduce
that

Cnt1
Ea:/ Lix,exy dt <YEq (Lo, <e}] =7 Pa(on <e) .

n

On the other hand, as in the second half of the proof of Lemma 5.10 we also have P,.(o,, < e) < §" 1,
where

0= sup hg(z).
z€0D

Moreover, as before it holds true that < 1 because K is transient and 9D is compact. In total,
it follows that

Cn+1

2/ G’M(z,z)dz:Z]Ex/ ]]-{XteK}dtS'YZPx(Un<6)
K o

n=1 n n=1
= v
n—1 __
SvZé =15 <.
n=1

In particular, there must exist some y € K with y # x and such that Gps(x,y) < co. Due to the
implication (ii) = (iii), which we prove below, this implies floo par(t,z,2)dt < oo for all z € M
and hence, by (iii) = (ii) it follows that Gs(z,y) < oo for all y # x. O

Proof of (ii) < (iii). We need the following fact, which is a special case of [1, Theorem 10]. If T' > 0
and x1,x9, 23,24 € M are fixed then there exists a positive constant ¢ = ¢(T, x1, x2, x5, 24) such
that

oy (t, 1, 22) < cppm(t, s, T4)

for all ¢ > T. A proof which makes use of the Chapman-Kolmogorov equation and the local
parabolic Harnack inequality is given in Davies [1].

Let us assume that there exists some x # y in M with Gy (z,y) < co. Due to

1 (e o)
Gulep) = [ paltiz,)
0

it follows that o
/ pum(tx,y)dt < oo .
1

By the fact given, for any z € M there exists some positive constant ¢ such that

pM(t7 Z, Z) S CpM(ta x, y)
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for all ¢ > 1. In particular, we obtain

[eS) [eS)
/ pI\/I(t7Z7Z)dtSC/ pM(tvxay)dt<oo
1 1

As z € M was arbitrary, this gives (iii).

Conversely, assume that floo pum(t, z,2) dt < oo for some fixed z € M. Let x # y be arbitrary. By
again using the above fact, we deduce

(o)
/ pym(t,z,y)dt < oo .
1

Furthermore, due to  # y and Theorem 4.19 (iii) we have
pu(t,z,y) -0 as t—0.

Thus, it follows that fol pum(t,x,y) dt < oo which yields

1 oo
GM(xvy)zi/ pM(t,x,y)dt<oo,
0

as claimed. 0

5.3 Considering concrete examples

Finally, we present some examples of Riemannian manifolds for which one can decide whether
Brownian motion on them is recurrent or transient.

First, let us consider the manifold M = R% equipped with a metric of the form
h=dr? +o(r)?hga- ,

where o(r) is a positive function on (0,00) and where hgie-1 denotes the standard Euclidean
metric on the sphere S9~1. For instance, the Euclidean metric on R? has o(r) = r, whereas the
disc model of the hyperbolic plane in geodesic polar coordinates corresponds to the case d = 2 and
o(r) = sinh(r).

By using the Riemannian metric h we can define the distance d(z, y) between two points z,y € R
Let Sy (r) denote the area of a geodesic sphere of radius r centred at the origin in the Riemannian
manifold (Rd, h). In Grigor’yan [5, Example 4.1] it is shown that the Green function G(ga ) on
(Rd,h) satisfies

& dr
Gra (0,2 :/ .
@) (0, 7) d(0,0) Sn(T)

We observe that a geodesic sphere of radius r centred at the origin in the Riemannian manifold
(R?, ) corresponds to a (d — 1)-dimensional Euclidean sphere of radius o(r). Thus, if cq_1 is the
area of a (d — 1)-dimensional Euclidean unit sphere then

It follows that
b dr
G(Rdvh)(o,x) = /

—_— 5.10
d(0,x) o(r)4=teg ( )

‘We recall that for a > 0

/ rd%l:oo if d<2 and / 74177:1<OO if d>2.
a a
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Since d(0,z) > 0 if 2 # 0, we can use (5.10) and Theorem 5.12 to verify that Brownian motion on
the Euclidean space R? is recurrent if d = 1,2 and transient if d > 3. Furthermore, one can show

that for a > 0 o 4
r a
L m:—log (tanh(§>) < 0.

Hence, again by Theorem 5.12, Brownian motion on the hyperbolic plane is transient. As Brownian
motion on the Euclidean plane is recurrent and since both the hyperbolic plane and the Euclidean
plane are two-dimensional manifolds, we observe that the recurrence and transience behaviour of
Brownian motion on a Riemannian manifold really does depend on its shape and not only on its
dimension.

By using the next lemma, it is also easy to give examples of Riemannian manifolds of arbitrary
large dimension on which Brownian motion is recurrent.

Proposition 5.13 Brownian motion on a compact Riemannian manifold M is recurrent.

Proof. Suppose Brownian motion on M is not recurrent. As in the proof of Corollary 5.5 this
implies that any compact subset of M is transient. However, this is a contradiction as M itself is
both recurrent and compact. O

Hence, the unit sphere S is an example of a d-dimensional manifold on which Brownian motion
is recurrent.
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