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Abstract

The underlying goal of this Master’s thesis is of laying down, in so
far as possible, the foundations for later work in Geometric Stochastic
Mechanics. The first part is a presentation of symplectic reduction,
going through the momentum map and culminating with an explicit
construction of a symplectic form on orbits of the coadjoint action of a
Lie group. I have made an effort to be as explicit and precise as pos-
sible, reviewing many fundamental concepts so that this paper should
be readable by anyone who knows the fundamentals of Hamiltonian
mechanics as presented, for example, in chapters 5-7 of ”Introduction
to Mechanics and Symmetry” by Marsden and Ratiu. The second part
conveys an introduction to Brownian motion, presenting some of its fun-
damental properties, defining the Wiener measure and discussing the
weak and strong Markov properties.
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1 Lie Groups, Subgroups, Group Actions and Quo-
tients

1.1 Lie groups and subgroups

This section is meant as a review of Lie group theory, presenting some fun-
damental results that will be needed in this work. It is assumed the reader
knows what a Lie goup and its Lie algebra are. See [5], chapters 4, 9 and 20
or [6], chapter 4.1 for a detailed exposition of what follows.

Definition 1 Let G, H be Lie groups. A group homomorphism F : G — H
that is also a smooth map is called Lie group homomorphism.

Theorem 2 Let G and H be Lie groups and let g and b be their Lie algebras.
Suppose F : G — H is a Lie group homomorphism. For every X € g, there
is a unique vector field in b that is F-related to X. If we denote this vector
field by Fy X, the map Fy : g — b so defined is a Lie algebra homomorphism.

Definition 3 A Lie subgroup H of a Lie group G is a Lie group that can be
injectively immersed into G. We shall sometimes call the injection itself a
Lie subgroup.

Proposition 4 Let G be Lie group and suppose H C G is a subgroup that
is also an embedded submanifold. Then H is a closed Lie subgroup of G.

Definition 5 Let G be a Lie group. We define a one-parameter subgroup of
G to be a Lie group homomorphism F : R — G.

Theorem 6 Let G be a Lie group. The one-parameter subgroups of G are
precisely the integral curves of left-invariant vector fields starting at the iden-
tity. We thus have the following bijection:

{one-parameter subgroups of G} «— T.G = g.

Proof. Let us be given a one-parameter subgroup F : R — G. If we define

X = F*% as above and verify that F' is an integral curve for X, we will have

proven our result by uniqueness of integral curves. However,

d
F'(to) = F*% . = XF(to)-
=to



Definition 7 Let G be a Lie group with Lie algebra g. We define exp : g —
G by exp(X) = F(1), where F is the one-parameter subgroup of G generated
by X.

Theorem 8 Some Properties of the Exponential Map

Let G be a Lie group and g its Lie algebra.

(a) The exponential map is smooth,

(b) for any X € g, F(t) = exp(tX) is the one-parameter subgroup of G gen-
erated by X,

(c) for any X € g, exp((s +t)X) = exp(sX) exp(tX),

(d) the pushforward exp, : Tog — TG is the identity, under the usual canon-
ical identifications of both spaces with g,

(e) for any Lie group homomorphism F : G — H, expoF, = F oexp.

Theorem 9 Closed Subgroup Theorem
Suppose G is a Lie group and H C G is a subgroup that is also a closed
subset of G. Then H is an embedded Lie subgroup.

A fundamental and very usefull property that can be evidenced in the
proof of the closed subgroup theorem, and that remains true for Lie subgroups
in general is the following Lemma.

Lemma 10 Leti: H — G be a Lie subgroup of G. Then, for & € g, we have

€ € Im(T.i) = Tei(h) <= expqg(t€) € i(H) Vt € R.

1.2 Lie group actions and quotient manifolds

Definition 11 A Lie group action or just action of a Lie group G on a
manifold M is a smooth map ¥ : G x M — M that satisfies the usual
conditions for a group action. We will denote V(g,z) = g -z if we have a
left action, and V(g,x) = x - g for a right action.

It is immediate that each W, : M — M defined by ¥4(z) = ¥(g,z) is a
diffeomorphism with inverse W 1.

We remind that an action ¥ : G x M — M is said to be transitive if it
has only one orbit and called free if the stabilisator (or isotropy subgroup)
G of any element x € M is trivial.

I)eﬁnition 12 An action ¥ : G x M — M is said to be proper if the map
V:GxM—MxM:(g,x) — (¥(g,x),z) is proper.



Proposition 13 Suppose F : M +— N is a proper continuous map between
topological manifolds, then F is closed.

Proof. See [5], p.47. m

We now come to one of the most fundamental theorem of smooth manifold
theory.

Theorem 14 Quotient Manifold Theorem

Suppose a Lie group G acts smoothly, freely, and properly on a smooth man-
ifold M. Then the orbit space M/G is a topological manifold of dimension
equal to dim(M) —dim(G), and has a unique smooth structure with the prop-
erty that the quotient map ©: M +— M/G is a smooth submersion.

Proof. A detailed proof can be found in [5], pp 218-223. The main point of
the proof is the existence of so-called adapted charts.
Let £ = dim(G), and n = dim(M) — dim(G). We say that a smooth
chart (U, ) on M, with coordinate function (z,y) = («',...,2% ¢*, ...,y")
is adapted to the G-action if:
(i) o(U) is a product open set Uy x Uy C R¥ x R™, and
(ii) each orbit intersects U either in the empty set or in a simple slice of the
form {y' =c!,...,y" = c"}.
It is then shown that every point p € M admits an adapted coordinate chart
centered at p. It is also proven that in this case, every orbit of the action is
an embedded submanifold of M.
The key to understanding what it means to be a tangent vector in the quo-
tient is that the G - p compenent of the chart is moded out, and thus we
get the following fundamental identification for the tangent space of M /G at
m(p) :

T7r(p) (M/G) ~ TPM/TP(G ‘p).

We have noted the proof to this theorem uncovers the fact that all orbits
are embedded submanifolds. However, one isn’t always confronted to the
ideal setting of a free and proper action, and orbits needn’t be embedded.
However, they are always immersed.

If H is a closed subgroup of a Lie group G, it can be shown that the action
by left or right multiplication of H on G is free, proper and smooth. This
underlies the following disussion.

For a surjective submersion, local sections show us that a map f out of a



quotient is smooth if and only if it’s composition with 7, fom, is smooth. For
a general action ® : G Xx M — M, one can fix an x € M, and define @, : G —
M :: g — g-x. Consider the right action of G, on G. G, is closed, acts freely,
properly and smoothly on G, and the map @, : G/Gy — M :: gGy +— g-x is
then a well defined injective smooth map that makes the following diagram
commute:

G—2
”i %
a\G.

Theorem 15 If U : G x M — M is an action and x € M, then U, :
G/Gy— G-z C M is an injective immersion. If U is proper, the orbit G -
is a closed submanifold of M and V¥, is a diffeomorphism.

Proof. See also [4], p. 265.
We show that @, is an immersion. Recall from the quotient manifold theorem
that for g € G,

Tw(g)(G/GI) - TQG/TQ(Q ) Gr) (1)

We treat the case g = e, from which the general case follows immediately by
a left translation. We show that

T.G, = {£ € T.G : T,d, - £ = 0}.
Then, since Ty Py 0 Tom - € = To Dy,
Tre)Pe [(] =0 <= T.0,-£=0

— ¢ ckerT. P,
= [{] =0,

because of (1).

The inclusion C is immediate, we prove the opposite one.

Suppose § € TG, with T, ®, - £ = 0. The relation &, o Ly, = ®9 o &, for all
any g in G, z in M, yields by differentiation T®, o T'Ly - { =T®9 0 T'D, - €.
Identifying g = exp(t{) in the following calculation, we get

% OCI)CC (eXp<t€)) = T€®$(exp(t§) © T(Lexp(t§)> 3
t=
= Teq)exp(tg) (ZL‘) o Tq)x : 6



By uniqueness of flows, we thus have that ®,(exp(t§)) = ®,(e) =z V¢ € R.
Thus exp(t§) € G, Vt, which is equivalent to £ € T.G,, the Lie algebra of
G,.

The last part of the assertion is easily shown. m

1.3 Infinitesimal generators of an action

Let us be given a smooth action ® : G x M — M. If ¢ € T, G, then it is
immediate to verify that

P¢: Rx M — M
(t,r) = ®(exp(t§), )

is an action. In other words, ®¢ is a complete flow on M. The infinitesimal
generator corresponding to this action is denoted by &,;:

Em () @ (exp(t€), ).

"ty

It is crucial to remark, as shown in the previous section and adapting to the
language of infinitesimal generators, that

To(G - x) = {&m(x) : € € g}

1.3.1 The adjoint action
Definition 16 Let G be a Lie Group. The action

I: GxG — G

(9,h) +— ghg™*

is called action of G on itself by conjugation.

It is immediate to check that for all g € G, I, is a homomorphism of Lie
groups.

Definition 17 Let G be a Lie group. The adjoint action to an element g of
G is the Lie algebra homomorphism Ady = Te(Lgyo Ry-1) induced by 1,. This
yields an action

Ad: Gxg — G
(975) = Te(Lg © Rg_l)g)

called the adjoint action of G on T.G = g.



Definition 18 We denote by ade the linear map ade(n) = [£, 7).
Proposition 19 For all £ € g,
g = ade. (2)
Furthermore
Ty(Adn)sy = [TyRg-1&y, Adgn], §g € TyG, neg (3)
where the dot on the right designes the variable.

Proof. Let us denote by 60; the flow of the left invariant vector field X, on
G generated by £. Then

adg(n) = [£,1]
= [Xe¢, X;](e)
= (Lx,Xy)(e)
=21 0;(Xy(0i(e))
t=0
= % —0 [Texp(tﬁ)Rexp(—tg)] ’ Xﬁ(exp(té))
d
= | Lo Rewp(-ie)TeLexpiio)
= % tiOTe(Lexp(tf) © Rexp(—tf))n
d
=ai|  Adexp(e)n
t=0
We can reformulate this as
[5777] = % Adexp(tf)n
t=0
= g(Ad~77)f .
Thus
To(Adn)TeReE = % Adp,(exp(te))"
t=0
= | Adespae) Adgr
= [‘Sv Adg"ﬂ-
Equivalently,
Ty(Adn)E, = [Ty Ry &, Adyn).
[



1.3.2 The coadjoint action

One can dualize the construction of the adjoint, this yields a left action on
the dual of the lie algebra, or g*.

Ad*: Gxg" — g*
(g,) — Ady o
Remark 20 One has (Ad*), = (Ad,—)*. In the rest of this article, the
notation Ad;, will mean (Ady)*. One doesn’t want to invent an new name for

an action that is just the dual of another one, but in order to make it left
invariant, the inverse should not be forgotten.

Proposition 21 For the Ad* action, the following holds

{gr = —ady (4)
where (adio)n = a(ade(n)) = a([€,1]), and for all {,; € TG,
Ty(Ad7n)(&y) = Ady(ady,p _, (¢ \H)- (5)

Proof. This is proven in the same way as in the adjoint case. m

The next proposition relates the adjoint action with infinitesimal gener-
ators.

Proposition 22 Infinitesimal generators and the adjoint action
Let ® : G x M — M be a smooth action. For every g € G and &,n € T.G,
we have:

(i) (Adgg)M = (I);—lgMa

(it) [Ear, En] = =€ Ml

Proof. See [6] p 269.
Let x € M,

(Adgf)M(x) = % @(exp(tAdgf, )
t=0

=41 D(gexp(t&)g!,z)
t=0

= % O(I)g o cb(exp(té.)v @971 (.CL'))
t=

= T@g_1 (x)(bg% ‘t—oq)(exp(tf)7 ¢9*1 (.Z‘))
= T@g,l(z)‘bng(‘I)g—l ()

= ((I)Z—lfM)(x)-

10



This prooves (i). For (ii), plug in g = exp(t{), differentiate and use (2) =

Let Xg(g) = TeRy4¢ be the right invariant vector field on G' generated
by . It is straightforward to verify that X = &5, where the underlying
action is G acting on itself by left multiplication. Then part (ii) of our last

theorem tells us that PQ,XH} =X le;y]- We will need this remark in our

computation of the symplectic form on coadjoint orbits.

11



2 The Momentum Map

2.1 Definitions and first properties

Definition 23 A Lie group action ® : G x P — P on a symplectic manifold
P is called symplectic if Pyw =w Vg € G.

Definition 24 Let ® : G x P — P be a symplectic action on a symplectic
manifold P. A momentum map for the action ® is a smooth map

J:P—g*
such that for each & € g, the associated map

JE&: P — R

satisfies R
d(J(§)) = i¢pw, (6)

where £p is the infinitesimal generator of the action corresponding to the
vector &.
In other words, J is a momentum map provided for all £ € g,

Xig = &p:
Remark 25 The pairing

R
a(§)

being smooth, each j(f) is a smooth function. The map J : g — C>(P)
is linear, as is trivially shown. Conversely, having a linear map J g —
C>®(P) satisfying the condition of the definition defines a momentum map J
by setting J(z)(€) = J(&)(x). J is then smooth because any map into g* is
smooth if and only if its paring with any & € g is, which is the case here by
definition.

(,): g"xg —
(,§) =

a,§

If we are given a symplectic action such that each £p is globally hamil-
tonian, then there exists a momentum map. Indeed, if &, ...£;, is a basis for
the lie algebra g and Ji, ..., J; are the hamiltonians for (&;)p,..., (&) p, wWe
can define J(¢;) = J; and extend by linearity. Condition (6) will be satisfied
because both d and ¢ are linear.

12



If the action has two momentum maps J and J’, and if P is connected,
0 = d(J(&) — J'(£)) thus J(€) — J'(€) is locally constant and thus constant
for all £ € g, which implies the existence of p € g* such that J(p) — J'(p) =
uVp e P.

Theorem 26 [6] p.277 Conservation of Momentum

Let ® be a symplectic action of G on a symplectic manifold (P, w) with mo-
mentum map J. Suppose H : P — R is invariant under the action of
¢ (ie. Hz) = H(®y(x)) Vo € P,g € G), then J is an integral for Xg
(i.e. if Fy is the flow of Xg then J(Fi(x)) = J(z) for all x and t where Fy is
defined.

Proof. Since H is invariant, we have H(®ecpe)r) = H(x) V§ €g, Vt € R.
Differentiating at t = 0,

0 =dH(z) &{p(x)

=Lx;H

={H, j(ﬁ)}y
=—-XuJ(&),

which is equivalent to our statement. m

Let’s now explicitely construct momentum maps for certain categories of
symplectic manifolds.

Definition 27 A momentum map J is said to be Ad*-equivariant if the ac-
tions are compatible with J, i.e. J(®4(x)) = Ad}_,J(x) Vo, Vg. The diagram

¢
P—=p (7)
J J

* *

9

|

9

b

*
g1

commutes.

Theorem 28 Let ® be a symplectic action of a Lie group G on a symplectic
manfold (P,w). Assume w = —df and that the action leaves 0 invariant, that
is, ©30 =0 for all g € G. Then J : P — g* defined by

J(@) - € = (ig,.0)(x)

defines an Ad*-equivariant momentum map for the action.

13



Proof. Since the action leaves # invariant, we have

d *
0 - % q)exp(tg)e - L§P9
t=0

Using Cartan’s magic formula, we get
d(ig,0) +ig,df = 0, i.e d(ig,0) = i¢,w

showing J (§) = i¢, 0 satisfies the condition for being a momentum map.
Now for Ad*-equivariance, we must show that

J((I)g(x) £ = Ad*_1 A(x) §
= J(E)(Py(x ) J(Ady-1£)(2)
= 1, 0(Pg(2)) = (i(aq,_1)p0) (@),

but the last equality is true because (Ady-1&)p = ®;¢p, s0

i(ad _1¢)p0) (%)

g

= (e, 0)(Py(x

using invariance of 6 in the second equality. This completes our proof. m

A very convenient way of constructing symplectic actions is by pulling
back an action to its cotangent bundle. The key for specializing the previous
theorem to this case is the follwing theorem.

Theorem 29 Cotangent Lift Theorem
Given two manifolds S and Q, a diffeomorphism ¢ : T*S — T*Q preserves

the canonical one-forms 0g on T*(Q) and 0 on T*S, respectively, if and only
if o =T*f for some diffeomorphism f:@Q — S.

Proof. A proof can be found in [4], pp 170-172. Notice that since d commutes
with the pullback operation, ¢ is then a symplectic map for the canonical
symplectic structures on the cotangent bundles. m

If we are given an action ® : G x ) — @, by fixing a g € G, we can lift
the induced diffeomorphism @, : z +— g -z, to &3 : T*C) — T™(Q), which is

14



symplectic. If we do this for every g € GG, and patch them together, we get
a symplectic G-action on T*Q:
T T'Q - T*Q
(g,) — 7.

We now have all the tools to specialize Theorem 29.

Theorem 30 Let ® be an action of G on Q and let ®T" be the corresponding
lifted action on P = T*(Q). Then this action is symplectic and has an Ad*-
equivariant momentum map J : P — g* defined by

A

J(€)(aq) = ag - Eq(9)-

Proof. The projection map on the basepoint, 7'22 :T*Q — @, is equivariant
by construction, for all g € G,
TH O (ID;F* =®, 07g.
Replacing g by exp(t€) and differentiating at t = 0, we get
Trgolp=EpoTy-

We now apply Theorem 28 and use the definition of the canonical one-form
to verify our formula:

J(ag)(§) = (ig,p0)(ag)

== aq’TTaogp

O‘qaé.P © T*Q(aq)>
= <aq7§Q(Q)>'

2.2 Momentum maps as a generalization of hamiltonian func-
tions

Let H € C®°(T*R") = C>®(R?"), together with its canonical symplectic
form w = Y. dg; A dp'. Associate to H it’s hamiltonian vector field Xp
and corresponding symplectic flow F. Assume F' is complete, it is then a
symplectic action F' : R x R™ — R”. Let’s denote the lie algebra of R by
R =TpR and identify it with R itself in the usual way. We denote elements
of R by 1,2,3, ...

15



The key to our discussion is that the infinitesimal generator of F' corre-
sponding to 1 is Xpg. Indeed,

d

F(tup) = 7

» 2| Flep(tl,p) = (Igen) (),

t=0

since under the usual identification of R with R, the exponential map is
just the identity. In order to have a momentum map J, we can define it’s
associated comement map by setting J (1) = H and extending by linearity:
J(k) = kH, so J(x) - k = (kH)(z). Canonically identifying R with its dual
R*, we have that J(z) = H(x).

Ad*-invariance of J is immediate, because first R is a commutative Lie
group, and so the Ad and Ad* actions are trivial, and secondly H is invariant

under the flow of its associated hamiltonian vector field Xg.

2.3 Linear and angular momentum as momentum maps

Linear momentum can be seen as the momentum map for the action of R"
on itself by left translation. Indeed, let ¥ : R” x R™ — R™ : (s,q) — s+ q,
then &gn(q) = € Vg € R™. Theorem 30 tells us that J(£) - (p,q) = p- £ on
T*R™, and so J(q,p) = p, the usual linear momentum.

The discussion for angular momentum is more involved, because we need
to consider the tangent bundle of R, and adapt the theory to this case.

For this, we remember that for a Riemannian manifold @, there is a
bundle isomorphism between its tangent and cotangent bundles, namely ¢® :
TQ — T*Q, ¢°(X,)Y, = g(X,,Yy); its inverse is denoted by g#. We define
the canonical one-form on TQ by © := (g*)*y, where g is the canonical
1-form on the cotangent bundle. It is straightforward to show that  :=
—dO = (g)*w is a symplectic form on TQ.

Lemma 31 If f : Q1 — @2 is an isometry of riemannian manifolds, then
Tf:TQy — TQo preserves O.

Proof. We shall prove that
Tf=g5o(T"f) " og}.

Each of these maps preserves the canonical one-form, so their composition
does too, which completes the proof. Note that these maps are thus also

16



symplectic.
For Yy(g) € Ty (q)Q2, Xq € TyQ1, we have that

(930 TH(X)(Yyq) =

5(Tf - Xg)(Yyg)
Tf-Xq:Yi(g)),

= (T*(f) 0 g8( X)) (Yy(g))

which was to be shown. m
The adaptation of Theorem 28 to this case, which is proved in the same
way as Theorem 30, is as follows:

Proposition 32 Let G be a Lie group acting isometrically on a Riemannian
manifold Q). The tangent lift of this action, which is symplectic by Lemma
31, has an Ad*-equivariant moment map given by

J(€)(vg) = (vg,€0(a)) -

We now examine the lie algebra so(3) of SO(3).
Consider the map

¥: GL(n,R) — S(n,R)
A s AT A,

where S(n,R) denotes the n(n + 1)/2-linear subgroup of symmetric n x n
matrices of M(n,R). We have O(n) = U~1(I,,). We take global coordinates
on R™ and show I, is a regular value of V.

GL(n,R) is open in M(n,R) and so TGL(n,R) = GL(n,R) x M(n,R).
For A € GL(n,R), B € M(n,R), taking v(t) = A+ tB, we have

U.B = (Tor)(0)
= ft‘ (A+tB)T(A+1tB)
=0
— A+ ATB.
For C € S(n,R), by chosing B = %AC, we get U, B = C, so V is a submersion
and U~1(I,,) = O(n) is an embedded submanifold of dimension n? — n(n +

1)/2 = n(n — 1)/2. So o(n) = ker(Trq¥) = {A € M(n,R) : Trg¥ - A =
AT + A = Id}, the space of n x n skew-symmetric matrices. It can be shown

17



that O(n) has two connected compenents, SO(n) being the one containing
the identity. Thus so(n) = o(n).

One can identify so(n) (with its commutator bracket for matrices Lie al-
gebra) with R seen as a Lie algebra with Lie bracket [z, y] =  xy (remember
this is defined intrinsically!). Define

0 —U3 V2
“iR3 e s0(n) s v = (vy,v0,03) 0= | w3 0 —-un
—vy M 0
We have 9w = v x w. Thus
(a0 — vu)w = (v X w) — o(u X w)

=uXx (vxw)—vx(uxw)
= (uXv)Xw
= (u X v)w.

So @i — b1t = u X v.

It can be shown reasonably easily, see for example [4], pp 290-291, that
exp(t) is a rotation about w of angle t ||w|, where w € R3. Thus if we
consider the natural action of SO(3) on R?, it is straightforward that for
¢ € R® one gets &pa(z) = & x z (a direct calculation also shows that the
adjoint action SO(3) on its Lie algebra seen as R? is just the natural action
of evaluation).

We now at last have all the tools necessary to realize the angular momen-
tum € X x as a momentum map.

Let Z: SO(3) x R® — R3 : (A,z) — Ax be the usual action, then its
lift T= is a symplectic action by Lemma 31. Hence, denoting the inverse of
wHﬂIbyBHE,weget

J(B)(g;v)

B x q,v>
et(B, ¢, v)
et(q, v, B)
q X, §> .

Il
N~

If we identify s0(3,R) with R3 on the one hand, and R? with its dual on the
other, we get the angular momentum as a momentum map.

18



3 The Marsden-Weinstein-Meyer Quotient theo-
rem

3.1 Symplectic reduction and reduction of dynamics

Theorem 33 [6] pp. 299-300 Marsden-Weinstein-Meyer Reduc-
tion Theorem

Let (P,w) be a symplectic manifold on which the Lie group G acts symplec-
tically and let J : P — g* be an Ad*-equivariant momentum map for this
action. Assume p € g* is a reqular value of J and that the isotropy group
G, under the Ad* action on g* acts freely and properly on J~(u). Then
P, =J7Y(u)/G, has a unique symplectic form w, with the property

where 7, + J~H(u) — P, is the canonical projection and i, : J~ (u) — P is
the inclusion.

For this we need the following.

Lemma 34 Letp € J 1(u), then
(i) Tp(Gpu - p) = Tp(G - p) NTp(J (), and
(ii) T,(J (1)) is the w-orthogonal complement of T,(G - p).

Proof. We recall that

Ty(G - p) = {¢p(p) : € € g}, 8)
Ty(Gu-p) =1{p(p) : € € gu},

where g, is the Lie algebra of G,. Thus our statement is equivalent to the
condition

ép(p) € Tp(J M (1) <= €€ gy
We know J is Ad*-equivariant, thus T),J (€ p(p)) = &g« (1), SO we have

Ep(p) € Tp(J7H (1) = ker(TpJ) <= &g(p) = 0.

The condition g-(1) = 0 is equivalent to the integral curve of the induced
left action (¢,v) = Adexp(—1g)V on g* by £ being constant, by uniqueness of
integral curves. Stated another way, this is equivalent to p being a fixed
point of the induced action. However, exp(t§) € Gy, Vt € R <= £ € g,,
which completes part (i).
For part (ii), we use that

w(Ep(p),vp) = d(J(€)p - vp = (TpJ - vp, )
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where v, € T,P, £ € g.So

v € Ty(J Hu) =ker(TpJ) <= TpJ -v,=0
= (T,J-v,)E=0YEeg
<~ w(ép(p),vp) =0V ey
= v € (TH(G-p))~,

the last equality being true because of (8). m

Proof. (Marsden-Weinstein Theorem)
We denote [vp] := T, - vy, and recall that T, Py = T,(J (1) /Tp(Gy - p),
as quotient of a vector space by a subspace. We have

Twp = bw <= wu([v],[w]) =w(v,w) Vv,w € Tp(J (1))
Well-definedness follows immediatly from part (ii) of Lemma (34). Since 7,
and T'm,, are surjective, our form w, is uniquely defined, should it satisfy
T Wy = t,w.

For smoothness of w,,, we recall that a surjective submersion admits a smooth
local section ¢ at any point of its image, and verify immediatly that locally,
wy, =o*w.

Closedness can be checked similarly with local sections, denoted by o:

wy =0"'w=dw,) =do'w) =w, =c"(dw) = 0.
It remains only to be shown that w, is nondegenerate. This is true since

w([v], [w]) Yw € Tp(J™H () = wlv,w) =0 VYw € Tp(J (1))
=v e TG, p)
= [v] = 0.

Theorem 35 Reduction of Dynamics

Under the assumptions of the Marsden-Weinstein reduction Theorem, let
H : P — R be invariant under the action of G. Then we have:

(i) The flow F of Xg leaves J~'(u) invariant,

(ii) it commutes with the action of G, on J~'(p), and thus induces canoni-
cally a flow Hy on P, satisfying 7, o Fy = Hyom,,.

(iii) The flow Hy is a Hamiltonian flow on P, with Hamiltonian H,, defined
by H,om, = H oi,. We call it the reduced Hamiltonian.
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Proof. Let’s denote our action by ®. First, remark that since this action is
symplectic, Xy is ®4-related to itself: for all g in G,

O:Xpr = Xpron, = X

Thus, the flow F' of Xy commutes with the action of G on P (for more
details, see for example [5], Lemma 18.4).
By Theorem 26, we know that J is constant on the flow F' of X, thus we
can restrict F to J (). Let’s now fix a value t € R, and take F} : J 1 (u) —
J~1(u) down to the quotient by defining

Hyomy(x) :==m, o0 Fy(x).
H; is well-defined since F; commutes with the action of G. It is smooth

because 7, o Fy is. The following commutative diagram will be usefull to
keep in mind.

T ) — s () PR (9)

TN W) /G == T (1) /G
We have

*
I

the third equality as a result of the flow F' being symplectic. Taking local
sections, we conclude that Hw, = w,, so H; is symplectic. Let us show that
the infinitesimal generator Y of H; is globally Hamiltonian. For this, define
H,:P,— Rby H,on, = H oi,. This is well defined by G-invariance of H.
Since H; and F; are m,-related for all ¢, we have that Y (7,(p)) = T'r,- Xu(p).
Let [v] =T7, -v € TP,. Then

dH,-v =dH,(Tr,-v)
= (T, -v)H,
=v(H,omy,)

v(H oiy)

= (Ti,-v)H

= dH(Ti, - v)

= (ipdH) - v

(i) (X, v).

(WZWM)(XHv U)

— (¥, o]).

We have shown that Y has a global hamiltonian function H,, which was
what we wanted. m

* Tk B nE B L ok
T Hiw, = Fimw, =Fiw=1iw=m,w,,
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3.2 Coadjoint orbits as symplectic manifolds

We use the Marsden-Weinstein-Meyer reduction procedure to build a sym-
plectic structure on the coadjoint orbits of the Ad*-action induced by any
Lie group G. This procedure and the explicit symplectic form in terms of
infinitesimal generators that we will devise is called the Kirillov-Kostant-
Souriau theorem.

We are given a Lie group G, together with its left action A : G x G — G :
(g9,h) = Lgh. We lift this action to the cotangent bundle 7*G and obtain a
symplectic action

AT Gx TG — ™G
(9,09) = T*Lyay.

The momentum map J : T*G — g* is then given by Theorem 30, for & € g:

J(O‘g) §= ag(fG(g)) = Qg - TeRg(f)'

Indeed

d d
€alo) = 5| exp(t)-h =) Ruexp(te) =TRA()
t=0 t=0
since Ty, exp = Idy.
Thus
J(ag) =T Ry - ag = agoTcR,.
Let’s show that every value p € g* is a regular value for J. For this consider
the diffeomorphism ® : T*G — G x g* : (9, 09) — (9,TF Ry - ag). Then the

following diagram commutes, that is, ® omy = J, where 79 is projection onto
the second factor, from which our assertion follows immediately.

T*G‘]*>g*

(0]
2

*

Gxg
Now J t(u) ={(g9,a9) €T*G : u =T} Ry - ag}. So
(g,09) €T Hp) = agoT.Ry=p

& TRy -0y = [
— ag=T Ry p.
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This is nothing else than the image of the right-invariant covector field «,
induced by the value p at the identity:

a,: G — TG
g = (g,049= T; Ry ).

Let us see who G, is.

geG, = Adp=p
— Ti(Lgo Rgfl):ul =M
& To(Rg10Lg)p=p
= au(g) =Ty Lgpp=TyLy10ay(e)
<= L;_lau = qy
— Ljo, = ay,

so G, is the set of all elements that leave the form ¢ invariant by left
translation.

Although this is not correlated to the explicit identification of G, we
have just made, the action AT™ acts on points in T*G by shifting the base
point to the left. So, by projecting J~!(u) to G, we can view the action of
G, on J~!(u) as simply the left action of G, on G! This action is free and
proper, so we can form the quotient manifold G/G,, and use the machinery
we developped in the first chapter to get the following diffeomorphisms

JHW/G. = G/LGy = G/rRGy = G- pCg’
(g au(g) = g = g7 = Adip,

where /7, and /r denote the quotients by the left and right action of G, on
G, respectively.

Using the Marsden-Weinstein-Meyer quotient theorem and pushing for-
ward the symplectic form to G - u, we have shown that the coadjoint orbit
at a point u is a symplectic manifold.

We now move to the task of explicitly computing the symplectic form w,
on the coadjoint orbit of u. Let us define

¢: JHNpw) — G-p
(9, aulg)) — Adgp,
so that by the Marsden- Weinstein-Meyer theorem and our construction, (*w,, =

i,w, where w is the canonical two form on T*G.
We follow [6], p. 303. This will be done in several steps.
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e J71(p) is the image of G by the right-invariant one-form «,. Thus

J
To, )~ Yp) = Ta,(T,G) = Ta,TRy(g).
e We do the following computation:

inw(To, TRy, Ty, TRym)
= ayw(TRyE, TRyn)

= —daH(TRgé,TRgn)

= —day(Xe, X,)(9)

= —{Xe(au(Xy)) = Xylau(Xe) — an((Xe, X)) }H9)
= au([Xe, X))(9)

where Xn denotes the right-invariant vector field extending 7. The
fourth equality holds because

au(Xy) = (T*Ry-1p1)(TRgn) = pu(n)
is constant. The last equality follows from [X¢, X,] = —X Em]-
e We have
(Cwu) (T TRy, Ta, T Rgn)

= W (Ad* 1) (T, (9)C - Ty - TeRg§, Tay, (g)C - Ty - Te Rgm)
= wy(Te(Ad p) - TeRGE, Ty(Ad* ) - T.Rym),

since ((au(g)) = Adyp.

e Now comes the more subttle part, where one has to be careful how to
view our objects. One has

Ty(Adp) - TeRgE = Ady(ady, R, AT, RyeH)
= Adg(adgp)
—Ady (&g (1))
— (T, Adg) (&4 (1))
(Ad?_1)"Eg) (Adgp)

= —(
= ((Ad*) )*€g+ ) (Adg 1)
—(Adg-18) g~ (Adgu)

The first equality follows from (5), the second is just taking care of the
subscripts, the third by (5). The last follows from (22).

IIZ I
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Putting these four steps together, we get

wu(Adgp)((Adg-18)g (Adyp), Adg-11)g-(Adyp)) = —p - [§, 7).

Making the change of variables

Ady& =¢
Adg-n' =
v = Adyp,

and remembering that for a fixed g, Ad, is a Lie algebra homomorphism, we
finally get the elegant formula

Wu (V) (€= (V) ng=(v)) = —v - €, 7.

It is straightforward to verify (by direct calculation or by using the left action
of G on T*@G) that under the action of Ad;_1 on G - u, the symplectic form
w,, is preserved. Thus our orbit is a homogeneous Hamiltonian G-space.

3.3 The complex projective spaces as real symplectic mani-
folds

The complex projective space CP" ! is by definition the topological quotient
of C"\{0} by C* by the action

M: CrxCn\{0} —  C"\{0}
(N (a1, .eyan)) = (Aag, ..., Aay).

For an element A = (ay,...,a,) such that ||A]| = 1, every A = exp(if) will
satisfy [[AA| = 1. We can thus get CP"~! through the action

m: Stxg1 §2n—1
(A (a1, ...yan)) = (Aag, ..., Aay).

To put a symplectic form on CP" ! = S2n=1/G1 the idea is to identify 21
as the integral curve (or orbit) of a complete periodic hamiltonian vector field
(whose flow is then symplectic).

This can be done with the so called ”harmonic oscillator hamiltonian”
H e C®(T*"R") : H(¢",pi) = 52.;((¢")* + (pi)?), with the canonical sym-
plectic form w = —df = ), dq¢" A dp;. See also [4], p302. We get

i - 0 ; 0
Xu(d'pi) =) (Pigs —d'5 )
i—1 q Di
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which integrates to the complete symplectic action

F: RxTR" — T*R™
(t,(q,p)) + (qcost+ psint,pcost —qgsint).
Fach orbit is 27-periodic and so we can see this action as a symplectic action
of S on T*R™. §?"~! appears as H_l(%), and is evidently a regular value!

S1is compact, so the action is proper. It is also free. The quotient theorem
allows us to conclude.
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4 An Introduction to Brownian Motion

This section is based primarily on [1] and [2], and should provide a quick
but nevertheless rigourous introduction to brownian motion. Most proofs
are taken from these sources, reorganized and completed.

4.1 First things first
4.1.1 Reminder of measure theory

We go through this chapter in an informal manner. Omitted proofs can be
found in any introductory text in probability.

Definition 36 Let f be a measurable function between a probability space
(Q,F,P) and a measurable space (0¥, F*). We define the image measure of
P by f, or pushforward of P by f, or law of f, the probability measure f,P
on (Q*, F*) defined by fP(F) = P(f~Y(F)) for all F in F*.

Proposition 37 With the same notations as in definition (36). Let g be a
measurable function from (0%, F*) to (R, B(R)), then the following holds

g€ LY, F* f.P) < gofe L' (QF,P),

in which case we have

Joate.p)= [ ap

Q* Q

Proposition 38 Dynkin’s Lemma

Let E be a set and I1 be a m — system in E (subset of P(E) that is stable
by finite intersection) such that E € II. Let A be a A\ — system (subset of
P(E) that is stable by complement and countable disjoint union) containing
IT. Then o(I) C A (the smallest sigma algebra containing 11 is contained in
A, or the intersection of all sigma algebras containing I1 is contained in A).

This proposition is a jack in the box in probability theory because it pops
up absolutely everywhere. It allows us to focus on a special type of generating
sets for a sigma algebra instead of the whole sigma algebra. Let us illustrate
this by proving two key lemmas.

Lemma 39 Let p,v be two finite measures on a measurable space (2, F)
that agree on a w — system Il that generates F and contains F as a subset.

Then p(A) = v(A) for all A in F.
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Proof. Just verify that the set of all sets in F on which p and v agree is a
A — system, which is immediate. m

An application of this Lemma is uniqueness of the measure giving the
volume of hypercubes on (R%, B(R?)), or Lebesgue measure on borelians.

This Lemma will also give us uniqueness of the Wiener measure, as we
shall see later on.

Lemma 40 Let Iy, ..., 11, be m — systems on a probability space (2, F, P),
with F €ll;, Vi € {1,...,n}. Suppose

n
P(FiN..NF,) = T P(F) VY Fi €, ..., Fy € Iy, (10)

then o(I1y),...0(I1,,) are independant sigma algebras.

Proof. Fix Fy, € Ilg,..., F, € II,, and verify that the set of all sets F}
in F such that (10) is true is a A — system containing II;. Once this is
done for every Fy € Ilo,..., F, € II,, move on to the second factor, with
Fy € o(I1,), F3 € I3, ..., F,, € II,, and apply the same procedure until the
last factor is reached. m

4.1.2 Characteristic functions

Definition 41 Let X be an R%-valued random variable on a probability space
(Q,F,P). The characteristic function of X, or Fourier transform of the
measure X4 P, is defined by

B(6) = Elexp(i (€, X))] = [ expli (6, 2)d(X.P), V¢ € L.

R4

Notice the integrand is bounded by 1, thus the integral is always defined,
since we are on a probability space. This function is uniformly continuous,
C" differentiable if n < |p|, with X € LP.

The admirable property of Fourier transforms of measures on R? is stated
in the following theorem.

Theorem 42 The characteristic function of an R*-valued random variable
X characterizes the law of this random variable. In other words, the Fourier
transform, as defined on the set of all measures on R?, is injective.
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4.1.3 (Gaussian Vectors

Definition 43 A random variable X : (2, F, P) — R is called gaussian of
mean m and standard value o if

1 1 z2—m

where dx is the Lebesque measure on R. FEquivalently, in terms of char-
acteristic functions, ®x(§) = exp(—%{QU2 +1im&), £ € R. We then write
X~ N(m, o).

A key observation is noticing that a sum of independant gaussian random
variables is still a gaussian random variable. This can be shown by means of
the Fourier transform. If X1 ~» N(m1,02), X2 ~ N(mz,02), then

Elexp(i(X1 + X2)¢]
= Elexp(iX;£] - Elexp(i(X2)€]
= exp(— 3% (0% + 03) + i(my +m2)E)

and so X1 + Xo ~ N(my + ma, 03 + 03).

Definition 44 Let C be a symmetric semi-positive d X d matrix with real
coefficients. A random variable X = (X1, ..., Xq) : (Q, F, P) — R% is called
centred gaussian vector of covariance matriz C if

1
D (§) = exp(—5€7CE), L€ R
We then write X ~ N(0,C).

Theorem 45 Gaussian Random Vectors

Let C be a symmetric semi-positive d X d matriz with real coefficients, then
there exists a centred gaussian vector X of covariance matriz C. The compe-
nents of X are then gaussian variables and their covariance matriz is given
by C, thus its name. Conversely, if X = (X1, ..., Xq) is composed by d gaus-
sian variables with covariance matriz C, then X 1is gaussian of covariance
matriz C.

In other terms, using injectivity of the Fourier transform, the covariance
matrix of Gaussian random variables completely determines their joint prob-
ability law. In particuliar, gaussian random variables are independant if and
only if their covariance matrix is diagonal. A key to proving this theorem
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is the principle axis theorem: there exists an orthogonal change of basis A
such that X = (Xi,...,Xy) = A-Y, with Y a gaussian vector made of in-
dependant gaussian variables (i.e. the covariance matrix is diagonal). In
particuliar a vector valued random variable is gaussian if and only if any
linear combination of its components is gaussian.

Here is the last key ingredient in our discussion of gaussian vectors.

Theorem 46 Vectorial central limit theorem

Let (Xp)n>1 be a sequence of identically distributed independant square in-
tegrable R%-valued random variables. Let K be the covariance matriz of the
components of one of these variables. Then

1 aw
(X1 X ) N (0,K).

4.2 Brownian motion as a limit of a scaled random walk

Definition 47 One calls brownian motion (starting at 0, in dimension d) a
family of R%-valued random variables (Bi)ter, such that:

(P1) one has By = 0 a.s. Furthermore, for any choice of integer p > 1
and real numbers 0 = tg < t1 < ... < tp, the random variables By, , By, —
By, ..., By, — By,_, are independant, and for any j € {1,...,p}, By, — By,_,
is a centered gaussian vector of covariance matriz (t; —t;_1)Id.

(P2) For every w € §, the function t — By(w) is continuous.

Remark 48 To show that a brownian motion actually exists is all but evi-
dent. A proof can be found in [1], pp 222-225; a second proof can be found in
[2], chapters 1 and 2, along with a detailed study of gaussian variables and
measures. It should be noted that both proofs involve an isometric embbed-
ing of some hilbert space into a gaussian space (or closed subspace of some
L?(Q, A, P) that is made up of centred gaussian variables). The key here is
that for Gaussian random variables, zero covariance (or zero scalar product
in this L? space) is equivalent to (and not only implied by!) independance.
The proof for d = 1 immediatly extends to any d € N by taking d independant
copies of a brownian motion in one dimension.

We now show how to obtain a brownian motion as a limit of a scaled
random walk. For this, let’s consider a random walk (S, ),en on 7% starting
at zero, i.e. we are given independant identically distributed random variables
(Yi)ien+, and set Sp =0, S, = > 1, Y;, for n > 1. Some hypotheses will be
necessary. First, we would like to use the power of the central limit theorem,
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and so will assume that V; € £%(Q,F,P), ie. Y oz k|2 d(Yi P) < 0.
We will assume our variables are centered: E(Y;) = (0,...,0). Finally, we
want our random walk to reflect isotropy, i.e. the same behavior in any
direction of space. This is translated mathematically by saying that the

covariance function of any two components of Y; is given by: Cov(Y,?, Y;B ) =
02008, a,B € {1,...,d}, respectively Y nezd kakpd(YiuP) = 02003.

Proposition 49 For any p > 1, and any choice of real numbers 0 = ty <
t1 < ... <tp, one has
!
(S, 5, ..., sy L)

)
t2 n—o0

where

is a a change of scale of the function k — Sk, and the limit law is charac-
terized by:

(1) the random variables Uy, Uy — Uy, ..., Uy, — Up—1 are independant;

(it) for any j € {1,...,p}, U; — Uj_1 is a centered gaussian vector of covari-
ance matriz o*(t; — t;—1)Id, where by convention Uy = 0.

Proof. We only need to show that for any ¢;,...,§, € R,

p P
Elexp(i Z St(j — E[exp(iij -Uj)],

since convergence in law is equivalent to convergence of the Fourier transform
(a result of Lévy, c.f. [1], pp 133-134). This is equivalent to

3 _ g
Blexp S, - (57 = 507,
= Elexp(i an (U; = Uj-1)] Y1, ...m, € R

However, using independance and the Fourier transform of Gaussian vari-
ables,

M*@

Elexp(i - n; - (U;j — Uj-1)]

- "

[exp(in; - (Uj = Uj-1)]

'

7j=1

2| y
_ exp( |771| (;J t],l))'

M*@

7=1
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On the one hand, we have

[nt;]
LT R

k=|nt;+1]

which tells us that the random variables S (n) S( n) ’, are independant for
1 < j < p. On the other hand, for a fixed value of j,

st st
(law)
_ Wstnth—LnthJ
_ /Intj]—[nt;+1] ) S
N vn VInt;]—nt;+1] [nt;|—|nt;+1]-

Using the condition of isotropy and the central limit theorem for vector valued
random variables, we conclude that this variable converges in law to a normal
centered variable A of covariance matrix o - Id.

As a consequence, for every fixed j,

Elexp(in; - (S} - S§”> )
=2 Elexp(i NG =TI
— ‘771| j—ti-1)
exp(— 2 ).

(m) _ gl

Independance of the random variables Stj D 1 < j < p now allows us
to conclude. m

4.3 The Wiener measure

We would like to change our point of view, and see an element w of our
probability space (€2, (F¢)ier,, ) as a path on its own right. At the same
time, we would like to have a way to identify all brownian motions. The
solution to this problem can be given by putting an adequate sigma algebra
on C(Ry,RY), the space of continuous functions from R to R¢, and endowing
it with a pushforward measure, or Wiener measure. Furthermore, this space
is very convenient for time-shifting of paths, such as we will explain in the
setting of the weak and strong Markov properties.

Definition 50 Let C be the smallest sigma algebra on C(Ry,R?) that makes
all coordinate projection functions m, t € Ry measurable.
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Remark 51 [t is trivial to verify that a function f from a measurable space
into (C(R4,R%),C) is measurable if and only if w;0 f is measurable for every
i in Ry.

Remark 52 It can be shown, for example in [1], page 226, that C coincides

with the borel sigma algebra (or sigma algebra generated by a topology) of the
topology of uniform convergence on every compact for C(R,,R?).

Definition 53 Let (Bt)t€R+ be a d-dimensional brownian motion starting at
zero, defined on a space (0, F,P). The Wiener measure in dimension d is
then defined to be the pushforward measure Py = ®, P of the map

o: Q — C(R.,RY)
w > (By(w))ter, -

A few remarks should immediatly be made.

First, ® is measurable, because it’s component functions w0 ®,¢ > 0 are
precisely the measurable functions By, t > 0.

Secondly, the following calculation guarantees us that Py is uniquely de-

fined, whatever the choice of brownian motion we are starting with. For this,
let Ag Ay, ..., A, be borel sets of R?, then

Po({w € C(R4,R™) : w(ty) € Ao, w(t1) € Ar,...,w(ty) € Ap})
= P(Bto S AO7Bt1 € Ay, ...,Btp S Ap)
=140(0) [, . xca, WY1---dyppty (Y1)Pta—t, (Y2 = Y1)---Pt, 1,1 (Up — Yp—1);

where p, denotes the density of a gaussian variable X ~» N (0,0 - Id).

We conclude once again with Dynkin’s Lemma, all sets of the form {w €
C(Ry,R™) s w(ty) € Ag,w(t1) € A1, ...,w(ty) € Ay} forming a m — system
generating C.

The interpretation of this construction should be the following: the Wiener
measure is a probability on the set of continuous paths C(R,R™) such that
under this measure the projection functions constitute a brownian motion.
We call this the canonical brownian motion.

It should be mentioned that the exact same construction can be made for
a brownian motion starting at another point x than the identity, in which
case we call the corresponding Wiener measure P,.

4.4 The weak Markov Property and Blumenthal’s zero-one
law

We consider a brownian motion B in R?. We shall note, for every s > 0, F, =

o0(B,,0<r<s), Fxy =0(B,,r < o0).
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Proposition 54 Some properties of brownian motion

(i) if ¢ is a vectorial isometry of RY, then (p(Bi))ier, is also a brownian
motion

(ii) for each v > 0, the process B = %B
invariance);

2t 18 also a brownian motion (scale

(iii) for each s > 0, the process Bgs) := Byt — Bs is a brownian motion
independant of Fs (weak Markov property)

Proof. For both (i) and (ii), we shall use injectivity of the fourier transform
of measures on R"
Let’s prove (i): denote by ¢(x) = Az an orthogonal transformation on R,
i.e. ATA =1.1If X is a Gaussian vector, then so is AX. We trivially have
©(Bp) = 0 a.s. and the new paths are continuous Now let 0 < t1 < ty < ... <
tp. Since By, By, — By, ..., By, — By, | are gaussian and independant, the
same is true for ¢(By,), o(By, — By, ), ..., (B, — By,_, ). Now we compute for
s <t,

Elexp(i (€, (B — By))]

= Elexp(i (AT¢, B, — By)]

— exp(—LeT A(t — 5)AT¢)

— exp(— €7 (t - 5)I¢),
which proves that ¢(B; — Bs) has law N (0, (t; — t;—1)I).
For (ii), s < t, the same computations lead us to

Elexp(i (¢, B] — BY)]

= Efexp(i <g, L ngs>]
= exp(—%(i)T(’VQt —y%s)I%)
— exp(—1¢T (¢ - )1¢),

which is what we wanted. The last property is an easy application of Dynkin’s
lemma. =

Another elegant way of stating the weak Markov property is to define a
shift operator
0y : C(Ry,R") — C(R4,R")
w —  w(t+ ),

to verify this map is measurable and the pushforward satisifies 0;Py = Py.
As we shall see later on, the exact same procedure goes through when we
replace a deterministic time ¢ with a stopping time 7'. This is then called the
strong Markov Property, and contains the weak Markov property as a special
case for a constant stopping time.
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Theorem 55 Blumenthal’s Zero-One Law
Let
For = [ Fe,
>0
then Foiis trivial in the sense that A € Fo = P(A) =0 or P(A) =1.

Proof. Let A € Foy and let ty,...,t, > 0, p € N*. For € > 0 small enough,
Markov’s weak property implies that (By, — Bk, ..., By, — Be) is independant
of Fe, and thus of Fpy. As a consequence, for every continuous bounded
function f on (R%)P,

E[1,f(Bi = B, s B, = Bo)] = P(A)E[f(By, = Be, ..., By, — Be)].

P

By letting € go to zero, we get by dominated convergence
]E[lAf(BtM ey Btp)] = P(A)]E[f(Btla o Btp)]a

and thus (B, ..., By,) is independant of Fo;. As a consequence of Dynkin’s
Lemma, \J{o(B,..., Bi,),t1,....,t, > 0, p € N*} U Fy being a 7-system
generating Fo, we find that F is indepedant of Fy.. In particular, Fo4 is
independant of itself. But this can only happen if Fy; is trivial. =

Remark 56 [t should be pointed out that when we applied Dynkin’s Lemma,
we implicitly used the fact that Fy is trivial, and thus independant of any
sigma algebra, in particular of Foy.

Corollary 57 Assume d =1, then almost surely, for every e >0

Bs > 0; inf B, <0. 11
2B > 0oL "

(Carefully look at the order of logical quantifiers here, it is NOT the other
way round, we have a better assertion here). Define, for every a >0, T, =
inf{t > 0: B, = a}. One sets inf @ = co. Then

a.s.Va € R, T, < oo.
As a consequence, almost surely,

limsupB; = +o00; liminfB; = —o0.
t—o0 t—r00

Remark 58 The supremum in the first inequalities of the corollary are taken
over an uncountable set. However, one can restrict ourselves to the values of
s in [0,€] N Q, the paths being continuous.
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Proof. The first assertion is a direct consequence of Blumenthal’s zero-one
law. The second is a consequence of the first assertion using the property of
invariance of scale. The last property follows from the second by remarking
the following: any continuous function f : Ry — R is surjective if and only

if limsup fy = 400 & liminf f; = —o0o, by a trivial compactness argument.
t—s00 t—00
Let’s prove Theorem 11. Let (¢,) be a sequence of strictly positive reals

decreasing to 0. Let

0<s<e

A= ﬂ{ sup B > 0}
p

We prove that P(A) = 1. It is clear that A is Fyp;-measurable and that

P(A) = lim | P( sup Bs > 0).
p—00 0<s<e
But .
P(sup B; >0) > P(B,, >0) = -,

0<s<e 2
since B, has a gaussian N (0,¢,) distribution. Blumenthal’s zero-one law
concludes the proof. The assertion for the infimum is obtained by replacing
B by —B.
For the second assertion, we write

1=P(sup Bs>0)=1lm 7 P( sup Bs > 0),
0<s<1 410 0<s<1

and use the property of invariance of scale of brownian motion

P(sup By >6)=P( sup B’ >1)=P( sup B, >1),
0<s<1 0<s<+5 0<s<+y

the last equality by uniqueness of the law of brownian motion again. Letting
0 go to zero, we find that

P(supBs > 1) = 1.
s>0

Let A > 0, we use uniqueness of the law of brownian motion and a change of
scale to find that

1 = P(supB2 > 1) = P(supB; > A),
$>0 >0

B
since {sup—42= > 1} = {supB; > A)}. The assertion for the infimum is once
5>0 >0

again obtained by replacing B by —B. m
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4.5 The strong Markov property and the reflexion principle

We would like to extend the weak Markov property from deterministic stop-
ping times to random stopping times. We keep the same notations as in the
previous section.

Definition 59 A random variable T taking values in [0, 00| is called a stop-
ping time if ¥Vt > 0,{T <t} € F;.

Definition 60 Let T be a stopping time. The sigma algebra of events ante-
rior to T, is

Fr={Ae€Fyx:¥t>0, An{T <t} € F}.
Lemma 61 T and 1{T<oo}BT are Fp — measurable.

Proof. The assertion for T is trivial. The second assertion uses continuity
of trajectories of a brownian motion: notice that

oo
Lircoo} Br = nh_I{lOOZ1{i2—n§T<(z’+1)2—n}Bi2—na (12)
=0
so that we will be able to conclude if we can show that Vs > 0, 1y,<7)Bs is
Fr — measurable. Indeed, since

Vi lgo-ner<(it1)2-n}Bio-n = lgo-n<r<(iv1)2-n} o<1y Big—n,
we just use the fact that a product of measurable functions is measurable
and conclude by stability of measurable functions under liminf or lim sup
operations.
Now let A € B(R),0 ¢ A. We know that for any function f : (Q,F) —
Q*, the set of sets {B C Q: f~1(B) € F} is a sigma algebra, as can readily
be checked. However c{A € B(R),0 ¢ A} = B(R), so we are done if we can
prove that (1gs<mBs) 1 (A) N{T <t} € F, VA,0 ¢ AVt > 0. For s < t,
this is clear because then 1¢,<7) B is F — measurable. For s > ¢, we notice
that (i< Bs) 1 (A) N{T <t} = B;H A N{s <T}n{T' <t} =@ € F.
]

Theorem 62 Markov’s Strong Property

Let T be a stopping time such that P(T > 0) > 0. Then conditionnally to
{T > 0} (i.e. the probability measure is rescaled to this set), the stochastic
process BT defined by

B™ = Bry, — Br

is a brownian motion independant of Fr, where one has to define B™) on
the set {w : T = oo}, for example by setting B§T) (w) =0Vt on that set.
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Proof. The proof can be found in [1], on page 230; although quite technical,
it requires little more than the previous Lemma and Dynkin’s Lemma again.
[ |

We now come to a fundamental property of brownian motion in one di-
mension.

Theorem 63 The Reflexion Principle
One supposes d = 1. For every t > 0, denote S; = supy<; Bs. Then, if
a >0, and b < a, one has

P(StZa,Bt Sb):P(BtZQCL—b)
In Particuliar, Sy has the same law as |By|.

Remark 64 One should have in mind the image of a path that reaches height

"a” on the y-axis at some time s € [0,t], the reflexzion principle then tells us

it has the same probability of travelling ”a — b” distance in one direction or
the other in the remaining time. Although intuitively evident, we need most
of the technology built so far to prove this fact rigorously.

Proof. We apply Markov’s strong property to the stopping time
Ta = 1nf{t > 0, Bt = CL}.

We already know by Corollary 57 that T, < oo almost surely. Now

P(St 2 CL,Bt é b)

= P(T, <t,B; <b)

= P(T, < t,B{")) <b—a),
since Bg‘i_p)a = By — By, = By — a. We note B' := B(Ta), so that by Theorem
62, B’ is a brownian motion that is independant of Fr, thus of T,. Since B’

has the same law as —B’, the couple (7,, B’) has the same law as (T,, —B’).
Denote

H={(s,w) e Ry x C(RL,R):s<tand w(t—s)<b—a}.
Then our previous probability is

P((T,,B') € H)
= P((T,,—B') € H)
(1)

=P(T,<t,—B, % <b—a)
=P(T, <t,B;>2a—0)
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where the last equality come from the fact that 2a — b > a, thus {B; >
2a — b} CA{T, < t}.
For the second part of the assertion, note that

P(S; > a)

=P(S; >a,By>a)+ P(S; > a,B; <a)
= QP(Bt Z CL)

= P(|Bi| = a)

where the second equality follows from the reflexion principle for the second
term and from the fact that {S; > a, B; > a} = {B; > a} for the first. =

Remark 65 One still should have to prove the set H is measurable. This
is quite technical, if someone knows of a more easy proof, he or she should
please tell me about it!

First, as proven in [1] on page 226, the sigma algebra C on C(Ry,R"™) is the
borelian sigma algebra of the topology of uniform convergence on any compact
on C(Ry,R™). Two things should be said: first, on C'(R4,R™), the uniform
convergence on any compact topology coincides with the compact open topol-
ogy, and secondly, it is metrizable and separable. Once again, see [1], page
226. Now we know that in the event of seperable metrizable spaces E and
F, B(E®F)=B(F)® B(F), which means that the sigma algebra generated
by the product topology is the product sigma algebra of the sigma algebras
generated by the seperate topologies. We now conclude by remembering that
the evaluation map e; : Ry x C(Ry,R") — Ry =t (s,w) — w(t — s) is
continuous with the compact open topology on C(Ry,R™) and remark that
H=¢;'(Ry).

4.6 Levy’s characterization of Brownian motion

For those who are familiar with stochastic integration, here is a characteri-
zation theorem for brownian motion, the proof can be found in [2], pp 75-76.

Theorem 66 Lévy’s characterization of brownian motion

Let X = (X1, ..., X9) be a continuous, (F;)-adapted processes starting at zero.
FEquivalent are:

(1)X is an (F;)-brownian motion

(ii) The processes X', ..., X% are (F;)-continuous local martingales and fur-
thermore <Xi,Xj> = 0;;t

In particuliar, an (Ft)-continuous local martingale M starting at zero is an
(Fi)-brownian motion if and only if (M, M), =t Vt > 0.
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