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Abstract

We explore the interaction between geometry, symmetry, and randomness in stochastically
perturbed mechanical systems, in Hamiltonian as well as Lagrangian (variational) formula-
tions.

On the Hamiltonian side, we discuss a stochastic Kepler problem with a noisy angular
momentum vector. We show that the radial distance and speed evolve deterministically.
This allows us to regularize collisional singularities in a procedure similar to Moser’s regular-
ization. We generalize this to stochastic collective Hamiltonian systems. We show that the
solutions to these systems are given by the action of a Lie group valued semimartingale on
the deterministic solution and consequently, along directions transverse to the group orbits,
these systems retain the same dynamics as their deterministic counterpart. Furthermore, we
show that these systems can be described by coupling a deterministic Hamiltonian system to
a stochastic one. We also identify conditions under which the momentum map of a stochastic
Hamiltonian system evolves as a martingale on a reductive coadjoint orbit.

On the variational side, we construct fixed endpoint, local, and adapted variations
of semimartingales in manifolds. These variations are used to prove a stochastic version
of the Fundamental Lemma of the Calculus of Variations, which is subsequently applied
to studying the stochastic Hamilton-Pontryagin principle. We also provide a stochastic
analogue of Noether’s theorem. We treat the corresponding global form of the stochastic
Hamilton-Pontryagin principle via a novel approach to global variational principles by using
Stratonovich operators. We describe the reduction by symmetry of the stochastic Hamilton-
Pontryagin principle. Moreover, we also discuss stochastic collective dynamics from the
variational point of view. Similar to the Hamiltonian case, we show that the critical point
of the stochastic action is given by the action of a Lie group valued semimartingale on the
critical point of the deterministic action. We also provide a description of coupling to a Lie
group on the variational side.

Additionally, we extend the theory of reduction of Stratonovich differential equations,
which arises in stochastic Hamiltonian systems, to stochastic differential equations given by
Schwartz operators.
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Chapter 1

Introduction

Opposition brings concord. Out of discord comes
the fairest harmony.

Heraclitus, translated by Philip Ellis
Wheelwright, Heraclitus (Princeton University
Press, 1959)

Geometric mechanics studies symmetries and dynamics of mechanical systems using
differential geometric techniques. Not only does this facilitate the development of mechanics
in a coordinate-free language, but it also provides a unifying framework for the study of many
well-known mechanical systems. For instance, Euler’s equation for the free rigid body and
the Euler equations for an ideal fluid can both be viewed as special cases of Euler—Poincaré
equations on Lie groups. Lie group actions on manifolds provide an effective setting for
studying symmetries, allowing us to reduce the dimension of the phase space of a mechanical
system. From a numerical point of view, variational integrators and symplectic integrators
provide a way of numerically integrating mechanical systems such that the first integrals
remain conserved.

In stochastic geometric mechanics, the dynamic setting changes from deterministic,
smooth trajectories, to generally rough, non-differentiable paths. This is seemingly at odds
with the idea of “differential” geometry, with the immediate obstacle being the loss of classical
notion of the velocity of a curve.

To our knowledge, there are two ways of overcoming this in the literature. The first uses
forward and backward derivatives of stochastic processes. This approach is used in Nelson
[73] to describe a kinematical equation for Brownian motion that closely resembles Newton’s
second law. A derivation of the Schrédinger equation from Brownian motion can be found in
Nelson [72]. Yasue [92] shows that the kinematical equations of Nelson can be described from
a variational point of view. Applications of this approach to the (deterministic) Navier-Stokes
equation can be found in Nakagomi, Yasue, and Zambrini [71], Arnaudon and Cruzeiro [9, §|
and Cipriano and Cruzeiro [2I]. Arnaudon, Chen, and Cruzeiro [7] carry out Euler-Poincaré
reduction in this framework and semi-direct product reduction has been considered in Chen,



Cruzeiro, and Ratiu [20]. A Legendre transform as well as the Hamiltonian counterpart of
this formulation can be found in Huang and Zambrini [44].

The second approach involves working at the level of vector fields, rather than veloci-
ties. The rationale is that vector fields are geometric objects, and therefore symmetry and
reduction methods apply to them. In the stochastic setting, we consider a deterministic
vector field X as well as multiple vector fields corresponding to noise perturbations. Using
all of these vector fields we describe a Stratonovich stochastic differential equation, so that
the change of variables formula can be applied.

This approach is well-suited for studying stochastic perturbations of deterministic me-
chanical systems. In the real world, mechanical systems and measurements performed on
them are prone to noise. Mechanical systems perturbed by external noise were studied from
the Hamiltonian perspective by Bismut [I1] in Euclidean spaces. This was extended to Pois-
son manifolds by Léazaro-Cami and Ortega [55]. Reduction and reconstruction, as well as
skew-product decomposition of stochastic differential equations with symmetry were studied
by Lazaro-Cami and Ortega [54], wherein the deterministic theories of Poisson and symplec-
tic reduction of Hamiltonian systems are also extended to their stochastic counterparts.

Stochastic variational principles in this perturbative setting have been studied in [55]
using a stochastic version of Hamilton’s principle in phase space. In Holm [43], a stochastic
Clebsch variational formulation is introduced, which is now known as Stochastic Advection by
Lie Transport (SALT). The SALT framework has led to several developments in data-driven
models of uncertainty in geophysical fluid dynamics and oceanography. See, for instance,
[43], Cotter, Gottwald and Holm [24], Gay-Balmaz and Holm [39], Cotter et al. [23], Drivas,
Holm and Leahy [34] and Street and Crisan [88]. Finite-dimensional applications have been
considered in Arnaudon, de Castro and Holm [3, 4] and Cruzeiro, Holm and Ratiu [29].

The approach to stochastic geometric mechanics adopted in this thesis is the second
one. In this context we study symmetries in mechanical systems perturbed by external noise
from both the Hamiltonian and variational principle perspective.

This thesis is divided into three parts. Part I consists of preliminaries, Part II studies
stochastic Hamiltonian systems, and Part III studies stochastic variational principles.

Part I is divided into two chapters. The first chapter is a brief introduction to determin-
istic geometric mechanics. The topics we review are Hamiltonian vector fields, momentum
maps, Hamiltonian reduction and reconstruction, variational principles, and Lagrangian re-
duction.

The second chapter introduces stochastic calculus in manifolds using the language of
second order differential geometry. The use of second order differential geometry in stochastic
calculus is due to the work Schwartz [83] and Meyer [67, [66], and is motivated by the second
order nature of the Itd change of variables formula. Much of the exposition in this chapter
closely follows that of Emery [36]. In Section , we provide results on reduction and
reconstruction of Stratonovich differential equations due to Lazaro-Cami and Ortega [54].



We also extend their results on reduction of Stratonovich equations to reduction of more
general stochastic differential equations given by Schwartz operators.

Part II addresses stochastic Hamiltonian systems, and is organized into five chapters.
In Chapter [4] we present stochastic Hamiltonian systems and their symmetries, as well as
associated reduction theorems, following [55, [54].

In Chapter [5| we introduce a stochastic perturbation of the deterministic Kepler problem
that affects the angular momentum vector. This perturbation destroys the symmetries of
the Kepler problem, and therefore stochastic symmetry reduction methods do not apply.
However, along the radial direction the stochastic problem has the exact same evolution
as its unperturbed counterpart. This allows us to regularize collisional solutions in the
stochastic Kepler problem by adapting a regularization method due to Moser [70].

The next three chapters are all motivated by the stochastic Kepler problem. In Chapter
[0, we generalize the setup of the stochastic Kepler problem to stochastic collective Hamilto-
nian systems. These systems describe a deterministic Hamiltonian system, invariant under
the action of a Lie group G, whose associated momentum map is subjected to stochastic
perturbations. The stochastic systems are generally not invariant under the action of the
symmetry group and hence, symmetry reduction methods for stochastic differential equations
cannot be applied in this setting. However, along the ‘symmetry direction’ the evolution of
the stochastic system coincides with the deterministic evolution. More precisely, we show
that the solutions of the stochastic problem can be expressed as the deterministic solution
with an additional G-valued stochastic phase. This allows us to prove that the projection of
a solution of the stochastic system onto the reduced space evolves deterministically, enabling
full reconstruction of the stochastic dynamics from reduced solutions of the deterministic
problem. This is done in two steps - the first step is deterministic, and it involves lifting a
solution of the deterministic reduced problem to a solution of the unreduced deterministic
problem. The second step is stochastic, and it corresponds to adding a stochastic phase to
the deterministic solution of the unreduced problem.

In Chapter [7] we couple a G-invariant deterministic Hamiltonian system defined on
a phase space P with a stochastic Hamiltonian system defined on T*G. We show that
this coupling gives rise to a stochastic collective Hamiltonian system on P. Moreover, the
stochastic phase and the momentum map of the stochastic collective Hamiltonian system
correspond to the dynamics of the stochastic Hamiltonian system on T*G.

In some cases, the evolution of the momentum map is actually a Brownian motion on
a coadjoint orbit. This implies that, although the momentum map is not conserved, its
drift is a conserved quantity. As a generalization of this idea, in Chapter [§| we look for
conditions when the momentum map of a stochastic perturbation of a Hamiltonian system
is a martingale on a coadjoint orbit. We find necessary conditions for the momentum map to
be a martingale on reductive coadjoint orbits equipped with the canonical affine connection.
This also allows us to generalize the stochastic Noether’s theorem due to Lazaro-Cami and
Ortega [55].



Part III consists of three chapters and focusses on stochastic variational principles. In
Chapter [9) we provide a solution to the ‘adaptedness problem’ in stochastic variational prin-
ciples. Roughly speaking, this problem asks whether, given a (continuous) semimartingale
I' in a manifold M, a chart U C M and a fixed time 7" > 0, it is possible to create a
deformation € — I'. of I' so that the associated variation dI' vanishes everywhere outside U
as well as at times ¢ = 0 and t = T. Here we require that I'. and dI' are semimartingales
on M and T'M respectively, so that the stochastic action integrals and their variations are
well-defined. There are two main difficulties here. The first is to make sure that the defor-
mation and variations constructed remain adapted to the underlying filtration. The second
one stems from the fact that the entry and exit times for a chart are usually stopping times,
and therefore are random. Thus, we need to ensure that the variations vanish not only at
deterministic time t = 0 and ¢t = T', but also at random times. Both of these difficulties are
resolved in this chapter.

Having constructed variations of semimartingales, we prove a stochastic analogue of the
Fundamental Lemma of Calculus of Variations. We use this to describe the local form of
the stochastic Hamilton-Pontryagin principle introduced by Bou-Rabee and Owhadi [13] and
recently studied by Street and Takao [89]. We also prove the variational principle side of
the stochastic Noether’s theorem. For the corresponding global formulation of the stochastic
Hamilton-Pontryagin action principle, we show that the problem may be reformulated in
terms of Stratonovich operators. These are deterministic objects which serve as generaliza-
tions of vector fields and are used to define Stratonovich stochastic differential equations.
This allows us to recast the stochastic variational problem as a deterministic variational
problem, which can be tackled by using the (deterministic) Fundamental Lemma of the
Calculus of Variations.

Chapter [10] studies the reduction by symmetry of the stochastic Hamilton-Pontryagin
principle. We assume that the stochastic action integral is invariant under the free and
proper action of a Lie group G. Then, by choosing a principal connection, we show that it
drops to a stochastic action integral on a reduced space. The critical points of this reduced
action are described by two sets of equations in the reduced space. One set of equations
take the form of stochastic Euler-Lagrange equations with a curvature-induced forcing term.
These equations correspond to the evolution in the horizontal direction determined by the
connection. The other set corresponds to the evolution in the vertical direction, and is similar
to stochastic Euler-Poincaré equations. We use covariant Stratonovich calculus extensively
to ensure that the reduced equations are coordinate independent.

In Chapter [11], we study stochastic collective motion from the Lagrangian point of view.
Similar results to Chapter [6] can also be obtained in the Lagrangian formulation, that is,
the critical point of the stochastic action functional may be expressed as the action of a Lie
group valued semimartingale on the critical point of the deterministic action functional. We
further formulate a coupling between a stochastic variational principle on the Lie group and
a deterministic variational principle on the configuration manifold. This allows us to recover
both the evolution of the momentum map and the stochastic phase from a single coupled
variational principle. In this sense, this provides the variational counterpart to the coupling
mechanism discussed in Chapter [7]



A summary of the main contributions is given below:

1. In Section (3.5, we formulate the reduction of stochastic differential equations given by
Schwartz operators.

2. In Chapter [f], we describe a stochastic perturbation of the Kepler problem that only af-
fects the angular direction. We also show that collisions in this problem are regularized
in the sense of Moser. The results in this chapter also appear in [80].

3. We generalize the example of the stochastic Kepler problem to stochastic collective
perturbations of deterministic Hamiltonian systems in Chapter [f,. We show that these
stochastic perturbations leave the symmetry direction unaffected. In Chapter [7, we
show that these systems model the coupling between a deterministic and a stochastic
Hamiltonian system.

4. In Chapter [§, we establish necessary conditions for the momentum map to be a mar-
tingale on a reductive coadjoint orbit.

5. In Chapter [9] we provide a detailed construction of fixed-endpoint variations of semi-
martingales on manifolds. This is used to prove a stochastic analogue of the Fundamen-
tal Lemma of Calculus of Variations. As an application of the variational framework we
present a proof of the local form of the stochastic Hamilton-Pontryagin principle. We
also provide a stochastic version of Noether’s theorem on the variational principle side.
Then we discuss the intrinsic form of the stochastic Hamilton-Pontryagin principle by
working at the level of Stratonovich operators. These results are published in [81].

6. We develop the reduction by symmetry of the stochastic Hamilton-Pontryagin principle
in Chapter [10]

7. The variational principle viewpoint of stochastic collective dynamics is investigated in
Chapter [I1, We provide analogous results to Chapter [6] on the Lagrangian side and
describe the coupling mechanism via a coupled stochastic variational principle.

We end by outlining some future areas of research.



Part 1

Preliminaries



Chapter 2

A Brief Review of Geometric Mechanics

The formulation of mechanics in the language of differential geometry serves three major
purposes. The first one is that the laws of mechanics can be formulated on manifolds in a
coordinate-free way. Coordinate invariance allows us to study important geometric features
underlying mechanical systems, both in finite and infinite dimensions. Moreover, it makes
the equations of motion invariant under coordinate change, allowing us the choice of any
preferred coordinate system for tackling a specific problem. Second, the geometric ideas
involved can be used to provide a unifying framework for studying many seemingly disparate
examples, such as the Kepler problem, the rigid body, fluids, and quantum mechanics. Third,
the formulation of mechanical systems on smooth manifolds allows us to study symmetries
through Lie group actions, which greatly help in reducing the dimension of the phase space
of a mechanical system. We shall provide a brief sketch of geometric mechanics following
Marsden [60], Marsden and Ratiu [62], and Holm, Schmah, and Stoica [42].

In Section 2.1, we discuss the Hamiltonian formulation of mechanics. In Hamiltonian
mechanics, we define a smooth function H on a manifold with some additional structure,
such as a symplectic form or a Poisson bracket. The smooth function H is usually thought of
as the total energy of a mechanical system. The additional structure on the manifold allows
us to define a special vector field, called the Hamiltonian vector field, corresponding to H.
In Cartesian coordinates, if the Hamiltonian H is the sum of kinetic and potential energies
of a mechanical system, then the integral curves of the Hamiltonian vector field describe
solutions to Newton’s second law of motion and their associated momentum.

Following this, we shall discuss Noether’s theorem, which, roughly speaking, states that
conserved quantities are naturally associated with symmetries of a mechanical system. This
idea will be formalized in Section where we consider momentum maps for mechanical
systems.

In Section 2.3 we consider reduction and reconstruction methods in Hamiltonian me-
chanics. In Hamiltonian reduction, at the geometric level, one shows that the geometric
structure underlying the Hamiltonian system drops to a similar geometric structure on a
reduced space. At the dynamic level, one shows that the Hamiltonian vector field drops
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to a vector field on the reduced space, which is Hamiltonian with respect to the reduced
geometric structure.

In the next section, we focus on the variational formulation of mechanics where one
constructs an action integral starting from a Lagrangian function defined on the tangent
bundle of a manifold. The Lagrangian is often the difference of the kinetic and the potential
energies of a mechanical system. The trajectory of the mechanical system is determined by
finding the critical point of this action integral among all curves with fixed endpoints, which
corresponds to solving the Euler-Lagrange equations for the Lagrangian. The connection
with Hamiltonian mechanics is made using the Legendre transform.

Finally, in Section we discuss reduction of variational principles. Roughly speaking,
one shows that in the presence of symmetries, both the action integral and Euler-Lagrange
equations drop to a reduced action integral and a reduced set of equations of motion re-
spectively, and finding the critical points of the reduced action is equivalent to solving these
reduced equations of motion.

2.1 Hamiltonian Mechanics

All manifolds considered here will be assumed to be connected and finite dimensional, unless
otherwise mentioned.

Definition 2.1.1. A Poisson bracket on a smooth manifold P is a bilinear, skew-symmetric,
binary operation

{-,} : C®(P) x C*(P) — C>~(P)
such that for all f,g,h € C*(P)
L {fg,h} = f{g.h} +g{f h}
2. {fAg.h}} + {9, {h, f}} +{h.{f. g}} =0.

A Poisson manifold is a pair (P, {-,-}) where {-,-} is a Poisson bracket on P. Often
we will denote this pair by P if there is no ambiguity.

Given a Poisson manifold P, if I’ € C*°(P) satisfies {F, f} =0 for all f € C*(P) then
we say that F'is a Casimir of the Poisson manifold.

Morphisms between Poisson manifolds are defined as follows:

Definition 2.1.2. Given two Poisson manifolds, (P, {-,-},) and (P»,{-,-},), a Poisson
map I : P, — P, is a smooth map that satisfies {f,g}2 0 FF = {f o F,g o F'}; for all
fa g€ COO(P2)

Poisson manifolds are closely linked to symplectic manifolds, which we now define.
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Definition 2.1.3. A closed, non-degenerate 2-form €2 on P is called a symplectic form
and the pair (P, () is called a symplectic manifold. As in the case of Poisson manifolds,
we will write this pair as P when there is no reason for confusion.

Morphisms between symplectic manifolds are often called canonical transformations in
the context of classical mechanics. The definition follows:

Definition 2.1.4. Let (P,2) and (M, Z) be symplectic manifolds. A map F': P — M is
said to be symplectic or canonical if F*= = ), where ['* denotes the pullback of = by F.
F is said to be a symplectomorphism if F' is a symplectic diffeomorphism.

It is a standard result that finite dimensional symplectic manifolds are even dimensional.
The proof consists of first showing that if V' is a vector space and () is a skew-symmetric,
non-degenerate bilinear form on V', then V must be even dimensional. Next, if (P, () is a
symplectic manifold, then, for every p € P, with V' = T,,P we obtain that dim 7},P = dim P
is even.

An important class of examples of symplectic manifolds are cotangent bundles of man-
ifolds. Let ) be a smooth manifold and consider the 1-form 6 on T*() defined at each point
(¢,p) € T°Q by

0(q,p) = poT,mrq,

where 7+ @ T*Q — @ is the basepoint projection (¢,p) € T*Q + ¢ € Q. This is called
the tautological 1-form or the Liouville 1-form on 7*(). Then, denoting the exterior
derivative by d, the 2-form 2 = —d#f is a symplectic form on T*(Q), called the canonical
symplectic form. If (¢, p;) are cotangent-lifted local coordinates on T*Q, then § = p;dq’
and Q2 = dq'Adp; (where we assume the summation convention). Unless otherwise mentioned,
from now on we will always consider tangent-lifted coordinates on T'¢) and cotangent-lifted
coordinates on T™(Q).

The next theorem shows that every symplectic manifold locally behaves like a cotangent
bundle of a smooth manifold.

Theorem 2.1.5 (Darboux). Let (P,{2) be a symplectic manifold with dim P = 2n. Given
any p € P, there exists a coordinate chart (U, (z',--- 2" y* -+ ,4y")) such that Q, =
dx' A dy'.

Having established the geometric setup, we now define Hamiltonian vector fields.

Definition 2.1.6. Let P be a smooth manifold and consider a smooth function H € C*(P)
that we will call a Hamiltonian.

1. Let € be a symplectic form on P. The Hamiltonian vector field of H is the vector
field Xy satisfying
ix,$d=dH,

where iy, denotes the interior product of the vector field Xy with €.
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2. Let {-,-} be a Poisson bracket on P. The Hamiltonian vector field of H is the
vector field Xy satisfying

Xulfl={/H},
for all f € C°(P). Here, Xg[f] is the Lie derivative of f in the direction of Xpg.

In case of symplectic manifolds, the finite dimensionality hypothesis assures us that the
Hamiltonian vector field exists uniquely. Under a choice of Darboux coordinates (z°,y’) on
P (i.e. coordinates that satisfy Darboux theorem), the integral curves for the Hamiltonian
vector field Xy are given by the following system of differential equations:

.  OH
= o
G oH
Y T or

and in the case when P = T*(Q with coordinates (¢', p;), these equations are locally given by

_OH

T 2.1.1

= (2.1.1)
oOH

= ———. 2.1.2

p’L aql ( )

An important property for the flow of Xy in the symplectic case is that it preserves the
symplectic form.

Proposition 2.1.7. Let ¢, : P — P denote the time ¢ flow of Xg. Then ¢, is symplectic.

Every symplectic form naturally leads to the musical isomorphisms
QTP —T*Pand QO : T*P — TP
given by
(X)), Yy) = (X, Y,) for allp € Pand X, Y, € T,P

OF = ()L

In terms of these musical isomorphisms, we have
O(Xy) = dH and Xy = QF(dH).

Now, suppose P is a Poisson manifold. Then z(¢) is an integral curve of Xy if for every
fec=(p),

V) _ xalf1zw) = 1. 1Y G0,

Akin to the symplectic case, when P is a Poisson manifold, the time ¢ flow of X is a Poisson
map. Note that, with f = H, we see that H is conserved along any integral curve. Moreover,
Casimirs are always conserved along integral curves as well.
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The two notions of Hamiltonian vector fields are related as follows. Suppose (P, () is
a symplectic manifold. Define {-,-} on P by {F,G} = Q(Xp, Xg), for all F,G € C>(P).
Here X and X are the Hamiltonian vector fields of F' and GG on the symplectic manifold
(P,Q). Then, {-,-} is a Poisson bracket on P. Moreover, given H € C°°(P), denote by Xy,
the Hamiltonian vector field of H on the Poisson manifold (P, {-,-}). Then, by definition,
for every f € C™(P),

Xulfl ={f H} = UXy, Xpg) = (df, Xu) = Xulf].

Therefore, Xy = Xy, that is, the two notions of Hamiltonian vector fields coincide.

Note that every symplectic manifold is also Poisson. However, the converse is false. For
instance, if P =R and {-,-} =0, then {, -} is a Poisson bracket but R is not a symplectic
manifold since it is not even-dimensional.

An important example of a Poisson manifold is the dual of the Lie algebra g* of a Lie
group G equipped with the Lie-Poisson bracket, which we now describe.

Example 2.1.8 (Lie-Poisson bracket). Let G be a Lie group, g = T.G be its Lie algebra and

g* be its dual Lie algebra. Let [-,-] : g X g — g be the Lie bracket on g. Given f € C*(g*),
define % € g by <V, %> = df (u)(v), for every v € g*. The +-Lie-Poisson brackets on g*

are defined to be 57 5
{f,9}=(n) ==+ <u7 l@, i} > (2.1.3)

for every f,g € C*(g*) and p € g*. Given h € C*(g*), the integral curves of X} with
respect to the + Lie-Poisson brackets are given by the Lie-Poisson equations

fr = Fadsm p,
where, given any § € g, ad; : g* — g* is defined by

(adfp,m) = (u, aden) = (i, [€,7])

for all p € g* and n € g.

2.2 Momentum Maps

We assume that ¢ : G x P — P is a smooth action of a Lie group GG on a Poisson manifold
P. Given any g € G and p € P, we will let ¢,(p) or gp denote the element ¢(g,p) € P.

Definition 2.2.1. We will say that the G-action on P is canonical or Poisson if for each
g € G, the map p € P+~ gp € P is a Poisson map.

We will henceforth assume that the action of G on P is Poisson. Given £ € g, the
G-action on P induces a vector field on P in the direction of ¢ in the following way: let

exp : g — G denote the Lie exponential map. Then, we define the infinitesimal vector

field on P along ¢ or generated by ¢ as {p(p) == %‘ O(exp(t&')p) for all p € P.
t—
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Definition 2.2.2. Let J : P — g* be a smooth map and for each £ € g, define J*: P — R
by Jé(p) = (J(p),€) for all p € P. J is called a momentum map if for every £ € g,

Xye =&p.

Remark 2.2.3. If J is a momentum map and py € g* is a constant then J + g is also a
momentum map.

Suppose P = T*(@) and G has a left action ¢ on Q. Given each g € G and p, € T;Q,
we define the cotangent lifted action of G on T*Q by p, — (Tye¢,-1)" (pg). Then, the
cotangent lifted action of G on P admits a momentum map given by the Noether’s formula:

J4(pg) = (Pg, €0 (a)) -

As a special case, the momentum map of cotangent lift of the action of SO(3) on R? is given
by

(a,p) € R’ x R? > (q x p) € 50(3)",
where the ‘breve’ map p € R® — i € 50(3)* identifies R® with so(3)*. The details of this
identification, as well as the identification of s0(3) with R? via the ‘hat’ map £ € R? — £ €
50(3) can be found in [42] Examples 5.35 and 5.36].

The presence of a momentum map helps us in relating conserved quantities with sym-
metries via Noether’s theorem, which we now state.

Theorem 2.2.4 (Noether). Let H be a G-invariant Hamiltonian and suppose that the G-
action on the Poisson manifold P admits a momentum map J. Then J is conserved along
the flow of Xy.

Definition 2.2.5. Suppose J : P — g* is a momentum map for the G-action on P. For
g € G,let Ady : g — g denote the adjoint action of g on g, that is, Ad,(§) = Ty R,;-10T.Ly(§),
for every £ € g. Denote by Ad}_, : g* — g* the dual map of Ad,-1. We say that J is:

1. Equivariant or coadjoint equivariant if the following diagram commutes for all

g€ G:
J I g*
bg Ady_,
p—7 g*

2. Infinitesimally equivariant if J&7 = {J¢ J7}, for every &, 7 € g.

The momentum maps corresponding to cotangent lifted group actions are equivariant.
In general, equivariant momentum maps are infinitesimally equivariant. The converse is true
when G is connected, but not true in general. This is proven in |62, Theorem 12.3.2].

An important property of infinitesimally equivariant momentum maps is that they are
Poisson maps. More precisely, we have the following proposition:
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Proposition 2.2.6. Suppose a Lie group G acts canonically on a Poisson manifold P and
the action admits an infinitesimally equivariant momentum map J : P — g*. Then, given

any f,g € C*(g"):
{figtyod={folJygoJ}.

If one considers a right action instead of a left action then the (4) Lie-Poisson bracket
is replaced with a (—) Lie Poisson bracket.

An important class of Hamiltonians are those which are smooth functions of momentum
maps.

Definition 2.2.7. Let f € C*°(g*) and J : P — g* be a momentum map for the action of
a Lie group G on P. Then foJ: P — R is called a collective Hamiltonian.

The next theorem describes the Hamiltonian vector field corresponding to a collective
Hamiltonian.

Theorem 2.2.8 (Collective Hamiltonian Theorem). Let f € C*(g*) and H = foJ. Then,

gi\/en any p € P
)
uw=J(p) p( )

op
2.2.1 The Action of a Lie Group on its Cotangent Bundle

Xu(p) = (

An important special case is the action of Lie group G on its cotangent bundle T*G. For
every g € G, let Ly : G — G and R, : G — G denote the left and right translation maps
he G~ Lyh)=gheGandheGw— Ry(h) =hg € G. Then, this induces corresponding
cotangent lifted left and right actions of G on T*G given by,

g-an = (TynLg1) an =: ¢y (an)

ap - g = (ThgRy—1) oy, =: gzﬁf(ozh).
Let J and Jr denote momentum maps for the cotangent lifts of the left and right action

of G on itself, respectively. Then, given any o, € TG and § € g, by Noether’s formula, we
have

JE(O‘Q) = (ag, TeRy(§)) = (T7 Ry(ag), €)
Jl%(“y) = (g, TeLy(€)) = (T7 Ly(ayg), €)
since {q(g) = T.Ry(&) for the left action of G on itself and {;(g) = TeLy(&) for the right

action of G on itself. As a result, Jy(o,) = o, - ¢! and Jr(ey) = g7' - ay. Given any
ay € T,G and & € g, we have

<Ad;*1JR<O‘g)a§> = <(T:Lg>agaTng*1 © TeRg(é»
= <agaTeRg(§)>
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= <T:Rg<ag)a £)
= (Jr(ay),€)

which shows that Jr(ay) = Ady-1J(ay). Given any h € G, we also have

)

<JR(059 -h), &) = <(gh)71 : (O‘g : h),§>
= ((TeLgn)" o (TynRp-1)" (), &)
= ((TgnRp—1 0 TeLyn)* (), §)
= (g, (TgnRp-1 0 T Lgn)§)
= (g, TeLy(Ad(€)))
= (A, (T Ly(ay)), )
= (Ad}(Jr(ay)),€) -

Hence, Jg(oy - h) = AdjJr(ay,). This is still coadjoint equivariant, once we consider the
coadjoint action u € g* — Ad u € g* for every g € G and p1 € g*. This means that following
diagram commutes for all g € G:

™G —R, g*

bl

TG R g~

For the case of infinitesimal equivariance, one uses the (—) Lie-Poisson bracket for Jr and
the (+) Lie-Poisson bracket for J,. Note that, by Noether’s theorem, given a Hamiltonian
H € C=(T*G), J, is conserved if H is invariant under the cotangent lift of left translation
and Jp is conserved if H is invariant under cotangent lift of right translations.

2.3 Hamiltonian Reduction and Reconstruction

We now describe how symmetries reduce the phase space of a Hamiltonian system, and
how we can reconstruct the trajectories of the original system from the trajectories of the
reduced system. First, we will state the Poisson reduction theorem and the Lie-Poisson
reduction theorem, which is the Poisson Reduction Theorem applied to cotangent bundles
of Lie groups, and then we will state the symplectic reduction theorem.

Theorem 2.3.1 (Poisson Reduction Theorem). Let (P, {-,-}) be a Poisson manifold and
assume that the Lie group G acts on P by Poisson maps. Assume that P/G is a smooth
manifold and the projection 7 : P — P/G is a submersion (this is true if the action of G
on P is free and proper). There exists a unique Poisson bracket {-,-} ., on P/G defined by
{f,g}recaom={fomgom}, forall f,g e C*°(P/G), for which 7 is a Poisson map.

Further, suppose H is a G-invariant Hamiltonian on P and define the reduced Hamil-
tonian h € C*°(P/G) as the unique Hamiltonian on P/G satisfying H = h o w. Let ¢ and
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¢4 denote the Hamiltonian flows of H and h, respectively. Then, for all ¢, p**dom = 7o ;.

If z(t) is an integral curve of Xy, then 7o 2(t) is an integral curve of Xj,.

As a special case, with P = T*(G, we obtain Lie-Poisson reduction. We provide some
more details in this case.

If P = TG then G acts on P via cotangent lifts of left, as well as right actions,
as described in the previous section. Corresponding to each of these actions, one obtains
diffeomorphisms

M TG Gxg, aeT*Gr (9,9 o) €Gx g
M TG — G x g, a,€T*Gw (g,a,-97") €G x g*.

The maps A\;, and A\ are called the left and right trivialization maps respectively. Then
the canonical Poisson bracket {-,-} on 7*G can be pushed forward to a Poisson bracket on
G x g* under each of these trivializations. Let mg : G X g* — g* denote the projection
onto the g*-direction. Then Jr = mg- o A\, and J = 7y« o Ag, where Jr and J; are the
momentum maps for the cotangent lifts of the right and left translation actions respectively.
By equivariance of Jr and J, these maps are Poisson maps from (7*G, {-,-}) onto g% :=
(8", {-,-}3) respectively, where {-,-}_ are the (—) and (+) Lie-Poisson brackets on g*.

Now let H € C*(T*G) be a left G-invariant Hamiltonian, that is, it is invariant under
cotangent lifts of left translations . Then, by G-invariance, for all g € G, we obtain a
reduced Hamiltonian hy in C*°(g* ) that satisfies H = hy o Jg. Explicitly, we have, hz(u) =
H(A\;'(e, ). The Lie-Poisson equations for hy, is given by

for, = adsn, fir.
Sl
Note that p; describes the evolution of Ji along integral curves of Xpy. Thus, for left Lie-
Poisson reduction, Jg acts as the dynamic variable for the reduced system, and J; acts as
the conserved momentum. For right Lie-Poisson reduction, one reverses the roles of J;, and
Jr and uses the (+) Lie-Poisson bracket on g*.

Moreover, given an integral curve py (t) of the Lie-Poisson equations for hy,, with p,(0) =
fo, an integral curve for Xy starting at oy, € T, G can be easily reconstructed. Let z(t) be

the required integral curve, and suppose z(t) projects to a curve g(t) on G. Then
JL(Z(t)) = Ad;(t)—ljR(Z(t)) = Ad;(t)_luL(t)

Differentiating this relation, and using the fact that .J;, is conserved, one obtains the following
result:

Proposition 2.3.2 (Reconstruction Theorem for Lie-Poisson Reduction). Let up(t) be an
integral curve of the Lie-Poisson equation

fir, = adsn, jir

Spy,
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with 17,(0) = Jr(ay,) for some gy € G and oy, € Ty G. Let g(t) be the curve in G satisfying

0

Ohr,

5/7) , 9(0) = go.

g(t) — TeLg(t) (

Then z(t) = g(t) - p(t) is an integral curve of Xy with 2(0) = ay,.

If P is a symplectic manifold and the G-action on P admits a coadjoint equivariant
momentum map, then one can use symplectic reduction to obtain dimensionally smaller
reduced spaces in general.

Theorem 2.3.3 (Symplectic Reduction Theorem, Marsden and Weinstein [58]). Let (P, )
be a symplectic manifold and G be a Lie group acting canonically on P. Assume that the
G-action on P is free and proper. Let J be a coadjoint equivariant momentum map for
this action. Let p be a regular value of J and suppose G, is the isotropy subgroup of
under the coadjoint action of G' on g*. Additionally, assume that G, acts freely and properly
on J~(u), so that P, := J~'(u)/G, is a smooth manifold. Then, there exists a unique
symplectic form 2, on P, satisfying i;,Q = m,{2,, where i, : J 1 (u) — P denotes the
inclusion and 7, : J~'(u) — P, denotes the projection.

Moreover, let H € C*°(P) be a G-invariant Hamiltonian and define the reduced Hamil-
tonian h, € C*(P,) as the unique Hamiltonian on P, satisfying h, om, = H o1,. Then, the
integral curves of Xy project to those of Xj,,.

We remark that applying the symplectic reduction theorem to the case P = T*G
equipped with the canonical symplectic form, with G acting on it via cotangent lifted left
(respectively, right) action, yields the coadjoint orbit O, through a regular value pp (respec-
tively, pr) of Jp (respectively, Jg) as the reduced space. The reduced symplectic form on
O, is consistent with the (+) (respectively (—)) Lie-Poisson bracket on g*. The symplectic
forms on O, thus obtained are called the orbit symplectic forms or the Kirillov-Kostant-
Souriau (KKS) symplectic forms.

Closely related to the symplectic reduction theorem is the orbit reduction theorem due
to Marle [57] and Kazhdan, Kostant, and Sternberg [45].

Theorem 2.3.4 (Orbit Reduction Theorem). Let (P, 2) be a symplectic manifold and G
be a Lie group acting canonically on P. Assume that the G-action on P is free and proper.
Let J be a coadjoint equivariant momentum map for this action and H be a G-invariant
Hamiltonian on P. Given a regular value u of J, suppose O, is the coadjoint orbit through
p. Then Pp, := J'(0,)/G is a regular symplectic quotient manifold with the symplectic
form Qp, defined as follows:

Let Jo, denote the restriction of J to J~'(0,) and wgu denote the orbit symplectic form cor-
responding to the (+)-Lie-Poisson bracket. Let mp, : J7'(O,) — Po, and io, : J 1(0,) —
P denote the natural projection and inclusion, respectively. Then ¢, is uniquely charac-
terized by

i0,S0 =Tmp o, + Jguwg#.
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Let H be a G-invariant Hamiltonian and define the reduced Hamiltonian hep, € C*(Pp,)
by
h@u O’/TO# =H Oiou.
Moreover, let © denote the conserved value of J along the flow ¢; of X. Then ¢; leaves the
connected components of J~!(0,) invariant and commutes with the G-action. The reduced
ﬂ Ou . .
ow ;" on Pp, uniquely determined by

. O,
To, ©PtOlo, = Yy OTo,
is Hamiltonian, and corresponds to the flow of X ho,, O Po,.
It is shown in [78, Theorem 6.4.1] that the orbit reduced spaces Pp, are symplectomor-

phic to the symplectic reduced spaces P,. The relation between symplectic reduction, orbit
reduction, and Poisson reduction is shown in the following diagram:

T (w) c J10,) c P
symplectic reduction orbit reduction Poisson reduction
JHw)/G, = J7H0,)/G C P/G

2.3.1 Reconstruction of Dynamics

Complementary to the process of reduction is the process of reconstruction. While reduction
removes symmetries and provides a reduced Hamiltonian vector field on a dimensionally
smaller space, reconstruction allows us to lift the solution of the reduced Hamiltonian vector
field to a solution of the original Hamiltonian vector field in the unreduced space. We have
already seen this in the case of Lie-Poisson reduction. In general, this process of ‘unreduction’
requires extra structure on the manifold, namely, a principal connection. We will carry this
out in the symplectic reduction case. The process is similar for Poisson and orbit reductions.

Definition 2.3.5. Let P be a smooth manifold and G be a Lie group acting freely and
properly on P. A principal connection on 7 : P — P/G is a g-valued 1-form A : TP — g,
such that the following properties are satisfied:

1. For every £ € g, Ao &p =&, where £p is the infinitesimal vector field generated by &.

2. A is equivariant with respect to the tangent lifted action of G on TP and the Ad
action of G on g, that is, for all p € P, v, € T,P and g € G, we have A(T,¢,4(v,)) =
Ady(A(vy)).

Principal connections allow us to decompose the tangent bundle of P into a ‘symmetry’
direction and a ‘transverse’ direction. More concretely, for any point p € P, we define

Hor T,P := {v, € T,P | Ay(v,) = 0},
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Ver T,P := {v, € T,P | T,,w(v,) = 0}.

Then T,P = Hor T),P ® Ver T,,P. We say that Hor 7, P is the horizontal space at p €¢ M
and Ver T),P is the vertical space at p € P. We can define the horizontal and vertical
bundles of P by

Hor TP := | J Hor T, P,

peEP

Ver TP := | J Ver T,P.

peP

Then TM = Hor TP @& Ver TP, where @ is the Whitney sum. Given a curve z(t) in P/G,
denote by 2"(t) the horizontal lift of z(¢) starting at p € P, that is, 2"(¢) satisfies 2*(0) = p,
A(2"t)) = 0 and 7(2"(t)) = z(¢). Then, the reconstruction theorem for symplectic reduction
may be stated as follows:

Theorem 2.3.6 (Reconstruction Theorem, Marsden [60, Theorem 6.1]). Let P be a sym-
plectic manifold, H € C*°(P) be a G-invariant Hamiltonian, and p € P. Suppose A is a
principal connection on the principal bundle 7, : J~!(u) — P, where u is a regular value of
J. Let z(t) be an integral curve of the Hamiltonian vector field Xj,, corresponding to the
reduced Hamiltonian h, on P,. Then, the integral curve v(t) of X; with v(0) = p may be
constructed as follows:

1. Horizontally lift 2(¢) to a curve z"(t) with 2(0) = p.
2. Consider the g-valued curve £(t) = A o X, (2"(t)).

3. Let g(t) be the solution of g(t) = T.Lyw&(t), with g(0) being the identity element in
G. Then v(t) = g(t)2"(t).

2.4 Variational Principles in Mechanics

The foundation of the Lagrangian formulation or variational formulation of mechanics is
Hamilton’s principle of stationary action. This states that if £ € C>®(TQ) is the
Lagrangian function for a mechanical system then the evolution of the system between fixed
times t; and ¢, is along a trajectory ¢(t) where the functional S(q(+)) := ;12 L(q(t),q(t))dt
from the space of curves with fixed endpoints in ) at t = t; and t = t, to R has a critical
point. It is well known from the theory of calculus of variations that finding such a curve is

equivalent to solving the Euler-Lagrange equations for L.

Theorem 2.4.1. The curve ¢(t) is a critical point for S for all deformations € — ¢.(¢)
satisfying q.(t1) = a and ¢.(t2) = b, for some a,b € @, if and only if ¢(¢) solves the Euler-
Lagrange equations
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that is,
doL oL

dtdgi g

in every coordinate system.

The passage from the Lagrangian description to the Hamiltonian description occurs
through the Legendre transformation.

Definition 2.4.2. Let £ € C*(TQ). The Legendre transformation of £ is the map
FL:TQ — T*Q defined by

(FL(0y) wg) = -

s szoﬁ(vq + sw,)

for every ¢ € @ and v, w, € T,Q). L is said to be regular if F'L is locally invertible, and
hyperregular if F'L is a diffeomorphism.

In local coordinates (q,v) on TQ, one has FL(q,v) = g—f(q,v). Note that if £ is
hyperregular then it is regular. For regular Lagrangians, the Euler-Lagrange equations may
be cast into a similar form as Hamilton’s equations on 7*@). To see this, we pull back the
Liouville 1-form 6 and the symplectic form €2 on T*Q via FL to obtain a 1-form 6, and a
2-form €2, on T'Q). Then, since the exterior derivative commutes with the pullback, one gets
Qr = —df.. Define the associated energy corresponding to £ by

Er(vg) = (FL(vy),vq) — L(vg)

for all ¢ € @ and v, € T;Q). By regularity of £, it can be shown that (2, is non-degenerate,
so there exists a unique vector field Z, on T'Q), such that

iz, = dE;.

The vector field Z is called a Lagrangian vector field. Marsden and Ratiu [62, Theorem 7.3.3]
show that regularity of £ implies that Z, satisfies Tmrg o Zz(v) = v, for all v € T'Q) where
mrq : T'Q — @ is the basepoint projection. Moreover, the integral curves of Z, are obtained
by solving the Euler-Lagrange equations. Thus, for regular Lagrangians, Hamilton’s principle
is equivalent to the problem of finding the vector field Z, on T'Q). Let us also mention that
E; is conserved along solutions of Euler-Lagrange equations, even if £ is not regular.

Now, suppose L is hyperregular. Then, one has the following theorem relating La-
grangian and Hamiltonian mechanics:

Theorem 2.4.3. Suppose L is a hyperregular Lagrangian on T'Q and define H = E o FL™!.
Then
(FL) Xy = Z¢.

Further, let ¢(t) be an integral curve of Z; and d(t) be an integral curve of Xy with
FL(c(0)) = d(0). Then FL(c(t)) = d(t) and ¢(t) and d(t) project to the same base curve on

Q.
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There is also a version of Noether’s theorem on the Lagrangian side.

Theorem 2.4.4 (Noether’s theorem, Lagrangian version). Suppose ¢ : R x Q — @ is a
flow on ) and L is invariant with respect to the tangent lift of ¢, that is, for each t € R,

LoTp, = L. Then <9£, %) gps(-)> is conserved along trajectories of the Fuler-Lagrange
s=0

equations for L.

2.4.1 The Hamilton-Pontryagin Principle

Hamilton’s principle is formulated on the tangent bundle of a manifold, and it yields Euler-
Lagrange equations. Alternatively, one can obtain Hamilton’s equations via a variational
principle on the cotangent bundle, called Hamilton’s principle in phase space. Fixing a
Hamiltonian H € C*°(T*(Q), the action integral is locally given by

where we search for critical points under fixed endpoint conditions ¢(t1) = a, q(t2) = b
for some a,b € @) and arbitrary variations of p(¢). Finding the critical point of this action
integral is equivalent to solving Hamilton’s equations.

The Hamilton-Pontryagin principle, studied by Yoshimura and Marsden [93] 94], is
formulated on the Pontryagin bundle PQ = TQ&T*() via a constrained variational principle,
and can be seen as a ‘mix’ of Hamilton’s principle on T'() and Hamilton’s principle in phase
space on T*@Q. We shall follow the exposition in [94].

Let £ € C*(TQ) be a Lagrangian function. In local coordinates (g, v,p) on PQ), the
action is given by

The following theorem concerns the characterization of critical points of & under fixed end-
point variations of ¢(t):

Theorem 2.4.5. A curve (¢(t),v(t),p(t)) in PQ is a critical point for S among all curves
with fixed endpoints in @ at ¢ = ¢; and ¢ = ty, if and only if (q(¢),v(t), p(t)) satisfies the
implicit Euler-Lagrange equations given by

oL oL
iy p= e p= —. 2.4.1
i=v, pP=50 P=7 (2.4.1)

We note that the implicit Euler-Lagrange equations naturally incorporate the Legendre
transform. The Hamilton-Pontryagin principle is related to the theory of Dirac structures
and finds applications in constrained systems. For an account of this, we refer to [93, [94].
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Let us also describe the Hamilton-Pontryagin principle intrinsically. Let G : PQ — R
denote the fibrewise pairing map between 7'Q) and T*Q), that is, G(q,v,p) = (p,v). Denote
by

Prpg : TPQ — PQ
Prypg : TTPQ — TPQ
prg: PQ — Q
pryg : PQ — TQ
pryg : PQ — T7Q (2.4.2)

the corresponding projection maps. We define the map prr-g : TT*Q — PQ in local
coordinates by setting prrg(q,p,v4,vp) = (q,v4,p). As shown in [93], this map is in-
dependent of the choice of local coordinates. Let G denote the 1-form on PQ given by
G = G o prr+q o Tpry.g. In local coordinates, if (ug, ty, up) € T4, PQ then

G(q, v, p)(ug, wy, up) = G(g; ug, p) = (P, uq) - (2.4.3)
Define the generalized energy for L by
Er:PQ—R, E;=G— Loprpg.

In coordinates, E;(q,v,p) = (p,v) — L(q,v). Then, given a curve z(t) in PQ

Ste(t) = [ 10((0) - Ecla(t))dr. (2.4.4)

t1

The next theorem describes the intrinsic form of the implicit Euler-Lagrange equations.

Theorem 2.4.6. Let 0p«¢ and Op«p-¢ denote the Liouville 1-forms on 7% and T*T™Q
respectively, {2 denote the symplectic form on T*Q, and x = (°)*(7+7+q). A curve z(t) in
PQ, t; <t <ty joining pro(x(t1)) = ¢1 and prg(z(t2)) = g satisfies

(Tpreeq) x(x(t), (1)) = (Prpq) dEL(x(t), (1))

if and only if it is a critical point of S among all curves z(t) such that prg(z(t1)) and
prg(z(te)) are fixed.

2.5 Implicit Lagrange-Poincaré Reduction

In this section, following Yoshimura and Marsden [95], we carry out reduction by symmetry
for the Hamilton-Pontryagin principle, called implicit Lagrange-Poincaré reduction. For
reduction by symmetry of Hamilton’s principle, we refer to Cendra, Marsden, and Ratiu [19]
and for Hamilton’s principle in phase space we refer to Cendra, Marsden, Pekarsky, and Ratiu
[18]. Implicit Lagrange-Poincaré reduction may be thought of as the variational equivalent
of Poisson reduction. The analogue of symplectic reduction is called Routh reduction and



2.5. IMPLICIT LAGRANGE-POINCARE REDUCTION 22

can be found in Marsden and Scheurle [63]. Note that, unlike implicit Lagrange-Poincaré
reduction, Routh reduction occurs at a fixed value of the momentum map.

Following [95] and [19], we first describe the geometric background. Let ¢ : G x Q — @
be a free and proper action of a Lie group G on Q. If v, € T,Q and p, € T;Q, we let
gvg = Typg(vy) and gp, = Ty dg-1(pg) denote the image of v, and p, under the tangent
lifted action of G on T'Q) and the cotangent lifted action of G on T respectively . Let
A :T(Q — g denote a principal connection on the principal bundle 7 : @ — Q/G. For each
q € @, the equivalence class 7(q) will be denoted by [¢] or [¢]¢. The horizontal and vertical
subspaces at g are denoted by Hor, and Ver, respectively, whereas Hor 7'() and Ver T'Q) will
denote the corresponding horizontal and vertical bundles.

Lemma 2.5.1. Let ¢(t) be a curve in Q, ¢"(t) the horizontal lift of 7(q(t)) starting at
g = q(0), and ¢%(t) a G-valued curve satisfying q(t) = ¢9(t)q"(t). Then A(q(t),q(t)) =
gU(g*(t)

The curvature of A is the g-valued 2-form B defined by B(X,Y) = dA(Hor X, HorY'),
where dA is the exterior derivative of A and X and Y are vector fields on ). This satisfies

B(X,Y) = —A([Hor X, Hor Y]) = dA(X,Y) — [A(X), A(Y)). (2.5.1)

Let G act on @ x g by (¢,&) — (9q, Ad,€) for all g € G and g = (Q x g)/G. The equivalence
class of (g,¢) will be denoted by [g,(]g. We consider the associated vector bundle 7 :
(Q x g)/G — Q/G with fibre g. There is a natural Lie algebra structure on the fibres of
g given by [[q,nla, (¢, Clc] = [¢,[n,¢]]c. By using Ad-invariance of the Lie bracket, one can
show that this is well defined. The covariant derivative of a curve [¢(t),((t)]¢ in g is given

D

D la(1), C(B)]e = [a(t), [C(¢), Ala(t), 4(t))] + ¢()]e- (2.5.2)

The corresponding connection on g is denoted by V¢. Moreover, let fi(t) and ((t) be curves
in g* and g respectively such that they project to the same curve in Q/G. We define the
covariant derivative of fi(t) via the following relation:

& (a0.50) = (ren, 250 ) + (P56 ) (253

The covariant derivative of curves fi(t) in g* defines a unique connection on g* which we
denote by V¥ .

We have a well-defined isomorphism of fibre bundles V4 : TQ/G — T(Q/G) & g given
by
vl € TQ/G — (Tym(vy), [q, Ag(ve)lc) € T(Q/G) @ g.

Dually, one has an isomorphism (¥;')" : T*Q/G — T*(Q/G) @ §* given by

<(\D;11)*([Q/QD7 (u[lﬂ’ [CL n]G)> = <(%)Z*au[q]> + <J(aq)>77> )
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where (uig, [¢,1]q) € T(Q/G) ® g, J : T*Q — g* is the momentum map of the cotangent
lifted G-action on T*Q, ()} : Tig(Q/G) — T,Q is the horizontal lift map that sends vy €

Tiq(Q/G) to (Tym|uor,) ' (v}g) and (-)2" is the dual of (-)?. Using ¥4 and (31" we obtain
an isomorphism

Va:PQ/G = T(Q/G) @ THQ/G)@ged =PQ/C)eiog"

Remark 2.5.2. The bundle Q) /G over ()/G is called the Atiyah quotient (see Mackenzie
[56]) while T%(Q/G) @ g* is called the Weinstein space (see Ortega and Ratiu [78]).

Corresponding to the curvature 2-form B, we can define a g-valued curvature 2-form on

Q@ /G given by )
(i Blr(@)) g ) = G 0. B@) (g0l (2.5.4)

where ¢ € Q, p € g%, i = [¢,p]¢ € §°, and ujg and vy, are elements of Tr(,)(Q/G) with

ugg = Tym(ug) and vy = Tym(vg). Equivariance of B can be used to show that B is well-
defined.

2.5.1 The Structure of Variations

Let q(t) be a curve in @ and € — ¢.(t) be a deformation of ¢(¢). The corresponding variation,

%)

5| qc(t) is denoted by dg. Yoshimura and Marsden [95] prove the following results:

Theorem 2.5.3. Let £(t) = A(q(t), ¢(t)). Then the following holds:

1. If 4q is vertical then

0§ =1+ [n,¢]; (2.5.5)
where n(t) = A(q(t),dq(t)). If dq(t) vanishes at ¢t = t; and ¢ = ¢, then the same holds
for n(t).

2. If 4q is horizontal then
¢ = B(q)(99, ). (2:5.6)

Let £(t) = [q(t),&(t)]¢. Given a deformation e — gc(t), we define the covariant variation
of £ by
- D
646 = — (1), (D] 2.5.7
== la).el (257)
As a consequence of Theorem [2.5.3] and the definition of the covariant derivative on the
adjoint bundle, it can be shown that
- Dn _ ~
64€ = T1 + (6.7 + B(ow, @), (2.5.8)

where 77 = [q, A(q,0q)]¢. If 0q(t) vanishes at t = t; and t = t5 then so does 7(t).
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Let (q(t),v(t),p(t)) be a curve in PQ and consider the projection [¢(t),v(t), p(t)]c on
the reduced Pontryagin bundle PQ/G. We let

Wallg(t), v(t), p(D)]e) = (a(t), ult), y(t), C(t), f(t)).

Here z(t) = m(q(t)), u(t) = Tymm(v ()) y(t) = (p(t)e, C(t) = [q(t), Alg(t),v(t))]e and
a(t) = [q(t), J(q(t),p(t)]a. If (dq(t),dv(t),d (1%)) is a general variation of (q(t),v(t),p(t))
then the variation of the curve (z(t),u(t),y(t),((t), i(t)) satisfies

(62 (t), du(t), 0y(t), 6¢(t), 0fi(t)) € To)(Q/G) @ Tu T(Q/G) & Ty T™(Q/G) & Ty 88 Ty 8-

Remark 2.5.4. As explained in [95] and [19], given a curve (q(t),q(t),p(t)) with & :=
[q(t), A(q(t),4(t))]e we will only consider deformations € — & (t) such that m3(& (1)) = z(t)
does not depend on e. The variations corresponding to such deformations are called g-fiber

variations, and 6£(t) can be identified with an element in g instead of Te@. The variation

§AE(t) = % £.(t) is an instance of a g-fiber variation and is an element of the fiber
e=0 _
Oo) = 9. If 2.(t) ® &(2) is a family of curves in (Q/G) @ g depending smoothly on e then

its covariant variation is given by

D
O€ le=0 De e:O£G(t>.

Sx(t) @ 61E(t) = 9 z.(t) @
In the context of implicit Lagrange-Poincaré reduction, we are interested in the following
example of covariant variation. Suppose ¢(t) is a curve in @ and € — ¢(t) is a deformation
of ¢(t). This induces a variation of the curve x(t) © £(t) = 7w(q(t)) @ [q(t), A(q(t), ()]
given by
€= zc(t) © &e(t) = m(qe(t) @ [ge(t), Alge(t), e(t))] -

The covariant variation in this case is given by dz @ 64¢, where

~ Di 3
64¢ = 5 + 167 + Box, &)
with 7 = [q, A(q,q)]e. It is under these constrained variations that we will consider sta-

tionary points of the reduced action principle.

2.5.2 The Implicit Lagrange-Poincaré Reduction Theorem

Let Prrg)q : TQ — TQ/G, Prrgiq : T°Q — T*Q/G and Prpg,c : PQ — PQ/G denote
the corresponding projections onto equivalence classes. Suppose £ € C*°(T'Q) is invariant
under the tangent lifted action of G on T'Q). The isomorphism W, between T'Q)/G and
T(Q/G)@g yields a reduced Lagrangian ¢ € C™(T(Q/G)®g) such that £ = fo W 40Prrg/q.
Then, we have a reduced action functional corresponding to S on P(Q/G) ® g ® g* given by

Sred(fv(t%U(t),y(t),C_(t),ﬂ(t))Z/O [£(x(t), u(t), C())dt + (y(t), &(t) — u(t))
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+ (a(t), £(t) — <(t))] - (2.5.9)
The next theorem relates the critical points of S and S™¢. The proof of it can be found in
[95].

Theorem 2.5.5 (Implicit Lagrange-Poincaré Reduction Theorem, [95, Theorem 4.1]). The
following are equivalent:

1. The curve (g(t),v(t),p(t)) is a critical point of the Hamilton-Pontryagin action S for
all variations d¢, dv and op with dq(t;) = dq(t2) = 0.

2. The curve (q(t),v(t), p(t)) satisfies the implicit Euler-Lagrange equations ([2.4.1)).

3. Let [q(t),v(t), p(t)]g denote the reduced curve and (x(t),u(t),y(t),((t), ii(t)) denote
the curve W4 ([q(t),v(t),p(t)]e). Then (z(t),u(t),y(t),C(t), i(t)) is a critical point of
the reduced action S™? for arbitrary variations du, §¢, éy and §ji and for variations
§x @ 64¢ such that dz(t;) = dz(ty) = 0 and

- Dp _ ~
A _ .
el B
where 7() is an arbitrary curve in g with 7(t1) = 7(t2) = 0.

4. The curve (x(t),u(t),y(t),((t), i(t)) satisfies the horizontal Lagrange-Poincaré

equations
Dy 0O¢ ~ ol
2y _% 3'13>, P,y = = 2.5.10
Dt Ox <M ! T YT 5 ( )
and the vertical Lagrange-Poincaré equations
Dp - = ol
—C_adtn, £E=C. 0= —. 2.5.11
D = e, €=C n= 7 : ( )
Remark 2.5.6. The covariant derivative % can be defined after fixing an affine connection

VT(@/E) on the manifold Q/G. Then the definition of % is analogous to that of QD’% (see
Equation ((2.5.3)).

Remark 2.5.7. In the previous theorem, the partial derivatives of ¢ are interpreted as

follows: the partial derivatives % and gg are defined by:
d _
<%,v> == szoﬂ(x,u—l— sv, ()
ol d -
—n)y=—| ¥ 7 2.5.12
(567) = 2]yt o), (25.12)

where v and 7 are arbitrary elements of T,,(Q/G) and 77 !(x) respectively. To define the

partial derivative %, we use the connection V7(@/%) on the Q/G. Then VT(@/%) © V8 defines
an affine connection on the bundle T(Q/G) & g. Let z(t) be a curve in /G with x(0) =
xo and (x(t),u”(t),("(t)) denote the horizontal lift of x(t) with respect to the connection
VIQIG) ¢ Vi with (z(0),u"(0),"(0)) = (w0, u0,) € T(Q/G) ® g. We define

<% ’<~’”<0>’¢<0>>> = % () ut (), ¢"(E)). (2.5.13)

(z0,u0,$0)
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2.5.3 Implicit Euler-Poincaré Reduction

Consider the special case where @) = G. In this case, /G = {e}, where {e} is the identity
element. So Q/G is trivial and the reduced curvature 2-form vanishes, as does the horizontal

Lagrange-Poincaré equations. Then PQ /G can be naturally identified with g g*. Moreover,

the covariant derivatives 2 can be replaced by the usual time derivative %. One then has

Dt
the following theorem:

Theorem 2.5.8. Suppose £ € C®(TG) is left-invariant under the tangent lifts of left
translations. Then the following are equivalent:

1. The curve (g(t),v(t),p(t)) is a critical point of the Hamilton-Pontryagin action

for all variations dg, dv and dp with dg(t;) = dg(t2) = 0.

2. The curve (g(t),v(t), p(t)) satisfies the implicit Euler-Lagrange equations

oL oL

oy, 0L 0L
g =% P~ %

3. Let [g(t),v(t), p(t)]¢ denote the reduced curve which we identify with a curve ({(t), u(t))
in g ® g*. Also, let {(t) = TywyLgw-1(g(t)). Let £ : g — R denote the reduced La-
grangian, explicitly defined by

(€)= L(e; ).
Then ({(t), u(t)) is a critical point of the reduced action
to
S0, u(0) = [ 10C) + {u(0).¢(0) ~ o)

t1

for all variations of the form
6§ =1+ [£, 7]
where 7(t) is an arbitrary curve in g with n(t;) = n(t2) = 0.

4. The curve (((t), u(t)) satisfies the implicit Euler-Poincaré equations given by

) N Y4
pr=adiy, £=( p= 5 (2.5.14)

From the implicit Euler-Poincaré equations we obtain

d (ot _ ol
at \oc ) ~ e

which is called the Euler-Poincaré equation.
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Remark 2.5.9. If we consider the tangent lift of the right action of G on T'G then the
Euler-Poincaré equation is given by

4 (30 _ g
A YRS

Using &, we can reconstruct a solution for the implicit Euler-Lagrange equations. To do
this, we let g(t) solve

g(t) = TeLg(t)g(t)a g<t1) = 9o-
Then (g(t),g(t), g—g(t)) solves the implicit Euler-Lagrange equations on TG & T*G with
9(t1) = go-

The Euler-Poincaré equations are related to the Lie-Poisson equations by the following
theorem. The proof of it can be found in Holm, Schmah and Stoica [42]:

Theorem 2.5.10. Suppose £ € C*°(T'G) is hyperregular and invariant under the tangent
lift of left (respectively, right) translations. Let H denote the Hamiltonian corresponding to
L. Denote by ¢ € C*(g) the reduced Lagrangian and the reduced Legendre transform
ft:g—g" by ;

(FEQ) ) = | HC+ )
for all (,n € g. Then, the following holds:

1. FL is G-equivariant with respect to the cotangent lift of left (respectively, right) trans-
lations.

2. H is invariant with respect to the cotangent lift of left (respectively, right) translations.

3. Denote by ey : g — R the map e,(¢) = Er(e, (). Then e,(¢) = (fl((), ) — £(¢), for all
(€g.

4. Let h™4 be the reduced Hamiltonian corresponding to H. Then h™d = ¢, 0 f¢~1.

5. Let £(t) be a solution of the Euler-Poincaré equations

(ot —ad*% respectivel ot ——ad*%
dat \oc ) = e \FOPEVOY i \5e ) T T %5 )
and p(t) solve the Lie-Poisson equations

(o= ad’, ea b (respectively (= —ad?, e u)
T S

op

with 4u(0) = fE(€(0)). Then pu(t) = FU(E()).



Chapter 3

Stochastic Calculus on Manifolds

This chapter is meant as a brief introduction to stochastic calculus on manifolds, which
will allow us to transition from geometric mechanics to stochastic geometric mechanics.
Stochastic calculus on Euclidean spaces can be extended to the manifold setting by employing
second order differential geometry. This idea was formulated in the works of Schwartz [83]
and Meyer [66]. For most parts of this chapter, we shall refer to Emery [30].

In Section we introduce concepts and notations from stochastic analysis in R that
will be used in the thesis. In particular, two important concepts that we will review are
stochastic integrals, and convergence of semimartingales. Stochastic integrals will play an
important role throughout the thesis, and the notion of semimartingale convergence will be
used in case of stochastic variational principles.

In the following sections we turn our attention to stochastic processes on (smooth)
manifolds. We introduce second order differential geometry in Section [3.2] This plays an
important role in the formulation of stochastic processes on manifolds due to the inherent
second order nature of the change of variables formula for It6 integrals.

Having outlined the geometric formalism, in Sections [3.3] and [3.4] we extend many of the
notions introduced in Section to the manifold setting. Particularly, in Section [3.4] we
introduce a general stochastic integral on manifolds, which yields the It6 and Stratonovich
integrals as special cases. The Stratonovich integral, due to its convenient change of variables
formula, will be heavily used in the formulation of stochastic geometric mechanics.

In Section we turn our attention to stochastic differential equations on manifolds.
Particularly important in this regard are Stratonovich stochastic differential equations, which
geometrically behave very similar to ordinary differential equations. For instance, as shown
by Léazaro-Cami and Ortega [54], reduction and reconstruction methods for ordinary differ-
ential equations also extend to Stratonovich stochastic differential equations. Here we also
extend their work to show that reduction methods apply to stochastic differential equations
in general.

28
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3.1 Stochastic Analysis

In this section we provide a brief review of stochastic analysis in R. A detailed exposition
may be found in Protter [79] and Karatzas and Shreve [47].

Definition 3.1.1. Let 7 be an index set and (£2,§) and (3, &) be measurable spaces.
A stochastic process indexed by 7 is a collection X = (X;);er of X-valued random
variables on (2, §). Given any w € Q, the map t € T — X;(w) € X is called a path of the
stochastic process X.

Note that we can think of the stochastic process as a map X : @ x T — X. Often
T is a partially ordered set corresponding to the flow of time. In case of continuous-time
stochastic processes we take T = [0, 00), and in case of discrete-time stochastic processes we
take 7 to be the set of non-negative integers. In this thesis we will restrict ourselves to the
case T = [0,00) or any subinterval of it. The codomain (3, ®) will usually be R, R* or a
smooth manifold.

Definition 3.1.2. Let X be a stochastic process on (€2, F).

1. Suppose X takes values in a topological space 3. We will say that X is continuous
if almost all of its paths are continuous.

2. Suppose X takes values in R. We will say that X is right continuous (respectively,
increasing) if almost all of its paths are right continuous (respectively, increasing).

Unless otherwise mentioned, all stochastic processes considered in this thesis will be
assumed to have continuous paths. Often this assumption can be relaxed to processes with
right continuous paths with finite left limits.

Definition 3.1.3. A filtration of § is a collection {F;}+>o of sub-o-algebras of & such that
& C & whenever s < t. Given a probability measure P on (2, §), we say that the filtration
{F+}i>0 satisfies the usual hypotheses if §, contains all sets of probability measure 0 in §F

and %’t = ns>t ‘35'

We will always assume that filtrations satisfy the usual hypotheses. If {&:}i>0 is a
filtration on a probability space (2, F,P) then we say that (2, F, {F: }i>0) is a filtered
space and (9, §, {&:}+>0, P) is a filtered probability space. We will drop the subscript
t > 0 from the filtration when the time interval [0, c0) is understood from context.

Definition 3.1.4. Let X be a stochastic process defined on a filtered probability space
(Qv 37 {51?}7 P)

1. We say that X is adapted to the filtration {§;} if for all s, X, is §F,-measurable.

2. The smallest c-algebra on © x [0,00) that makes all (real-valued) continuous and
adapted stochastic processes measurable is called the predictable o-algebra on €2 x
[0,00). Any stochastic process that is measurable with respect to the predictable o-
algebra on € x [0,00) is called predictable.
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Note that a stochastic process is always adapted to the filtration it generates. From now
on, unless otherwise mentioned, we will always assume that we have a filtered probability
space.

Definition 3.1.5. A random variable 7 : € — [0,00] is called a stopping time if the
process

1 T,00 =
(Lroep)e(@) =4 it < 7(w)

{1, ift > 7(w)

is adapted. The o-algebra
S ={AecF|An{r <t} €F, forallt > 0},
is called the stopping time o-algebra.

Remark 3.1.6. We would like to point out some notational conventions adopted in this
thesis. Both X and X; denote the same stochastic process X = {X;};>¢. For deterministic
processes, and in particular, smooth curves, we will write the time variable in parentheses.
For instance, if (q,v) denotes local coordinates on the tangent bundle of a manifold @
then (g(t),v(t)) will denote a T'Q-valued smooth curve and (g;, v;) will denote a T'Q-valued
process. If the symbol used for a stochastic process also appears as a coordinate variable
or as a generic element of the codomain, then we will explicitly include the time variable
when referring to the process. If 7 is a stopping time then X, will denote the random
variable w — X, (,)(w). In particular, if 7 is constant 7" > 0 then X is the random variable
W = XT(U.)).

Definition 3.1.7. Let 7 be a stopping time such that there is an increasing sequence of
stopping times 7, with 7,, < 7 whenever 7 > 0, and 7, T 7 on {7 > 0}. Then 7, is said to
announce 7 and 7 is said to be a predictable stopping time.

By Dellacherie and Meyer [32, Theorem 77|, this is equivalent to saying that Ly .o is
predictable.

Let 7 and 75 be stopping times (respectively, predictable stopping times). Then the
following are stopping times (respectively, predictable stopping times):

1. 71 ATy := min(7y, 7).
2. 7 V 19 := max(7y, T2).
3. 1 + T2.
4. ary provided a > 0.
Given a set A and a stochastic process X, we define

TA(X)(w) = inf{t | X;(w) € A}
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and

TU(X)(w) = inf{t | X}(w) ¢ A}.
We say that 74(X) and 7(X)(w) are the first hitting time of A and first exit time
from A of X, respectively. If A is Borel (respectively, closed) then these are stopping times

(respectively, predictable stopping times). We will drop X or A from the notation whenever
they are understood from context. We refer to Bass [10] for a proof of this result.

Definition 3.1.8. Let 7 and 7 be stopping times. We define the stochastic intervals

[[71, ]] := {(w, 1) € @ % [0,00) | 71 (w) <t < 2(w)}
[, [ == {(w,t) € 2 x[0,00) | T1(w) <t < To(w)}
|1, )] = {(w,t) € @ x[0,00) | 7 (w) <t < mp(w)}
], 7ol = {(w,t) € Q@ x [0,00) | 71 (w) <t < Ta(w)}

As suggested by the name, stopping times are used to stop processes at a particular
random time.

Definition 3.1.9. Let X be a stochastic process and 7 be a stopping time. The process X7
defined by X|™ = X, is called the process X stopped at .

We now define the following notions of equality between stochastic processes:

Definition 3.1.10. Let X, Y be stochastic processes taking values in (X2, &). We say that

1. X is a modification of Y or a version of Y if X; =Y; as., forallt € T.

2. X is said to be indistinguishable from Y if

P({w e Q| Xi(w) = Yy(w) for allt € T}) = 1.

For continuous (or, more generally, right continuous with finite left limits) stochastic
processes taking values in R* equipped with its Borel o-algebra, these notions coincide. In
general, indistinguishability implies that the processes are modifications of each other, but
the converse is not true.

An important example of a continuous stochastic process is a Brownian motion, which
we now define.

Definition 3.1.11. A (standard) Brownian motion is a continuous, adapted stochastic
process B defined on some filtered probability space (2, F, {&:}, P) and taking values in R
such that:

1. Bo=0 a.s.
2. If0=ty <ty <---<t, then {B, — By,_,}", are independent.

3. If s <t then B; — B, is normally distributed with mean 0 and variance t — s
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Two important properties of Brownian motion are as follows:

1. Almost every sample path of a Brownian motion is nowhere differentiable a.s.

2. Almost every sample path of a Brownian motion has unbounded variation.

The second statement implies that Brownian motion cannot serve as an integrator in the
Lebesgue-Stieltjes integral. This necessitates the development of a separate theory of stochas-
tic integration.

3.1.1 Change of Time

Definition 3.1.12. A change of time or time change is a positive, continuous, strictly
increasing random process A such that each A; is a stopping time.

Given a stopping time 7, the processes t — t A7 and t — t + 7 are two important
examples of changes of time. The first change of time converts a process X to X!™ and the
second one forgets all information up to time 7.

3.1.2 Martingales, Local Martingales, and Semimartingales

Definition 3.1.13. Let (22, §, {&:}, P) be a filtered probability space.

1. An adapted stochastic process X is said to be a martingale if X, is integrable for
each t and X, = E[X;|&,] whenever s < t.

2. An adapted stochastic process X is said to be a local martingale if there exists an
increasing sequence {7,} of stopping times with lim, ,,, 7, = oo a.s. such that
X |T”1{Tn>0} is a martingale. If X is continuous then we say that X is a continu-
ous local martingale.

3. A continuous, adapted process A is said to have finite variation if each path of it has
bounded variation on compact subintervals of [0, co).

4. A semimartingale is any process which can be written as a sum of a continuous local

martingale and a finite variation process. The set of all real-valued semimartingales
will be denoted by .#(R) or ..

Remark 3.1.14. In the definition of a local martingale, the localization is in time, as
opposed to localization in space.

Remark 3.1.15. The decomposition of a semimartingale X as X = Xy + M + A, where X
is its initial value, M is a local martingale, A is a finite variation process and My = Ay =0
a.s. is unique. The uniqueness is in an almost sure sense, and it follows from the Doob-Meyer
decomposition for submartingales.
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Remark 3.1.16. Note that, by our definition, semimartingales are continuous. In stochastic
analysis one also studies discontinuous semimartingales, but we won’t use them in this thesis.

Let us mention two important stability properties of semimartingales. The first one is
stability under change of probability measure. If P; and Ps are two probability measures
on the filtered space (2, §, {S§:}) such that P, is absolutely continuous with respect to Py,
then a semimartingale with respect to (2, &, {&:}, P1) is a modification of a semimartingale
with respect to (Q, &, {F:}, P2). The second one is stability under changes of time. Let A
be a change of time. If X is a semimartingale then X4, is a semimartingale for the filtration

{%At}'

Another important fact is that being a semimartingale is a temporally local property:
X is a semimartingale if and only if there exists an increasing sequence {7,} of stopping
times with lim,,_,., 7, = 00 a.s. such that X |T”1{Tn>0} is a semimartingale.

3.1.3 Stochastic Integration

First, let us define the notion of uniform convergence on compact sets in probability.

Definition 3.1.17. A sequence {X™"} of stochastic processes converges uniformly on
compact sets in probability (ucp) to a stochastic process X if the sequence

{ sup | X7 — XS|}
0<s<t "

converges to 0 in probability for every t > 0.

Denote by D the space of all adapted processes having right continuous paths with finite
left limits. Convergence in ucp induces a complete metrizable topology on D, defined via the
metric

d(X,Y) = ZQ”LE {1 A sup |X;— Y}|] .
- 0<t<n
This also works for continuous, adapted processes taking values in R*; one simply replaces
the absolute value by the Euclidean norm (see Arnaudon and Thalmaier [5]). The space
of continuous, adapted process on R*¥ endowed with the ucp topology will be denoted by

D, (R).

A useful fact is that continuous functions preserve ucp convergence. More precisely, we
have the following proposition:

Proposition 3.1.18 ([5, Proposition 2.6 (1)]). Let {X,} be a sequence in D.(R*) that

ucp

converges to X in ucp. For every continuous function h : R¥ — R, we have h(X,,) — h(X).

Corollary 3.1.19. Let {X,} and {Y,} be two sequences of semimartingales such that
ucp ucp

X, 2 X and Y, = Y, where X and Y are semimartingales. Then X, Y, — XY
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Definition 3.1.20. A stochastic process H is said to be locally bounded if there exists an
increasing sequence {7, } of stopping times with lim,,_,,, 7, = 00 a.s. such that H |T"1{Tn>0}
is bounded.

Now we define the stochastic integral of predictable, locally bounded processes with
respect to semimartingales. Following [36, Chapter 1|, we will define the stochastic integral
as a map from predictable, locally bounded processes to semimartingales satisfying some
additional properties.

Definition 3.1.21. Given a semimartingale X and a locally bounded and predictable process
H the stochastic integral or It6 integral of H with respect to X is a semimartingale
[ HdX (its value at time T is denoted by fOT HdX) satisfying the following properties:

1. [y HdX =0.
2. It is linear in H and X.
3. If 7 is a stopping time and h is §,-measurable then [ hlj, o dX = h(X — X,

4. Let {7,} be an increasing sequence of stopping times such that lim, ,,, 7, = 00 a.s.,
70 = 0 a.s. and |o| := sup,, |7, — T,—1] is uniformly bounded. If |o| goes to zero as
n — oo then

> H, (X - Xl 25 / HdX.

5. (Module associativity property) If H; and Hs are locally bounded and predictable

processes then
/Hld (/Hng) = /HngdX.

6. (Dominated Convergence Theorem) If {H,,} is a sequence of predictable processes con-
verging pointwise to H (a.s.) on [[0, co[[ and {H,} is dominated by a locally bounded
process K then

/ H,dX % / HdX.

7. Let @ be a probability measure that is absolutely continuous with respect to P. Then
the stochastic integral computed on (2, F, {F:}, Q) is a modification of the stochastic
integral computed on (2, F, {F:}, P).

8. Let A be a change of time. Set H; = H,, and X; = X,4,. Then

Ar

T
thXt:/1]]AO,AT]](t)thXt:/ thXt,
Ao 0

forall T > 0.



3.1. STOCHASTIC ANALYSIS 35

An important class of integrands are continuous semimartingales themselves, since they
are locally bounded and predictable. Moreover, if X is a local martingale, then [ HdX is a
local martingale.

In [79], the stochastic integral with respect to a fixed semimartingale is first defined as
a continuous linear map from the space of simple, predictable processes to the space of right
continuous adapted processes with finite left limits, where both are equipped with the ucp
topologies. We recall that a simple predictable process is given by

H = Holoy+ Y Hiljprrp,

=0

where 0 =79 <7 <---7,41 < 00 is a finite sequence of stopping times and H; € §,, with
|H;| < oo a.s. for all 0 < i < n. Then, it is shown that the space of simple predictable
processes is dense in the space of adapted processes with left continuous paths and finite
right limits, so the definition of the stochastic integral extends to this space as a continuous
linear map via a density argument. Since the stochastic integrals of semimartingales are
semimartingales, we obtain the following result:

Proposition 3.1.22. Let {X,,} be a sequence of semimartingales converging to X in ucp,
and let Y be a fixed semimartingale. Then,

/ X, dy 2% / Xdy.

3.1.4 Quadratic Variation

Definition 3.1.23. Let X and Y be semimartingales. The joint quadratic variation of
X and Y is defined as

[X,Y] = XY — XY, — /XdY - /YdX.
If X =Y then we say that [X, X] is the quadratic variation of X.

This is not necessarily 0 in general, but it is a process of bounded variation. Moreover,
if X or Y has finite variation then [X,Y] = 0. Thus, the joint quadratic variation of two
semimartingales corresponds to the joint quadratic variation of their local martingale parts.
As an example, we mention that a continuous local martingale B with By = 0 is a Brownian
motion if and only if [B, B], =t.

From the definition of the quadratic variation, we see that the product rule for calculus
does not extend to stochastic integrals in general. One has

/XdY+/YdX+[X,Y] — XY — X,Y,.
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One way to extend the product rule to stochastic integration is to note that [X, Y] = [V, X]
and rewrite the left side as follows:

/XdY+/YdX+[X,Y] = /XdY+/YdX+%([X,Y] + [, X))

- (/XdYJr%[X,Y]) + (/YdX+2[YX]>.

We define the Stratonovich integral of X with respect to Y by

1
/XodY:/XdY+§[X,Y].

Then, we have

/XodY+/YodX:XY—X0Y}J.

The Stratonovich integral lacks the dominated convergence theorem of It6 integrals. How-
ever, unlike the [t6 integral, the Stratonovich integral satisfies the usual chain rule of calculus,
as the next proposition shows. This result can be found in:

Proposition 3.1.24. Let X be a semimartingale in R*.

1. If f € C*(R¥) then

fX) = f(Xo) = Z/@XZ X)dX' + Z/aXzaXa X7 X0

2. If f € C3(R¥) then
F00) = 7% = Y [ (0 sax

Since the processes on the right are semimartingales, this shows that smooth functions
of semimartingales are semimartingales. Semimartingales will play an important role in
the rest of the thesis, mainly due to this property as well as their role as integrators in
stochastic integration. We remark that smooth functions do not preserve the martingale or
local martingale property. As an example, the Brownian motion B is a martingale, but B?
is not even a local martingale.

3.1.5 The Semimartingale Topology

We have mentioned that a dominated convergence theorem for Stratonovich integrals cannot
be formulated in the ucp topology. On the other hand, the semimartingale topology allows
us to establish continuity of the Stratonovich integral with respect to each of its arguments.
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Definition 3.1.25. Let {X,,} be a sequence of semimartingales. We say that {X,} con-

verges to X in the semimartingale topology if X,, —» X and [ HdX, — [ HdX for
all bounded and predictable processes H.

This topology is induced by the metric ds(X,Y) = supy<; de([ HdX, [ HdY') where
the supremum is over all predictable processes bounded by 1. Under the semimartingale
topology . is a complete topological vector space.

Now let X, be a sequence of semimartingales converging to X in the semimartingale
topology and suppose Y is a semimartingale. We have already seen that [ X,,dY 22, [ Xdy
by continuity of the stochastic integral with respect to the integrand. We wish to look at
convergence with respect to the integrator. For this, we will use the next result, which is a
special case of Proposition 2.6 in Arnaudon and Thalmaier [5]:

Proposition 3.1.26. Let { X, } and {Y,,} be two sequences of semimartingales converging to
X and Y respectively, in the semimartingale topology. Additionally, let h € C*(R?), where
k > 2. Then:

1. h(X,,Y,) converges to h(X,Y) in the semimartingale topology.

2. [X,,Y,] converges to [X, Y] in the semimartingale topology.

As a result, we get
/ YdX, = (X,Y — (X,)o¥o) — / X,dY — Y, X,]

L (XY - XY, — /XdY — Y, X]

:/YdX.

Moreover, by the same kind of reasoning, [ X,edY = [ X, dY + %[Xn, Y]and [V edX, =
[YdXx, + %[Y, X,] also converge to [ X edY and [Y edX, respectively, in ucp. We rewrite
this result with a slight modification in the following proposition:

Proposition 3.1.27. Let I be a closed interval containing 0 and ¢ € [ — X, € ¥ be

a map from IO to .. Suppose X, — X inO the semimartingale topology as ¢ — 0. Then
€E— €—

erodY—>ondYand fYodX€—>fYodX.

ucp ucp

3.2 Second Order Differential Geometry

Unless otherwise mentioned, manifolds will be assumed to be smooth, connected, second
countable, and finite-dimensional.

Definition 3.2.1. Let M be a manifold.
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1. A second order tangent vector at p € M is a differential operator of order up to 2
at p with no constant coefficients.

2. The second order tangent space at p € M is the space of all second order tangent
vectors at p € M. The second order tangent bundle of M is

™™ = U Tp M.

We denote the projection L, € 7M — p € M onto the basepoint of a second order
tangent vector by m .y : TM — M.

3. A second order vector field on M is a smooth map A : M — 7M such that w0 A
is the identity map on M. The space of second order vector fields on M will be denoted

by X®(M).

Note that every (first order) tangent vector is a second order tangent vector. Locally, a
second order tangent vector L, at p € M can be written as

-0 1 .. 02
L=a" 1 Zai 7
p= @ ozt —|—2a 0riozI’

where ¥ = a/* and we have assumed the summation convention. The next result shows that
a symmetric 2-tensor can be attached to every second order tangent vector. This result is a
special case of Proposition 1.3 in Loos [53].

Theorem 3.2.2. Let Sym?(7'M) denote the space of all symmetric 2-tensors on 7'M and
v1 ® vy denote the symmetric tensor product of tangent vectors v; and v,. The map Ps :
7M — Sym*(T M) defined by
0
p N Bzz

92
P: ——
? <8x18$3
0

P . = 0.

i (3371 P) ’

is well-defined (independent of the choice of coordinates) with kernel T'M.

o9
p @xj

p

Thus, we have a short exact sequence

0— TM — 7M 2 Sym*(TM) — 0.

Definition 3.2.3. Let F': M — N be a smooth map between manifolds M and N.

1. The second order tangent map of I’ at p € M is the linear map 7,F' : 7,M —
Trp) N defined by 7,F(L)[f] = L[f o F], for every f € C*(N) and L € 7,M. The
second order tangent map of F' 7F : M — 7N is obtained by gathering all of the
maps 7,F" for each p € M.
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2. Suppose v : I — M is a curve in M where [ is an interval in R. Then the second order

tangent vector 7,7y <j—t22) is called the acceleration of v at t and denoted by %(t).

3. Suppose f € C*°(M). Then 7f is called the second order differential of f and is
denoted by dsf.

While every tangent vector can be expressed as a velocity vector of a curve, every second
order tangent vector can be expressed as a linear combination of accelerations of curves.

Second order tangent maps also satisfy the chain rule of first order calculus. Indeed, if
F:M — N and G: P — M, then given any f € C*(N) and L € 7,P we have

T F(,G(L))[f] = G(L)[f o F]
=L[fo(Fo@G)]
= 1p(F o G)(L)[f],

as required.

3.2.1 Connections

The first order part of a second order tangent vector cannot be defined intrinsically, that is,
if )
L,= il + Ly 0
ort 2 0x'Ox’
is a second order tangent vector at p € M, then the coefficients a’ do not transform covari-
antly under a change of coordinates. To obtain the first order part of a second order tangent

vector, we need an extra structure on a manifold, namely a connection.

Definition 3.2.4. Assume that V is a torsion-free, affine connection on M. The Hessian
of a smooth function f € C°°(M) with respect to V is a smooth map Hessy(f) : M —
T*M ® T*M defined by

Hessv (f)(4, B) = A[BIf]] = VaBIf].

Note that, by definition, for every smooth function f € C*°(M) and vector fields A, B,

Hessv(f*)(A, B) = A[B[f’]] - VaB[f"]
= A[2fB[f]] = 2/ VaBl/f]
= 2fA[B[f]] = 2fVaB[f] + 2A[f| B[ f]
= (2fHessv(f) + 2(df @ df))(A, B)

Conversely, any assignment f € C*°(M) — Hess(f) € I'(T*M ® T*M) such that Hess(f) is
symmetric and

Hess(f?) = 2fHess(f) + 2(df ® df),
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one can define an affine, torsion-free connection V via
V4BIf] = A[BIf]] — Hess(f)(4, B)
such that Hess(f) = Hessy(f) for all f € C>(M).

Theorem 3.2.5. There is a bijective correspondence V — Fy between the space of affine,
torsion-free, connections on a manifold M and the space of C°°(M)-linear maps Fy :
X@M — X (M) satisfying

Fy(A)=A, if Ae X® (M),
Fy(L)[f] = Lf — (Hessv(f), Py(L)) for all L € X® M,
Fy(AB)[f] = A[B[f]] — Hessv(f)(A, B) = VaB|f], for all A, B € X*° (M).

3.2.2 Second Order Cotangent Vectors

Now we move on to the dual space of the second order tangent space.

Definition 3.2.6. Let M be a manifold.

1. Given p € M, the dual space of 7,M, denoted by 7, M is called the second order
cotangent space at p € M.

2. The second order cotangent bundle of M is defined by

M= ] M

peEM

The projection o, € 7*M +— p € M of a second order cotangent vector onto its
basepoint is denoted by 7, «p;.

3. A second order 1-form is a smooth assignment « : M — 7*M such that 7, o« is
the identity map on M.

Example 3.2.7. Let us mention some examples of second order 1-forms:

1. If f € C°°(M) then dof is a second order 1-form. We have (dof, L) = L[f], for all
LeTM.

2. If f,g € C®°(M) then I'(f, g) defined by
(U(f,9), L) = L[fg] — fL[g] — gL|f]
for all L € 7 M is a second order 1-form.

3. Denote the dual of P, : TM — Sym*(TM) by Py. If b : M — Sym*(T*M) is a
symmetric bilinear form then Pj(b) is a second order 1-form.
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Note that each second order 1-form « induces a (first order) 1-form Res(a) defined by
restricting o, to T,M, for each p € M. More precisely, Res(a), = op|r,ar for all p € M.
Thus, we have a map Res : 7*M — T*M. Note that Reso Py : Sym*(T*M) — T*M is
always 0, since for any symmetric bilinear form b and any tangent vector X, if ¢ : TM — 7 M
denotes the inclusion, then

((Reso Py (b)), X) =

since T'M is the kernel of P,. Thus, we get a short exact sequence

0 — Sym*(T*M) 22 0 B g s o,

If (z') is a system of local coordinates around a point z € M then a second order cotangent
vector a € 7, M can be written locally as

o1 . .
a(z) = adox’ + QaijPz*(de © da?),
where a;; = aj;.

The next result shows that first order 1-forms can yield second order 1-forms in two
different ways.

Theorem 3.2.8. There exists a unique R-linear map d from (first order) 1-forms to second
order 1-form da such that for all 1-forms o and smooth functions f € C*°(M):

1. If @ =df then da = df.

2. d(fa) = Py(df ©® a) + fda.
3. (Resod)(a) = a.

4. For all vector fields A, B

<dOé, [A7 B]> = <Oéa [A’ B])
(da, {A, B}) = Al(a, B)] + Bl{a, A)],

where {A, B} = $(AB + BA).

We have mentioned that endowing M with an affine, torsion-free connection V is equiva-
lent to having a C°°(M)-linear map Fy : X (M) — X> (M) which restricts to the identity
on X* (M) and satisfies some additional properties. Observe that d also induces a map
d* : XA (M) — x> (M) by duality, which restricts to the identity on X* (). However,
this map d*, does not correspond to a connection, since this is R-linear and not C*°(M)-
linear. On the other hand, corresponding to Fy, one can define, again by duality, a map that
converts first order 1-forms to second order 1-forms. More precisely, one has the following
result:
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Theorem 3.2.9. There is a bijective correspondence V +— Gy between the space of affine,
torsion-free, connections on a manifold M and the space of C°°(M)-linear maps from first
order 1-forms to second order 1-forms satisfying the following properties:

1. For every f € C>®(M),
Gv(df) = dzf — P;(Hessy(f)).

2. For every f € C*(M) and vector fields A, B,

Hessv (f)(A, B) = A[BIf]] - (G (df), AB) .

Moreover, for all second order vector fields L and first order 1-form «,

<av FV(L)> = <Gv(@),L> .

3.3 Semimartingales on Manifolds

We now assume that (2, §, {&:}, P) is a filtered probability space.

Definition 3.3.1. Let M be a manifold. A (continuous) semimartingale on a manifold M
is a (continuous) stochastic process I' such that f(I") is a real-valued semimartingale for all
f € C(M). The space of continuous semimartingales on a manifold M will be denoted by

F(M).

We will always assume that semimartingales are continuous. The property of being a
semimartingale is preserved under smooth maps: if F': N — M is a smooth map between
manifold NV and M, and T is a semimartingale on N, then F(I') is a semimartingale on M.
Another important fact is that the property of being a semimartingale is both a temporally
and spatially local property, as the next two results show:

Proposition 3.3.2. Suppose I' is a stochastic process in M and {7,} is an increasing se-
quence of stopping times with lim,,_,,, 7, = oo a.s. The following are equivalent:

1. T' is a semimartingale in M.
2. For every n, I''™ is a semimartingale in M.

3. For every n, the process Y;" := I'(, 4y)ar,,,, 18 @ semimartingale in M for the filtration
&) ;= F, .+ and the probability measure P,, := P[- [{Tn+1 > T }]-

Proposition 3.3.3. Suppose {U, } is a countable open covering of M. If I' is any continuous,
adapted process in M, then there exists a predictable, increasing sequence of stopping times
{7}, with 70 = 0 a.s., such that lim;_,,, 7, = 00 a.s. and on each of the events

[Tk Thg1]] ﬂ{Tk < The1}

I' takes its value in one of the U, ’s.
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3.3.0.1 The Ucp and Semimartingale Convergence on Manifolds

Definition 3.3.4. Let M be a manifold:

1. Suppose {I',} is a sequence of continuous, adapted processes in M. We say the {I',,}
converges to [' in the topology of uniform convergence on compacts in prob-
ability (ucp) if for every smooth function f, f(I',) — f(T).

2. Suppose {I',} is a sequence of semimartingales in M. We say the {I',} converges to
[' in the semimartingale topology if for every smooth function f, f(T',) — f(T')
in the semimartingale topology on . (R).

Note that, by definition, the limit process I' is a continuous, adapted process (respec-
tively, semimartingale) when {I',,} is a sequence of continuous, adapted processes (respec-
tively, semimartingales) converging to I" in the ucp (respectively, semimartingale) topology.

We record the following important proposition for future reference:

Proposition 3.3.5. Suppose f € C°(M), I is an interval in R containing 0 as an interior
point, and € € I — I'. € (M) is a map such that [' — I' € (M) in the semimartingale
topology as € — 0. Additionally, suppose € € I — X, € (R) is a map such that X, —
X € Z(R) in the semimartingale topology as € — 0. Then

[ rwaax. < [ rix
e < [ )

Proof. First suppose f is compactly supported. Then, there exists K > 0 with |f| < K.

Let us write /f(FE)dXe _ /f(FE)dXJr/f(Fe)d(XE - X).

The first term converges in the ucp topology to [ f(I')dX by the Dominated Convergence
Theorem since f(I'.) is uniformly bounded. For the second term, by definition of the metric
in semimartingale topology, for each e, we have

ds(Xe, X) = sup d. </HdX€,/HdX>
|H|<1

(. [ ).

Since this holds for each e and the left side goes to zero as € goes to 0, it follows that

(f £ dXE,f £Lo) dX) converges to zero. Hence, [ f(I'c)d(X. — X) converges to 0 in
ucp.

and

€
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For the more general case, let {K,} be a sequence of compact sets with M =, K,
and K, C K,1. Suppose 7, is the exit time of I' from K, and 79 = 0. Then {7,} is a
sequence of predictable stopping times increasing to infinity. For each n, f (TLT") converges
to f(I''™) in the semimartingale topology, by [5, Proposition 2.6 (3)]. On [[0, 7,,[[, replace f
by a smooth function F' such that F' = f on K,, and F is supported in K, ;. Then, we have

( / f(FE)dXE> " = / F(Tlm™)ax/m™

= /F(F'T")dXT”

ucp

([ r0mx)”

Since the convergence in ucp holds on each of the stochastic intervals [[0, 7,[[, it follows that

[rwaax =4 [pmyix.

To prove that
/f(l“e) odX, % /f(F) o dX,
ucp
we simply note that

[ Heyeax. = [ feoax.+ 5w, x)

< [ )X+ 5Ar).X)

_ /f(F) o dX.

This completes the proof.
|

An important notion is that of differentiability with respect to the semimartingale topol-
ogy. We will use this when we discuss variations of semimartingales in manifolds.

Definition 3.3.6. Let / C R be an interval and ¢ € [ — I'. € (M) be a map from
I to /(M) with I' = T, where ¢, € I. We say that ¢ — I'c is differentiable in the
semimartingale topology at ¢ = ¢ if there exists a Y € .(T'M) such that:

1. Let mpp : TM — M denote the projection onto the basepoint. Then 7y (Y) =T

2. For every f € C*(M),

e—r€o € — €

= {df,Y) (')

in the semimartingale topology.
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As mentioned in Arnaudon and Thalmaier [5], pathwise smoothness does not imply
differentiability in the semimartingale topology, that is, even when the maps ¢ — I'.(+) are
smooth, € — T'. may not be differentiable in the semimartingale topology. On the other
hand, this is true if the convergence in Definition is replaced by ucp convergence, in
which case, we say that I', is differentiable in the ucp topology at ¢ =¢;, € I.

3.4 Stochastic Integration on Manifolds

Given a smooth function f € C°°(R*) and a semimartingale X in R¥, recall the change of
variables formula for semimartingales:

o 1 02 .
500 = 100 = 3 [ xaxt+ 5 Y [ S X,

Since the left side does not depend on coordinates, we expect the right side to be coordi-
nate independent as well. The stochastic integral on a manifold expresses this coordinate
independence by using second order differential geometry.

Definition 3.4.1. Let M be a manifold.

1. A locally bounded process in M is a stochastic process H taking values in M such
that there exists an increasing sequence of stopping times {7,,} with lim,_,. 7, = oo
a.s. and H |T"1{7—n>0} takes values in a relatively compact subset of M.

2. Let (E,m, M) be a fibre bundle, I" be any stochastic process in M and H be any
stochastic process in E. If 7(H) = I" then we say that H is over I

The next theorem introduces the stochastic integral.

Theorem 3.4.2. Let I' € .7(M). There exists a unique linear map H — [ Hdl' from the
set of all predictable, locally bounded 7*M-valued processes over I' to .(R) such that, for
every f € C°(M), every locally bounded and predictable real-valued process K, and every
locally bounded and predictable 7*M-valued process H over I', we have

ﬂD—f@ﬂ:/@ﬂDﬂ

/KHsz/Kd(/HdF).

We will call [ Hdl" the stochastic integral of H with respect to I'. If « is a second
order 1-form then we will denote [ a(I')dl’ by [ adl’ and call it the stochastic integral of
a with respect to I'.

We mention some properties of the stochastic integral in the following proposition.
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Proposition 3.4.3 (Properties of the stochastic integral). Suppose I' € .7 (M).

1.

Suppose Q is a probability measure that is absolutely continuous with respect to
P. Then the stochastic integral computed with respect to Q is a version of the one
computed with respect to P.

If t — A; is a continuous change of time and H is a locally bounded and predictable
process over I', then

T Arp
/ Hadly, = Hdr.
0 Ao

/ HAl'™ = / Hdrl

If F: M — N is a smooth map between manifolds M and N, and H is a locally
bounded and predictable 7% N-valued process over F'(I") then

/ HAF(T) = / FHAT,

where [™*H is the 7" M-valued process defined by (F*H)(w)(L) = Hy(w)(mr,w) F (L)),
for any L € 7p,(,)M and all £ > 0 and w € Q.

In particular,

for any stopping time 7.

. Let b € Sym*(T*M) be a symmetric bilinear form. Denote by [b(dl,dl') the semi-

martingale 2 [ Py (b)dl'. Then for all f,g € C*°(M)

/(fb)(dF,dF) :/f(F)d (/b(dF,dF))

[ o agyar.ar) = 5. g(r)
Suppose H; and Hy are locally bounded and predictable processes over I'. Then
{/HldF,/Hng] = 2/P2*(Res(H1) ©® Res(Hy))dT".

If " is a smooth curve and « is a second order 1-form then

/adr:/<Res(a),f> dt.

If a second order 1-form « is written locally as
) . 1 ) .
a(z) = o' (z)dez’ + 5% () Py (dx* © dx?)
and T' = (T'") locally, then

/adF — /ai(F)dFi+%/aij(F)d[Fi,Fj].
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The Stratonovich and It6 integrals on a manifold are special cases of the stochastic
integral.

Definition 3.4.4. Let I' € ./(M) and « be any 1-form.

1. The Stratonovich integral of a with respect to I is defined to be the stochastic
integral of da with respect to I'. We denote the Stratonovich integral by [« e dT’

2. Suppose M is endowed with an affine, torsion-free connection V. The It6 integral of
a with respect to I is defined to be the stochastic integral of Gy («) with respect to
I'. We denote the It6 integral by [« d¥T

The Stratonovich and It6 integrals can also be extended to locally bounded and pre-
dictable processes over I'. The change of variables formula for Stratonovich and It6 integrals
are given below:

Theorem 3.4.5. Suppose I' € ./ (M).

1. (Change of variables formula for Stratonovich integrals)
For every f € C*(M)

F(0) = £(x0) = [ df sar.

2. (Change of variables formula for It6 integrals)
Let M be endowed with an affine, torsion-free connection V. For every f € C*(M)

f(T) = f(Ty) = /dfdvr+ %Hessv(f)(dl“,dl“).

More generally, for Stratonovich integrals, the following property is very useful:

Proposition 3.4.6. Let ' : M — N be a smooth map between manifolds M and N, ay
be a 1-form on N and I' € . (M). Let ap = F*ay, that is, ay satisfies (ap(p),vp) =
(an(F(p)), T,F(v,)) for all p e M and v, € T,M. Then

/aNodF(F) :/aModF.

Differentiability results in the semimartingale topology for Stratonovich and Ito6 integrals
for manifolds can be found in Arnaudon and Thalmaier [5]|Corollary 3.18]:

Proposition 3.4.7. Suppose « is a 1-form on M. Let I be an interval in R and ¢ € I —
[, € L(M) be differentiable in the semimartingale topology. Then the maps

eG[H/aodFEEY(R)

and
eEIH/adVFE € Z(R)

are differentiable in the semimartingale topology.
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In case of real-valued processes, a semimartingale is a martingale if and only if all of its
It6 integrals are local martingales. A similar result holds on manifolds.

Theorem 3.4.8. Given a manifold M endowed with a connection V and a semimartingale
I' e S(M), the following are equivalent:

1. For every smooth function f € C*°(M)

1
f(T) = f(To) — §H€SSv(f)(dFa dr)
is a local martingale.

2. There exists an adapted, locally bounded, 7 M-valued process L over I' with FgL =0
and an increasing, adapted, and continuous process C' such that for every smooth
function f € C*(M)

F(T) — F(To) — / LfdC

is a local martingale.

If T satisfies either of these conditions then we say that I' is a V-martingale or simply,
a martingale on M.

3.5 Stochastic Differential Equations on Manifolds

In the deterministic case, an ordinary differential equation can be viewed as the problem of
finding an integral curve of a vector field on a manifold. In the stochastic case, we generally do
not encounter differentiable objects (with respect to time), so stochastic differential equations
need to be formalized via the stochastic integral, which is a second order object. Moreover,
in practice, one is often interested in multiple sources of noise. For instance, one can have
a deterministic vector field V' on a manifold M perturbed by k sources of independent
Brownian noise B!,---, B*. But the vector B = (B!,---, B¥) lives in R¥, so we need a
recipe to generate noise in the manifold M from noise in R¥. This is provided by a Schwartz
operator.

Definition 3.5.1. Let M and N be manifolds.

1. A Schwartz morphism from N to M is a fibrewise linear map F': TN — 7M such
that the following properties hold:

(a) The image of every tangent vector in N is a tangent vector in M.
(b) Let F|rny denote the restriction of F' to TN. For every second order tangent
vector L in M, Py(F(L)) = (Flrn © Flrn)(Py(L)).

2. A Schwartz operator from N to M is a family F' = {F(2,y) }(@y)enxm of Schwartz
morphisms from N to M, smoothly depending on = and y.
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3. Given a Schwartz operator F' from N to M, a solution to the stochastic differential
equation (SDE)
dl' = F(X,I")dX

is a semimartingale I' € /(M) such that for all second order 1-forms o

/ adl = / FA(X,T)()dX
where F*(z,y) : 77 M — 75N is the dual map of F(z,y) : 7.N — 7,M.

The next theorem establishes existence and uniqueness for solutions to stochastic dif-
ferential equations:

Theorem 3.5.2. Let X € “(N), F be a Schwartz operator from N to M, and Z be a
random variable in M. There exists a predictable stopping time 7 > 0 (possibly infinite)
and a semimartingale I' € .(M) such that I" solves

dl' = F(X,I")dX, To=2

on [[0, 7[[ and explodes on {T < co}. Moreover, if T' is a semimartingale and 7 is a predictable
stopping time such that I" also solves the same SDE with 'y = Z on [[0, 7[[, then 7 < 7 and
I' =T on [[0, 7[[.

While stochastic differential equations are second order objects, their first order coun-
terparts are called Stratonovich equations. We will frequently use them in this thesis.

Definition 3.5.3. Let M and N be manifolds.

1. A Stratonovich operator from N to M is a family of linear maps
S ={S(x,y) : TuN = TyM}@yenxm

depending smoothly on = and y. The collection of all Stratonovich operators from N
to M will be denoted by Strat(N, M).

2. Given a Stratonovich operator S € Strat(IN, M), a solution to the Stratonovich
stochastic differential equation (Stratonovich SDE)

odl'=S(X,I') edX
is a semimartingale I" € (M) such that for all 1-forms «
/Oz.dr = /S*(XJ‘)(@) o dX

where S*(z,y) : T, M — T; N is the dual map of S(x,y) : T, N — T, M.
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To every Stratonovich operator, one can assign a Schwartz operator uniquely. This is
the content of the next lemma. Note that this also establishes existence and uniqueness
of solutions for Stratonovich SDEs, by passing to the SDE defined by the corresponding
Schwartz operator.

Lemma 3.5.4. Let S € Strat(N, M). There exists a unique Schwartz operator Fg from N
to M such that if the curve (z(t),y(t)) in N x M satisfies y(t) = S(x(t),y(t))(@(t)) then
§(t) = Fs(x(t),y(t))(Z(t)). Moreover, for every X € .(N), a semimartingale I" in M solves
odl' = S(X,T')edX if and only if it solves dI' = Fg(X,I")dX with the same initial condition.

We remark that Stratonovich and Schwartz operators are deterministic objects and the
Schwartz operator corresponding to a Stratonovich operator can be determined by purely
geometric arguments. The main reason Stratonovich SDEs feature prominently in this thesis
is due to the Malliavin Transfer Principle, which roughly states that geometric properties of
ordinary differential equations carry over to Stratonovich SDEs.

3.5.1 Reduction and Reconstruction of Stratonovich SDEs

If an ordinary differential equation (ODE) is symmetric under a Lie group action, then often
we have a simpler ODE on a reduced space, and the solution of the original ODE can be
reconstructed from the solution of the reduced ODE. Léazaro-Cami and Ortega [54] have
shown that these results also carry over to Stratonovich SDEs, and we will refer to their
exposition here. We will assume that ¢ : G x M — M is a smooth action of a Lie group G
on M and for all g € G, ¢, : M — M is the map p € M — ¢(g,p). The Lie algebra of G,
will be denoted by g.

Definition 3.5.5. Let S € Strat(NN, M). We say that S is G-invariant or G-equivariant
if

S(a:, ng(y)) = Ty¢g © S(QZ, y)

for all (z,y) € N x M and g € G. The collection of all G-invariant Stratonovich operators
from N to M will be denoted by Strat®(N, M).

G-invariance of Stratonovich operators lead to symmetries in the solutions of the Stratonovich
SDEs they describe.

Proposition 3.5.6. Let S € Strat®(N, M) and X € .#(N). If T is a solution of
odl' = S(X,I') edX
then, for all g € G, ' := ¢,(T") satisfies

odl' = 5(X,T) e dX.

Associated to G-invariant Stratonovich operators are invariant submanifolds for the
corresponding differential equation.
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Definition 3.5.7. Suppose S € Strat(N, M) and X € #(N). Let P be an immersed sub-
manifold in M. P is said to be an invariant submanifold for the Stratonovich differential
equation

odl' = S(X,I') edX

if for every §o-measurable random variable Z taking values in P, I'y = Z implies that T’
takes values in P in [[0, 7[[, where 7 is the explosion time of T

Assume that the G-action on M is proper. Given any isotropy subgroup I of G, we
define the isotropy type submanifold M; of M by M; :={z € M |G, = I}, where G,
is the isotropy subgroup of z. By properness of the action, I is compact, and the connected
components of M; are embedded submanifolds in M. This is shown in Ortega and Ratiu
[78, Proposition 2.4.7|. The next proposition states that the isotropy type submanifolds are
also invariant submanifolds.

Proposition 3.5.8. Assume the G-action on M is proper and let S € Strat(N, M) be
G-invariant. Then, given any X € #(N), the isotropy type submanifolds are invariant
manifolds for the Stratonovich stochastic differential equation edl' = S(X,I") e dX.

This proposition is called the law of conservation of the isotropy. The next theorem
is the reduction theorem for Stratonovich operators.

Theorem 3.5.9. Let X € .(N) be any semimartingale and S € Strat(N, M) be G-
invariant. Let I be any isotropy subgroup in G, M; be its isotropy type submanifold, N(I)
be its normalizer and L; := N(I)/I. Then L; acts freely and properly on M;. Moreover, let
7wr : M — M;j/L; denote the projection and define the reduced Stratonovich operator
S € Strat(N,M;/L;) by Si(xz,7(y)) = Tymr o S(z,y), for all (x,y) € N x M;. If T
solves odl' = S(X,T") @ dX and Iy takes values in My, then ™4 := 7;(T") satisfies edl"™ =
Sp(X,T7d) o dX with initial condition m;(T).

Now we describe the process of reconstruction of solutions. We will carry this out with
the assumption that G acts freely and properly on M, so that we have a principal bundle
m: M — M/G. The extension to the more general setup in the reduction theorem is similar
- one replaces M by M; and G by Lj.

Let A be a principal connection on m : M — M/G. If {e;}™9 is a basis of g then
A can be written as Y09 ofe;, for some 1-forms o/ on M. Then, given any I' € . (M),
the Stratonovich integral [ A e dI' is defined to be equal to the g-valued semimartingale
S ([ a'edl') e;. Note that by linearity of the Stratonovich integral, this definition is
basis independent.

Given a semimartingale I'™/¢ in M/G and a Fy-measurable random variable Z in M
with 7(Z) = I'o, we define the horizontal lift of I' to M starting at Z as the semimartin-
gale I'"" in M with 7(I'") =TM/¢ [ Aedl™ =0 and I't = Z. The existence and uniqueness
of the horizontal lift is shown in Shigekawa |84, Theorem 2.1] and Catuogno [I5, Theorem
1]. The reconstruction theorem uses the horizontal lift of the reduced solution to yield a
solution of the original Stratonovich operator.
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Theorem 3.5.10. Let X € .(N) be any semimartingale and S € Strat(N, M) be a G-
invariant Stratonovich operator. Suppose S™ € Strat(N, M/G) is the reduced Stratonovich
operator on M /G defined by S™(x,7(y)) = S(z,y) for all (z,y) € N x M. Let TM/& ¢
S (M/G) solve odl' = S™(X,T") e dX with initial condition Ty = Zys ¢, where Zy/ is an
Fo-measurable M /G-valued random variable. Fix a §y-measurable random variable Z in M
with 7(Z) = Zaj¢ and define a semimartingale I' € .#(M) as follows:

1. Consider the horizontal lift I'* of I" starting at Z.
2. Let € be the g-valued semimartingale defined by ¢ = [(Ao S(X,T") e dX.

3. Define the Stratonovich operator L € Strat(g,G) by L(n,g) = T.L,(n) for all (n,g) €
g X G and let = solve the Stratonovich stochastic differential equation

od= = L(¢,E) o d, Zo=e.
Set I' = (bE(Fh)

Then I' satisfies
odl' = S(X,T)edX, Toy=Z

and 7(T") = I'M/C.

3.5.2 Reduction of Schwartz Operators

In the previous section, we discussed reduction of Stratonovich operators. This naturally
leads to the question of reduction of Schwartz operators. For instance, let S be a G-invariant
Stratonovich operator from N to M. Then one can obtain a reduced Stratonovich operator
S™d on a reduced space corresponding to S. By Lemma there are Schwartz operators
Fs and Fgrea corresponding to S and S™9 respectively. We would like to show that F' and
Fgea are G-invariant and they are connected by reduction as well.

More generally, we derive a general reduction theorem for stochastic differential equa-
tions defined by Schwartz operators. We do not assume that the Schwartz operators are
derived from Stratonovich operators by Lemma [3.5.4] although every Schwartz operator
naturally defines a Stratonovich operator. If F'is a Schwartz operator from N to M, then
one can obtain a Stratonovich operator S from N to M by restricting F' to the tangent
bundles on N, namely, for each (z,y) € N x M, one defines S(z,y) = F(z,y)|r,n. However,
F may not be equal to Fgs - the Schwartz operator obtained from S via Lemma [3.5.4 We
provide a concrete counterexample here:

Example 3.5.11. Define a Schwartz operator F' from R? to R? as follows:
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0? 0?
F(z,y) <@) = 5.2
0? 0
P (37) = 5,
82
Flo) (505:) =0

We extend F(z,y) to all of 7(, ,)R? by linearity. Note that F(z,y) satisfies the conditions for
a Schwartz morphism, so F' indeed is a well-defined Schwartz operator. The Stratonovich
operator S obtained by restriction is given by

0 0 0
S(x,y) <a% + ba—y> = a5

for all a,b € R. We shall now determine Fs. Suppose (x(t),y(t)) is a curve in R? x R? such
that

i 0)55 + (05 = SO,y @) ) = 505
Therefore, ¢'(t) = #'(t) and y*(t) = 0. Next, for any f € C(R?)
(o) =5 |05 60) + P05 (50)
= 05 (50 + 0 (v(0)
PF o1

FIN S G+ 2 0 ()5

Since ¢! (t) = 2'(t), ¥*(t) = 0 and f is arbitrary, we conclude that

0 0?
.. 1 v .1 2
y(t) =i (t) pe +a(t) pet
Moreover, by a similar computation,
0 0
_a1n 9 200 9
(1) = (1) + (1) 5
92 92
- 104)\2 .2/\2
+ @ (t) 22 + °(t) _8y2
.1 .92 82
+ 2@ (t)2°(t) 900y’
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+ &' (t)*Fg > + i%(t)*Fg o
ox? 0y?

+ 24 (t)i?(t) Fs ( ai;y) :

Since the left side equals y(¢) and the curve x(¢) is arbitrary, this implies that

Fee) (52) = 5
R (5) = 30
Fs(z,y) <8j;y) =0.

But note that Fs(z,y) (;—;) # F(x,y) (g—;?).

Given a Lie group G acting on M, the notion of a G-invariant Schwartz operator is
defined very similarly to that of G-invariant Stratonovich operator. We shall continue to use
the notations of the previous section for group actions:

Definition 3.5.12. Let F' be a Schwartz operator from N to M. We say that F is G-
invariant or G-equivariant if for every (z,y) € N x M and g € G

F(JZ, ng(y)) = Tyg © F(L?J)‘

G-invariant Schwartz operators yield symmetries in terms of the solutions of the SDEs
they define. More precisely, we have the following proposition:

Proposition 3.5.13. Let F' be a G-invariant Schwartz operator and X € .(N). If I solves
dl' = F(X,I")dX

then T := ¢,(I") solves ) )
dl' = F(X,I")dX.

Proof. For every second order 1-form «

/adr:/¢;(a)dr

_ / F*(X.T)¢(a) dX
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= /F*(X, D)(a)dX.
This shows that I solves
dl' = F(X,T')dX.
|
G-invariant Schwartz operators are related naturally to G-invariant Stratonovich oper-
ators. The Stratonovich operator obtained by restricting a G-invariant Schwartz operator to
the (first order) tangent spaces is G-invariant. Conversely, the Schwartz operator induced

by a G-invariant Stratonovich operator is G-invariant. We prove both of these statements
in the next proposition.

Proposition 3.5.14. Let S € Strat(/N, M) and F be a Schwartz operator from N to M.

1. Suppose F is G-invariant and for all (z,y) € N x M, S(z,y) = F(x,y)|r,n. Then S
is G-invariant.

2. Suppose S is G-invariant. If F' = Fg then F' is G-invariant.
Proof.

1. Let (z,y) € N x M. Then, forall g € G

Sz, 94(y)) = F(x, 4(y)) |1, n
= Tydg © F(2,y)|r, N
=Ty¢g 0 F(z,y)|r.n
=Typ40 S(z,y),

where the second last equality holds since the restriction of the second order tangent
map T7,¢, to the tangent space T, M is the usual (first order) tangent map T,¢,.

2. Let (z,y) € N x M and g € G. Suppose (z(t),y(t)) is a curve in N x M with
(2(0),y(0)) = (z,y) and

Then, by definition,
§(t) = Fs(a(t), y(1))(E(t)).
By G-invariance of S, 3(t) := ¢,(y(t)) solves

y(t) = S(=(),7(1)) (1),  F(0) = dy(y).
This implies that

As a result
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= Ty)Pq (%y(i))
=m0 Fs(a(t) y(1))(5(1)).

Evaluating this at t = 0 gives

Fs(w, 09(4))(2(0)) = 70 0 Fs(2,y)((0))-

Since the accelerations #(0) of curve z(t) with 2(0) = z linearly span 7, N, we conclude
that

Fs(x,¢4(y)) = 17y¢g 0 Fs(x,y)
for all (x,y) € N x M and g € G. This completes the proof.

Similar to the case of Stratonovich equations, we can define invariant manifolds for SDEs
defined by Schwartz operators.

Definition 3.5.15. Suppose F' is a Schwartz operator from N to M and X € .¥(N). Let
P be an immersed submanifold in M. P is said to be an invariant submanifold for the

stochastic differential equation
dl' = F(X,I")dX

if for every §p-measurable random variable Z taking values in P, I'y = Z implies that I’
takes values in P in [[0, 7[[, where 7 is the explosion time of I'.

The next result, proven in Emery [30], allows us to prove that a submanifold P of M is
invariant.

Proposition 3.5.16 (|30, Corollary 6.44]). Let F' be a Schwartz operator from N to M and
X € S(N). Suppose that for every (z,y) € N x P and L € 7,N, F(x,y)(L) € 7,P. Then
P is an invariant submanifold for the stochastic differential equation

dl' = F(X,I)dX.

We will use this proposition to prove the analogue of Proposition for Schwartz op-
erators. Namely, we will show that the isotropy type submanifolds are invariant submanifolds
for G-invariant Schwartz operators.

Proposition 3.5.17 (Law of Conservation of the Isotropy). Assume the G-action on M is
proper and let F' be a G-invariant Schwartz operator from N to M. Then, given any X €
(N), the isotropy type submanifolds are invariant manifolds for the stochastic differential
equation dI' = F(X,I")dX.

To prove this, we need the following lemma:
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Lemma 3.5.18. Let F' be a Schwartz operator from N to M. Define a Stratonovich operator
S € Strat(N, M) by

S(x,y) = F(x,y)|r,n,for all (z,y) € N x M.

Let Fg be the Schwartz operator from N to M obtained from S via Lemma [3.5.4 Then, for
every (z,y) € N x M and L € 7, N,

(F(.ﬁlﬁ,y) - Fs(.ﬂﬁ,y))(L) < TZJM
Proof. Let (z,y) € N x M. Then

(F(z,y) — Fs(z,y))|n.n =

Hence, given any L € 7, N,

Py((F(z,y) — Fs(z,y))(L))
(F(2,y) = Fs(z,9))|lr.n © (F(2,y) = Fs(2,y))|r.x) (P2(L))
0

Since the kernel of Ps|. r = T, M, the result follows. |

Proof of Proposition [3.5.17. Let I be an isotropy subgroup of G. By Ortega and Ratiu
[78, Proposition 2.4.7|, for all y € M;

T M;={veT,M|T,p,(v) =viorallgel.}
Define a Stratonovich operator S € Strat(/N, M) by
S<I7y) = F(I,y)|TmN,f01" all (Ivy) €N x M,

and let Fg be the Schwartz operator from N to M obtained via Lemma [3.5.4] Then S, Fg
and I are all G-invariant. For all (z,y) € N x M, let

V(ZE,y) = F(l’,y) - Fs(l',y>.

Then F(z,y) = Fs(z,y)+V(x,y). For every g € I, since the image of V(z,y) is a first order
tangent vector and ¢,(y) =y

Typg o V(z,y) = 1y04 0 V(z,y)
= Tydg 0 F(z,y) — 7ydg 0 Fs(z,y)
= F(z,04(y)) — Fs(z, ¢4(y))
= V(z,y).

Therefore, V (x,y) takes values in T, M;. Next, we show that Fs(z,y) takes values in 7,M;.
Let (z(t),y(t)) be a curve in N x M with (2(0),y(0)) = (z,y) € N x M; and
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Applying Proposition with X; = «(t) shows that M; is an invariant submanifold for
this ordinary differential equation. Hence the curve y(t) takes its values in M;. Consequently
ii(t) € 7yyM;. On the other hand, by definition of Fj,

§(t) = Fs(a(t), y(1))(E(t)).

Evaluating this at ¢ = 0 shows that Fg(x,y)(Z(0)) € 7,M;. Since the accelerations (0) of
curve z(t) with (0) = x linearly span 7, N, this implies that Fs(z,y) takes values in 7, M;.

Since, for every (z,y) € N x My, F(z,y) = Fs(z,y) + V(z,y) € 7,M[, by Proposition
3.5.16] it follows that A/ is an invariant submanifold for dI' = F(X,I') dX for every X €
(N). 1

X

Now we are ready to prove the reduction theorem for SDEs defined by Schwartz opera-
tors.

Theorem 3.5.19 (Reduction Theorem for Schwartz Operators). Let X € () be any
semimartingale and F' be a G-invariant Schwartz operator from N to M. Let I be any
isotropy subgroup in G, M; be its isotropy type submanifold, N(I) be its normalizer and
L;:= N(I)/I. Then L; acts freely and properly on M;. Moreover, let m; : M — M;/L; de-
note the projection and Fj be a Schwartz operator from N to M;/L; defined by Fi(x, m1(y)) =
T, 0 F(z,y), for all (z,y) € N x M. If ' solves dI' = F(X,I')dX and I’y takes values in
M, then T4 := 7r;(T) satisfies dI"™ = F;(X,T™4)dX with initial condition 7;(Ty).

Proof. We remark that the proof is very similar to the proof of the reduction theorem in
Lazaro-Cami and Ortega [54]. Since L; acts freely and properly on M;, M;/L; is a regular
quotient manifold. This is proven, for instance, in Duistermaat and Kolk [35].

Next we show that the Schwartz operator Fj is well-defined. Suppose (z,y) € N x M;
and § = ¢,(y), with g € L;. Then

FI<I,§) = Tg’ﬂ'[ o F(I,g)
= Tgy(y)T1 © TyPg © F(2,9)

=T1,(m10¢,) 0 F(z,y)
= 1,710 F(x,y)

= Fi(z,y).

Suppose I' solves dI' = F(X,I")dX and I'y takes values in M;. Since M; is an invariant
submanifold it follows that T' takes its values in M;. Therefore " = 7/(T") is well-defined
at T4 = 77(T'g). Moreover, for all second order 1-forms o on M;/L;

/adFred = /W?(Og) dr’

_ / FH(X, T)(r}(a)) dX
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- [ X mr) e ax
= / Fr(X, T (a)dX.
This shows that ™ solves the SDE dI™d = F(X, T"d)dX. i

Finally, we show that the Schwartz operators corresponding to a G-invariant Stratonovich
operator S and its reduced counterpart S™¢ are connected by reduction.

Theorem 3.5.20. Let S € Strat(/N, M) be G-invariant, I denote an isotropy subgroup of
G and L; = N(I)/I. Let S; € Strat(N, M;/L;) be the reduced Stratonovich operator as
constructed in Theorem . Suppose Fs (respectively, Fg,) is the Schwartz operator from
N to M (respectively, M;/Ly) corresponding to S (respectively, S7) as obtained via Lemma

3.5.4l Then, Fs,(z,m(y)) = 7,7 o Fs(z,y) for all (z,y) € N x M.
Proof. Let (z,y) € N x My and suppose (z(t),y(t)) is a curve in N x M with (z(0),y(0)) =

(x,y) and
y(t) = S(a(t), y(1)) (& (t)).

Since M is an invariant submanifold for this differential equation, it follows that y(t) takes
its values in M;. Moreover, by the reduction theorem for Stratonovich operators, y*4(t) :=
77(y(t)) solves

geUt) = Si(x(t), y™ () (@(1),  y™4(0) = mr(y).
On the other hand, we have §i(t) = Fs(x(t),y(t))(@(t)) and §4(t) = Fs, (z(t), y™4(t))(Z(t)).

Since §*4(t) = Ty (4(t)), it follows that

F, (2(t),y™ (1)) (i(t)) = 7y 0 Fs(x(t), y(t))(#(1))-

Evaluating this at ¢ = 0 gives

Fs, (x,71(y))(£(0)) = 7ymr 0 Fs (2, y)((0)),

which implies that
FSI(J;, WI(y)) = TyT1 © FS(‘Ta y)

This completes the proof. |

Remark 3.5.21. We do not pursue the reconstruction for Schwartz operators here. This is
left as a prospect for future research.

Remark 3.5.22. Huang and Zambrini [44] has developed a Hamiltonian formulation of
stochastic mechanics using generalized derivatives and second order differential geometry. In
their setting, the canonical symplectic form on 7*Q is extended to a 2-form-type object w
on the second-order cotangent bundle 7*Q). For a smooth Hamiltonian H € C*°(7*Q), they
define a second-order vector field Ay on 7*@Q) via the relation

z'AHw = dgH
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The uniqueness of Ay is established under additional hypotheses. Given such a second-order
field and a choice of Riemannian metric on (), they then construct an associated It6 equation
via a martingale problem formulation.

As shown in Emery [37], an It6 equation on a manifold canonically determines a Schwartz
operator. If the metric on () is G-invariant, the complete lift of the corresponding Levi-Civita
connection described by Yano and Patterson [91] yields a G-invariant connection on 7*@Q). If
the It6 equation resulting from the martingale problem in [44] is G-invariant, its associated
Schwartz operator can also be shown to be G-invariant. Consequently, the reduction of
G-invariant Schwartz operators carried out in this section also applies in this setting.

Additionally, symmetries of stochastic differential equations under simultaneous trans-
formations of the phase space variables and the time parameter are considered in [44], by
employing the prolongation of SDEs to an appropriate stochastic tangent bundle. In their
setup, the driving noise is of the form (¢, BY,..., B¥), where each B® is a Brownian mo-
tion. In contrast, the present work focuses on symmetries acting purely on the phase space
with driving noises which are arbitrary semimartingales X taking values in a manifold N.
Moreover, every symmetry transformations considered in this section are also symmetry
transformations in the sense of [44], but the converse is not necessarily true.



Part 11

Stochastic Hamiltonian Systems
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Chapter 4

Stratonovich Formulation of Stochastic
Hamiltonian Systems

In this chapter we will look at the Hamiltonian formulation of stochastic geometric mechanics
using Stratonovich differential equations. Stratonovich differential equations allow us to
transfer many of the geometric properties of Hamiltonian systems to the stochastic case.

As in the case of deterministic geometric mechanics, the phase space for a stochastic
Hamiltonian system is a Poisson manifold. In the deterministic case, one starts with a
Hamiltonian A on a Poisson manifold and the central object of study is the Hamiltonian
vector field. In the stochastic case, the goal is to study stochastic perturbations of X} by noise
vector fields. This is done by replacing X} by a Stratonovich operator. In order to ensure
that the stochastic flows are Hamiltonian in nature, we consider Stratonovich operators given
by a sum of Hamiltonian vector fields. In this sense, stochastic geometric mechanics can be
thought of as the study of vector-valued Hamiltonians on a Poisson manifold.

Stochastic perturbations of Hamiltonian systems via Stratonovich differential equations
was studied by Bismut [IT] on Euclidean spaces and generalized by Lazaro-Cami and Ortega
[55, 54| to Poisson manifolds. Following [55, 54|, we introduce the general framework of
stochastic Hamiltonian systems and discuss the analogues of Poisson, symplectic, and Lie-
Poisson reduction for stochastic Hamiltonian systems.

4.1 Definitions and Symmetries of Stochastic Hamilto-
nian Systems

Definition 4.1.1. Let (P, {-,-}) be a Poisson manifold, and V' be a vector space with basis
{e1,-+ ,ex}. Suppose Y € (V) and H : P — V* is a smooth function with component
functions (hy,--- , hy) with respect to a basis {e!,---,€*} for V*. Define a Stratonovich
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operator Sy € Strat(V, P) by
k
Su (v, z)(u) = Z (e, u) Xp,(2), veV, zeP, ueTl,V. (4.1.1)
i=1

The Hamilton equations with stochastic component Y, and Hamiltonian function
H are the Stratonovich differential equations associated with Sy:

odl' = Sy (Y,T) e dY. (4.1.2)

The 4-tuple (P, {-,-}, H,Y) will be called a stochastic Hamiltonian system.

For the sake of brevity, we will write Equation (4.1.2)) as
k
odl =) X, (T)edY". (4.1.3)
i=1

Often, we think of this equation as stochastically perturbing a Hamiltonian vector field
X}, by noisy Hamiltonian vector fields. More concretely, let V = R**! with its standard

basis, Y = (t,Y! --- Y*) where Y!,--- | Y* are real-valued semimartingales and H =
(hyhi,--+  hg) : P — (RF*1)". Then the corresponding stochastic Hamiltonian system is
written as

k
odl' = X,(T)dt + Y X, (T) @ dY".
=1

As a consequence of the definition of a stochastic Hamiltonian system we have the following
proposition:

Theorem 4.1.2. Let a be a 1-form on P, T" solve Equation (4.1.3) and 7 be the explosion
time of I'. Then, on [[0, 7

/a.dr = Zj:/w,xhi) (T) e dY". (4.1.4)

Let a = df, where f € C*°(P). Since (df, Xp,) = X3, [f] = {f, hi}, we obtain

F0) = £(00) = Y [ {Fh) (D) e aY" (4.15)

The next proposition describes the Schwartz operator for Equation (4.1.3). We will, however,
restrict ourselves to the Stratonovich description in most applications.

Proposition 4.1.3 (|55, Proposition 2.3|). The Schwartz operator Fs,(v,p) : 7,V — 7,P
associated to Sy is described as follows: Given L € 7,V and f € C*(M)

Fsy (0, p)(L)(f) = <Z{f, hi}(p)e +{{f hj}, hi} (p)P5 (€' © €j),L> :

1,j=1
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Now we define conserved quantities for stochastic Hamiltonian systems.

Definition 4.1.4. Let f € C(P).

1. We say that f is a conserved quantity for the stochastic Hamiltonian system (4.1.3)
if for any solution I', f(I') — f(I'y) = 0 almost surely.

2. We say that f is a weakly conserved quantity for the stochastic Hamiltonian system

if for any solution ', E[f(T")] — E[f(T)] = 0.

From Equation (4.1.5) we see that f is conserved along I' if {f h;} = 0 for all i =
1,--- , k. In particular, Casimirs are always conserved along solutions of stochastic Hamil-
tonian systems.

On the other hand, conservation of f € C"°(P) along solutions does not automatically
imply that {f, h;} = 0 for all i = 1,--- k. A partial converse is provided by the following
proposition:

Proposition 4.1.5 (|54, Proposition 2.6]). Let f be conserved along a solution I' of Equation
. Suppose there exists j € {1,--- , k} with the following property: there exists A € F
and > 0 such that P(A) > 0 and [Y7, Y], (w) > [Y7,Y7]o(w) for all t < § and w € A.
Then {f, h;} = 0.

4.1.1 Reduction of Symmetric Stochastic Hamiltonian Systems

Now we turn to the problem of reduction of symmetric stochastic Hamiltonian system.
Suppose G is a Lie group acting canonically on P. Lazaro-Cami and Ortega [54] prove the
following theorem:

Theorem 4.1.6. Let GG be a Lie group acting canonically on P. If h; is G-invariant for all
1 =1,---,k then the Stratonovich operator Sy introduced in Definition is G-invariant.

Suppose the G-action on P admits a momentum map J : P — g*. Then Noether’s
theorem also carries over to the stochastic Hamiltonian case.

Theorem 4.1.7 (Stochastic Noether’s Theorem, [54, Proposition 6.4]). The level sets of
J are invariant submanifolds of Equation (4.1.3). Moreover, its components are conserved
quantities.

Next, we discuss stochastic analogues of Poisson, symplectic, and Lie-Poisson reduction.
We will use the notations of deterministic Hamiltonian reduction introduced in Section 2.3l
The proofs may be found in [54].

Theorem 4.1.8. Let V' be a vector space with basis {ej,---,ex}. Suppose Y € .#(V) and
H : P — V*is a smooth function with component functions (hy,-- -, hy) with respect to a
basis {e!, -+ ,e*} for V*. Suppose G is a Lie group acting freely, properly, and canonically
on P and h; is G-invariant for all i =1,--- | k.



4.1. DEFINITIONS AND SYMMETRIES OF STOCHASTIC HAMILTONIAN
SYSTEMS 65

1. Stochastic Poisson reduction: Let 7 : P — P/G denote the projection and {-, -}"*
denote the reduced Poisson bracket on P/G. For all i = 1,---  k, denote by hi*d €
C>*(P/G) the reduced Hamiltonian corresponding to h;, that is, hi*d o 7 = h; and
define H*d : P/G — V* by H™d =S¥ hredel. Let Syrea € Strat(V, P/G) denote the
Stratonovich operator given by

k

Sprea(v, 2)(w) = Y (€, u) X;;éf(z),

=1

for all (v,2) € V x P/G and u € T,V. Here X:;édc(z) is the Hamiltonian vector field
of hi*d on P/G.

Then, Sprea is the reduced Stratonovich operator corresponding to Sy in the sense of
Theorem [3.5.9, Moreover, if T" is a solution of Equation (4.1.2)) with initial condition
[y then I := 7(T") is a solution of edI™*d = Spea(Y,I"*4) @ dY with initial condition
W(Fo).

2. Stochastic Symplectic reduction: Assume that (P,(2) is a symplectic manifold,
and the G-action on P admits a coadjoint equivariant momentum map J : P — g*.
Suppose 1 is a regular value of J and let G, denote the coadjoint isotropy subgroup
through p. Let P, denote the symplectic quotient J~!(u)/G,, with reduced symplectic
form Q,. Denote by i, : J *(u) < P the inclusion and 7, : J '(u) — P, denote
the projection. Define hj*d € C~(P,) via hi* om, = h;0i, for all i = 1,--- | k.
Let H* : P, — V* by H™ = Y% hde. Let Sywa € Strat(V, P,) denote the
Stratonovich operator given by

k

Spprea (v, 2)(u) = Z<6 u) thed z),

=1

for all (v,2) € V x P, and u € T,,V. Here X }];_‘;d(z) is the Hamiltonian vector field of
hid on P,.

Then, Sprea is the reduced Stratonovich operator corresponding to Sy in the sense of
Theorem . Moreover, if I' is a solution of Equation - ) with initial condition
[ such that J(I'g) = p, then I™4 := 7,(I) is a solution of edI™? = Sy (Y, 1) 0 dY
with initial condition ,(I').

3. Stochastic Lie-Poisson Reduction: Let P = T*(G with its canonical Poisson
bracket. Assume that h; is invariant with respect to the cotangent lifts of left trans-
lations. Denote by Jr : T*G — g* the momentum map for the cotangent lifted
right action of G on T*G. Let hi*d € C>(g*) be defined by hi*d o Jp = h;. Define
H™d . g* — V*by H* = Y% hidel, Let Syrea € Strat(V, g*) denote the Stratonovich
operator given by

Mw

(€', u adéhredu,

=1 5#

SHred v M
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for all (v,u) € V x g* and u € T,,V.

Then, Sgrea is the reduced Stratonovich operator corresponding to Sy in the sense of
Theorem [3.5.9, Moreover, if T" is a solution of Equation (4.1.2)) with initial condition
[y then '™ := Jx(T) is a solution of edl'™d = Sy (Y, T™4) @ dY with initial condition
Jr(To).

Remark 4.1.9. The case of Lie-Poisson reduction for the cotangent lifts of right actions is
similar. The definition of Sgrea must be modified to

k
SHred (Uv lu) (u) == Z <Eia U> adzhfd -
i=1 K2

The stochastic reconstruction theorem [3.5.10] can be used to reconstruct the solution of
Sy starting from a solution of Spred.



Chapter 5

Kepler Problem with Perturbed Angular
Momentum

In this chapter we consider a concrete example of a stochastically perturbed Kepler problem
with noise affecting the angular momentum vector. Specifically, the Hamiltonian vector
field of the Kepler problem is perturbed by noisy Hamiltonian vector fields arising out of
the components of the angular momentum vector. While stochastic mechanical systems
with symmetries have been well-studied (see, for instance, Lazaro-Cami and Ortega [55] 54,
Arnaudon, de Castro, and Holm [3, 4], and Street and Takao [89]), this perturbation destroys
the symmetries of the Kepler problem (the angular momentum and the Laplace Runge-Lenz
vector). Therefore, the reduction and reconstruction methods mentioned in Section do
not apply.

On the other hand, even though the symmetries of the Kepler problem are no longer
conserved, the radial distance of the particle from the gravitational source as well as its
speed behaves deterministically. Another feature is that the momentum vector is always at
a constant distance away from a stochastic process on a sphere, providing an analogue of
the deterministic Hamilton’s theorem (see Milnor [69]).

Given the deterministic behaviour of the distance and speed, collisions are well-defined.
In case of the deterministic Kepler problem, Moser regularization transforms Keplerian orbits
at a fixed negative energy level to orbits of the geodesic flow on the 3-sphere (see Moser [70],
Cushman and Bates [30], and Heckmann and de Laat [41]). In our problem, we are able
to carry out a transformation similar to Moser’s, whereby orbits for a fixed negative energy
level are transformed to the geodesic flow on the 3-sphere. Moreover, the transformation is
‘noise-preserving’ in the sense that the structure of the noise perturbation remains unchanged
after applying the Moser map.

For other stochastic versions of the Kepler problem, we refer to Albeverio, Blanchard,
and Hgegh-Krohn [I 2], Nottale [76], Nottale, Schumacher, and Gay [77], Cresson [25],
Cresson and Sébastien [26], Cresson, Pierret, and Puig [28], Cresson, Nottale and Lehner
[27].
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5.1 The Equations of Motion

Let B!, B? and B® be independent Brownian motions. Let h : T*(R3\ {0}) — R denote the
Hamiltonian of the Kepler problem

2
1
L el
2 il

and
J= (YT 7)) = (¢°ps — ¢°p2, &°p1 — ¢'ps, "2 — *p1)
denote the angular momentum vector. We also assume positive constants v, v, and v3 to take

into account the intensity of perturbations along different angular momentum components.
We consider the stochastic Hamiltonian system:

3
odl' = X,(T)dt + Y X, ;i(T') e dB'
=1

= X, (D)dt + i X ;i (T) e d(v;BY). (5.1.1)

Since h commutes with the components of the angular momentum, we note that h is a
conserved quantity for this problem. Let B denote the process (v1 B!, v, B? v3B%) in R?. Let
e;jx denote the Levi-Civita tensor. Suppose Z = (Z1, 2, Z%) satisfies {Z%, J7} = 320 _, e 2"
and {Z, h} =0 for all i, j € {1,2,3}. Then

ZH 1) — ZHTo) = vy /Ot{zl, J*HT) @ dB? + vy /Ot{zl, J3WT) e ddB?

t t
= yz/ Z3(T) @ dB* — yg/ Z*(T) e dB?
0 0
which implies that
0dZ'(I') = 1, Z3(') @ dB? — 13Z*(T) @ dB*.
Using a similar calculation for Z?(T") and Z3(T"), we obtain

edZ(T') = —Z(T) x odB.

Therefore

od||Z(T,)||* = 2Z(T,) - @dZ(I',) = 0, (5.1.2)
which shows that ||Z]|| is conserved along solutions and hence Z(I") lies on a sphere. Note
that Z is not conserved in general. Letting Z =J and Z = A, where A =p xJ — ﬁ is the

Runge-Lenz vector, we see that ||J|| and ||A]| are conserved along solutions.
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The Stratonovich equations for q(I') and p(I') are given by

odq(I') = p(I')dt — q(T") x edB, (5.1.3)
1

The evolution of ||q||(T") is given by

alI(T) — flall(To) = / “ﬁéﬁ’) (D)ds

By the Fundamental Theorem of Calculus, the left side of this equation is differentiable
almost surely and we have,

(a-p)
fal
On the other hand, using q(I") - (p(I") x edB) = —p(I') - (q(I") x edB), we have

od(q-p)(I") = p(I') - edq(I") + edp(I;) - q(I';)
oy L
- ("p" @ ||q||<r>) &

which shows that (q - p)(I') is differentiable almost surely. This means that the right side
of Equation (5.1.5) is differentiable. Using Lagrange’s identity ||J||* = ||q|[?||p||* — (q - p)?
and setting ||J|| = J = constant, we get

) = - (st e ) @+ o (el = o) )

lal| lall
J2 1

“lalF@T)  lallPT)

A similar calculation with the deterministic Kepler problem #(t) = X,(v(t)) shows that
llal|(y(t)) also satisfies Equation (5.1.6). Consequently, for almost every w € €,

lall(To)(w) = llal[(v(#)) - (5.1.7)

In conclusion, we obtain that ||q||(I") behaves deterministically. Also, since h is conserved
along solutions we conclude that ||p||(I") behaves deterministically as well.

d
Zlall@) = (5.1.5)

(5.1.6)

5.1.1 Hamilton’s velocity vector circle theorem

Consider now

AxJ
I[P

In case of the deterministic Kepler problem, by direct computation we can show that

X =

ClIp((0) ~ XG0l = 0.



5.2. COLLISIONS AND THE MOSER REGULARIZATION 70

along any solution 7(¢) and so X is the center of the momentum hodographs (see Milnor
[69]). In case of our stochastic Kepler problem we have

% (edA(T) x J(T') + A(T") x odJ(T))
— L ((A(D) x odB) x I(T) + A(T) x (J(T) x odB))

X (') =

= —— ((A(T) x edB) x J(I') — (J(I') x dB) x A(I))

=—— ((A(T") x odB) x J(I') + (edB x A(T")) x J(I") + (A(T") x J(I")) x edB)
= —X(T') x edB.

Hence ||X]||(T") is constant and X(I') evolves on a sphere. Next we calculate

1
[[J][?
1
= —W[A (g x J)]
1

N ||J||2

q-X = =msla- (A xJ)]

[A-(||ldl’p — (- p)a)]

||J||2[||q|| (A-p)—(A-q)(q-p)

- g tllalta-p) = 191F(a- )+ lalla-p)
=q-p.
This implies
od|[p(T) — X(I)||2 = od||p||A(T") — 2X(I) - .dp(p)_Qp(F),.dX(F)

pla >(F)dt +2X(T) (T)

H I13(T") .H I

+2X(T) - (p(I") x edB) 4 2p(T') - (X x edB)
2

= W[(q -p)I) + (X - q)(I)]dt

=0.

Consequently, the momentum vector p(I') is always a constant distance away from a stochas-
tic process on a sphere. This serves as the analogue of the deterministic Hamilton’s theorem
(see Milnor [69]) for the stochastic Kepler problem.

5.2 Collisions and the Moser Regularization

In the previous section we showed that if I' is a solution of (5.1.1)) then ||q||(T") behaves
exactly as in the deterministic case. Therefore, akin to the deterministic case, we define a
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collision solution as one for which ||q||; := ||q||(I;) approaches 0 in finite time. Any such
solution must have ||J|| = 0 throughout since ||J|| is conserved. This, in turn, implies that
J = 0 along the solution. The converse is true as well, since any solution with ||J|| = 0,
or equivalently, J = 0 must behave exactly the same as the deterministic Kepler problem
by replacing in J* = 0 in equation (5.1.1)). This means that ||q|| — 0 in finite time as in
the deterministic Kepler problem. In summary, the solutions ending up in a collision are
precisely the ones with angular momentum equal to zero.

This allows us to use the Moser map to regularize the collisions. The procedure is
similar to the deterministic Kepler problem, for which we refer to Cushman and Bates [30]
and Heckmann and de Laat [41]. We define

F(q,p) : T"(R*\ {0}) = R

to be the Hamiltonian )
F(a,p) = 5(lall) (Ilpll* + 1)

Let (Q(t), P(t)) denote a solution of the deterministic Kepler problem and define a new time

parameter s by % = HQ—I(t)H Then the integral curves of X on F~!(1) with respect to the

_1

5) With respect to time ¢.

time parameter s are the integral curves of X} on h™!(

Next, let I' denote a solution to the stochastic Kepler problem. Let s(t) = f(f H;lﬁ’ and
note that since ||q|l; = [|Q(?)]|, s(t) is identical to the time parameter s in the previous
paragraph. Since on h~!(—1) = F~*(1), we have X,,(T)||q|ls = Xp(I;), it follows that the

equation

odly = Xp(T)ds(t) + i Xi(Ty) @ d(v;BY). (5.2.1)

has the same solutions on F~'(1) as (5.1.1) on h=*(—3). It is important to note that the

“true" time parameter in this equation is t and we are not considering the noise to be
parametrized by s.

Define K : T*(R*\ {0}) — R by K(q,p) = 3F?*(q,p). Then, on K~' (1) = F(1),

— 2
Xk and Xp are equal, and consequently, solutions to (5.2.1)) also satisfy

odl' = Xy (T})ds + i X;:(T,) e d(;BY). (5.2.2)

The Moser map is the map
or: TR\ {0}) = {(u,v) € T"S?| u#(0,0,0,1),v # 0} = T*S}

given by

owian) = (2 BT ) (<0l + 02+ (@ pip-a-p) ).
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The Moser map is a symplectomorphism, and in particular, restricts to a diffeomorphism
between h™(—3) and T7S3, = {(u,v) € T*S3 | |[v]* = 1}. On 1S3, consider the

) np>
Hamiltonian obtained by pushing forward K on K~! (1) = h™'(—3) by ¢us, namely, we let

_ 1
Glu,v) = K o5/ = |V

G can be extended to a smooth function on 7*S* (| G~*(%), which we also denote by G.

1
2

The Hamiltonian G is symmetric under the cotangent-lifted SO(4) action on G~ (3).
In particular, each of the components of

A, v) = (A, v), A2 (0, v), N’ (u,v)) == (vv3 — u’vy, —u'vs + uvy, utvy — u?vr)

are conserved. The Moser map pulls back A\’ to the angular momentum components .J¢, for
cach i = 1,2, 3, restricted to h=(—3).

We now turn our attention back to the stochastic Kepler problem ([5.1.1). Using the
Moser map, and noting the fact that the Moser map pushes forward the components of .J*
to A, we obtain the following stochastic perturbation of the geodesic flow on G™(3):

odl' = X¢(Ty)ds + i X (D) e d(v;BY). (5.2.3)

Note that A is not a conserved quantity for Equation (5.2.3]). However, arguing similar to
||J|| as in the previous section, we can show that ||A|| is conserved for Equation (5.2.3)).
The next theorem shows that the collision solutions of the stochastic Kepler problem with
h = —% map to great circles passing through the north pole (0,0,0,1) of S3, exactly as in
Moser regularization of the deterministic Kepler problem.

Theorem 5.2.1. A solution T' of (5.2.3) has ||A]|(T') = 0 if and only if it is a collision
solution of the stochastic Kepler problem ([5.1.1]).

Moreover, the set ||[A||71(0) is the set of all solutions of equation (5.2.3) that pass
through the set
C:={(u,v) €eT*S} | u=(0,0,0,1)}.

If T, is such a solution, then the projection of I'; on S® is a great circle passing through

(0,0,0,1).

Proof: Let I' be a solution of (5.L.1) on G~!(1). Since the Moser map pulls back the

components of A to the corresponding components of J, it follows that has A(I') = 0 if
and only if the corresponding process I obtained by pulling back I' by the Moser map is a
solution of the stochastic Kepler problem (5.1.1)) on 2~!(—1) with J(I') = 0. This is possible

if and only if I' is a collision solution.
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First, note that C'is a subset of [|A[|~'(0) since the first three components of u are 0.
So we need to prove the reverse inclusion. If ||A||(I") = 0, then I' satisfies

odl' = X (T'})ds.

Recalling s(t) = Hgﬁ and recalling that ||q||; is deterministic and differentiable, the previous
equation is the following ODE:
dv 1
=X : 5.24

Now we change the time parameter to s in the above ODE. This yields,

dy

— =X . 5.2.5

() (525

The remainder of the proof proceeds similarly to the proof of (4.10) in Cushman and Bates
[30]. The projection of (s) on S? is a great circle. Such a great circle always intersects the
equator of S3 given by

{u= (u',v* v u') € $% u* =0}

Let (@,0,v,v4) be the point of intersection. Since A = 0 and u # 0, we have v = 0 or
u = pv for some non-zero p € R. The latter implies that (a,0) - (V,v4) = p, and since
(u,v) € T*S3, it follows that u = 0. But then ﬁ = 0, which is impossible Hence, v = 0.
Moreover, since equation (5 is defined on G™! ( ) we obtain v} = 1, or vy = +1.

Now, we solve the ODE (/5.2.5)) with initial conditions (1,0, 0,v,). Keeping in mind that
G = %, we have
v(s) = (cos(s)q, sin(s)vy, —sin(s)n, cos(s)vy)

At time s = 7 — v47, cos(s) = 0 and sin(s) = vy, so 7y(s) reaches C. This completes the
proof.

This procedure can be extended to any fixed energy level k < 0 by rescaling (q,p) €
T*(R?\ {0}) and the noise parameters vy, v and v3. Indeed, given a € (0,00), rescale
time by t — @®, (q,p) by (q,p) — (a’q, 2p) and the noise intensities vy, 15,3 by v; —

3

v; = v;a” 2. The transformation of the phase space variables yields a symplectomorphism
F:T*R?*\ {0}) —» T*(R?\ {0}). The usual symplectic form Q on T*(R?\ {0}) is pushed
forward by F' to QO = F.Q = af). Moreover, h induces a Hamiltonian h = hoF!
(T*(R3\ {0}),Q). We have, h (q,p) = a*h(q, p). Similarly, defining J = J o F~!, we obtain
J(q,p) = 1J(q,p). This implies that the Hamiltonian vector fields of h on (T* (R3 \ {O}) Q),
denoted by X2, and h on (T*(R?\ {0}),Q), denoted by XQ are related by XQ = X}
Similarly, we have, X ?1 = X!. Next, using the scaling property of Brownian motion, that

is, for any positive constant ¢, By = /¢B;, we find that Bég,t = a%BZ'. Therefore, letting
t = a’t, the solutions of

odl'; = X2(Ip)di + > X (Iy) e d(7,BY). (5.2.6)
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are identical to the solutions of Equation (5.1.1)). We can then choose a = v/ —2k to transform

the stochastic Kepler problem with energy k to the stochastic Kepler problem with energy

1
3



Chapter 6

Stochastic Collective Hamiltonian
Systems

This chapter generalizes the example of the stochastic Kepler problem presented in the
previous chapter. We will study a class of stochastic Hamiltonian systems which exhibit
deterministic behaviour along ‘symmetry directions’.

In Léazaro-Cami and Ortega [54, Section 7.1], the authors consider symmetric Hamilto-
nian systems perturbed by noisy Hamiltonian vector fields arising out of coadjoint invariant
functions of a coadjoint equivariant momentum map. The symplectic reduction of such sys-
tems agree with the symplectic reduction of their deterministic counterparts. This provides
a method of stochastically perturbing a mechanical system while respecting its symmetries
and keeping the deterministic behaviour of the reduced system intact.

Although the stochastic Kepler problem does not directly fit in this category (since it is
not symmetric), the stochastic perturbations considered in that case are the components, and
hence smooth functions, of the angular momentum. This situation is generalized in Section
where we define stochastic collective Hamiltonian systems. These involve a deterministic
Hamiltonian vector field X}, invariant under an action of a Lie group G, which is perturbed
by noise Hamiltonian vector fields arising out of arbitrary smooth functions of a (coadjoint
equivariant) momentum map. In this case, the solution can be expressed as the action
of a G-valued semimartingale, which we call the stochastic phase, on an integral curve of
X}, As a direct consequence, we show that the relative equilibria of the stochastic system
coincide with the relative equilibria of its deterministic counterpart. The conservation of the
momentum map no longer holds, however, the momentum map still evolves on a coadjoint
orbit. This directly leads to an associated coadjoint motion, which can be expressed as Lie-
Poisson equation. In this connection, Cruzeiro, Holm, and Ratiu [29] also obtain coadjoint
motion via a stochastic Clebsch variational principle.

Even if the deterministic Hamiltonian is invariant under a free, proper, and canonical
action of a Lie group, the Stratonovich differential equations governing the stochastic dynam-
ics are generally not invariant and hence reduction and reconstruction methods mentioned
in Section no longer apply. Nevertheless, in Section [6.2] we show that the projection of

)



6.1. COLLECTIVE PERTURBATIONS OF STOCHASTIC HAMILTONIAN
SYSTEMS 76

the stochastic solution on the reduced space agrees with the projection of the deterministic
solution. This means that the evolution of every G-invariant smooth function along the
stochastic solution coincides with its evolution along the deterministic trajectory.

This also allows us to reconstruct a solution of the stochastic Hamiltonian system from
a solution of the deterministic reduced system. Once a solution of the deterministic system
is known in the reduced space, the solution of the stochastic system involves a two-step
reconstruction process. In the first step, the solution of the deterministic reduced system
is lifted to a solution of the unreduced deterministic system by the choice of a principal
connection. Then, a stochastic phase is added by solving a Lie group valued stochastic
differential equation. This second reconstruction step is independent of the choice of a
connection. We also show that in the reconstruction process, while the geometric phase is
unaffected, the dynamic phase must be modified.

In Section we apply this framework to Lie-Poisson reduction. Here, due to the
symmetry between left and right actions, we can view a stochastic collective Hamiltonian
system as either a symmetric deterministic system with a collective stochastic perturbation,
or a collective deterministic system with a symmetric stochastic perturbation. In the first
case, the solution is given by an action of a stochastic phase on a deterministic curve, while
in the second case, the solution can be written as an action of a deterministic phase on a
semimartingale. As an example, we consider the free rigid body with a perturbed spatial
angular momentum, where the body angular momentum evolves deterministically.

In the final section, we consider systems with a semi-direct product structure. Semi-
direct products arise due to symmetry breaking, when there is an advected quantity associ-
ated with the mechanical system, for instance, a heavy top. Here, we show that the stochastic
phase affects both the evolution of the mechanical system and the advected quantity. As a
specific example, we consider the heavy top with a perturbed spatial angular momentum.

In the next chapter we shall explain stochastic collective Hamiltonian systems from
the point of view of coupling deterministic and stochastic dynamics. Chapter revisits
stochastic collective dynamics and the coupling mechanism from the variational viewpoint.

6.1 Collective Perturbations of Stochastic Hamiltonian
Systems

Let (P,{-,-}) be a Poisson manifold. Throughout we assume that G is a Lie group acting
freely, properly, and canonically on P and this action has a coadjoint equivariant momentum
map J : P — g*, where g* is the dual Lie algebra of G. The action is denoted by ¢ : G X P —
P and given g € G and p € P, we will write ¢,4(p) or g - p for the element ¢(g,p) € P. Let
h € C*(P) be G-invariant and for each i = 1,--- |k, let h; = f; o J, where f; € C*(g*).
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Our main subject of study is the following stochastic Hamiltonian system:

k
odl' = X,(T)dt + Y X, (T) e dY", (6.1.1)
i=1
where Y = (Y1 .- Y*) is an arbitrary semimartingale in R*. We call the terms h; :=

fioJ collective perturbations, following the terminology in the deterministic case, where
functions of this form are collective Hamiltonians. For any solution I' of (6.1.1]), we have

F(D) — F(Dy) = / (FRHO)d+ Y / (F, b} (I) e dY", (6.1.2)

In Lazaro-Cami and Ortega [54], the specific case of collective perturbations in which the
functions f; are invariant under the coadjoint action are discussed. Note that here we relax
this requirement.

The following observations (Lemma and Proposition [6.1.2) appear in [54].

Lemma 6.1.1. Any collective function Poisson commutes with any G-invariant function.
That is, for any f € C*(g*), and any G-invariant F' € C*°(P), we have {f o J, F'} = 0.

Proof. By the Collective Hamiltonian Theorem (Theorem [2.2.8))
of
X =(3) @
P

o
for every z € P, so
(o ab e =dre)- (5) (=0
K/ p

since F' is G-invariant. [ |

Proposition 6.1.2. If f; € C*°(g*) is Ad*-invariant, for i = 1,--- |k, then any collective
function is a conserved quantity of (6.1.1)).

Proof. Let K € C* (g*). Since h is assumed G-invariant, the lemma implies { K o J, h} = 0.
For all 7, the composition h; = f; o J is G-invariant, since J is equivariant and f; is invariant.
Thus the lemma implies that {K o J, h;} = 0 for all 7. From (6.1.2)), we see that K o J is a

conserved quantity of (6.1.1)). i
Corollary 6.1.3. If f; € C> (g*) is Ad™-invariant, for i = 1,--- , k, then J is conserved by

the flow of (6.1.1)).

This is a corollary of the preceding proposition, and also a consequence of the stochastic
version of Noether’s theorem in [54], applied to the G-invariant function H := h+ ), h;.

Remark 6.1.4. If at least one of the f;’s is not Ad*-invariant, then h; is not G-invariant,
and the system ([6.1.1) need not conserve momentum, as we will see in examples.
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We now consider general functions f; € C'° (g*), not necessarily coadjoint invariant.

Proposition 6.1.5. If K € C* (g*) is Ad*-invariant, then the collective function K o J is

a conserved quantity of (6.1.1]).

Proof. Since h is assumed G-invariant, Lemma implies {K o J,h} = 0. The compo-
sition K o J is G-invariant, since J is equivariant and K is invariant, so the same lemma

also implies that {f; o J, K o J} =0 for all . From ([6.1.2)), we see that K o J is a conserved
quantity of (6.1.1]). |

Remark 6.1.6. K € C* (g*) is Ad*-invariant if and only if K is a Casimir of the Lie-Poisson
bracket.

Remark 6.1.7. In the perturbed Kepler problem, the spatial angular momentum is not
conserved. However, its length is conserved. This is a consequence of the preceding propo-
sition with K (x) = ||x||, which is rotationally invariant. Note that the coadjoint action of
SO(3) on s0(3)* corresponds to the rotational action on R3.

Remark 6.1.8. If h is G-invariant and the functions f; are invariant under the coadjoint
action of G on g*, then Equation (6.1.1)) is G-invariant and the solutions remain on level
sets of the momentum map. Additionally, if P is a symplectic manifold then it is shown in
[54] that symplectic reduction of Equation (6.1.1)) agrees with the deterministic Hamiltonian
system on the reduced space J~*(p1)/G,, obtained from the deterministic symplectic reduction
of h. However, when f; is not assumed to be Adg-invariant then one cannot apply the
reduction and reconstruction techniques for Stratonovich equations described in [54], since
Equation (6.1.1) is not G-invariant in general.

Generally, if I is a G-invariant Hamiltonian then the solution of Equation can
be constructed from an integral curve of X}, and a solution of a Stratonovich equation in G.
Before stating the result in the stochastic case, we state and prove a deterministic analogue,
to illustrate the geometric structure of the argument. The notation z* in this proposition is
used because it is an integral curve of the left-invariant vector field X}, (notation that will

be used again in Section [6.3)).

Proposition 6.1.9. Let h be a G-invariant Hamiltonian on P, and let f € C* (g*). Let

2o € P and po = J(z0), and suppose that g(t) solves the following initial value problem in
G:

of

g=T.R
T\ b p=Ad o

. 9(0) =e, (6.1.3)

where R, : G — @ is right multiplication by g. If zL(¢) is the integral curve of X, starting
at zp then z(t) := g(t) - zL(t) is a solution to

2= Xn(2) + Xros(2), 2(0) = 2.
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Proof. Applying the product rule for group actions to z(t) := g(t) - zL(t), using the multi-
plicative notation gg=! := (TeRg)f1 g € g, gives

i=(997)p(9-2") +g-2"

of
op

(9-2%) +9- X (25).
MZAd;71u0

Since X}, is G-invariant, the second term equals X (g . ZL). Since J is conserved along the

integral curve z, we have J(z"(t)) = J(z0) = po for all ¢, so Ad} g = Ad)1J(2") =
J(g - 2%), by the equivariance of J. By the Collective Hamiltonian theorem,

of
o

2:XfOJ(g‘ZL)+Xh(g‘ZL).

) (9-2") = Xyos(g - 2").
N:J(Q'ZL) P

Therefore

In the following theorem, z%(#) is the same integral curve as z*(¢) above, with the name
changed to indicate that it is the deterministic part of the solution. The semimartingale g°
in the theorem, called the stochastic phase, corresponds to the path ¢(¢) in the above
proposition.

Theorem 6.1.10. Suppose h is a G-invariant Hamiltonian, o = J(2), and ¢g° solves the
following Stratonovich equation in G

0fi

k
odg = ZTBR!] (E{uAd*luo) odY', go=e. (6.1.4)
i=1 g

If 29 is the integral curve of X, starting at [y = 2y € P then I' = ¢° - 29¢* solves Equation
G.1.1).

The first step of the proof requires a stochastic version of the product rule for group
actions. This is given by the following lemma in Shigekawa [84]:

Lemma 6.1.11. Let M, N and L be smooth manifolds, X be a semimartingale on M, Y
be a semimartingale on N and ® : M x N — L be a smooth map. Suppose Z = &(X,Y).

Given any 1-form « on L
/aodZ:/CI)}aodY—i-/(I);aodX.
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Proof of Theorem [6.1.10} Using the previous lemma, for all 1-forms o on P

/aodF: /gb;sozodzdet—i—/(ﬁzdetaodgs,

Since g = J(z0) = J (2%") and J is coadjoint equivariant, we have J(I') = Ad?gs)flJ (z9t) =
Ad? 4 -1 (o). Applying G-invariance of X, we have

(9%)

/¢Zsa ozt 1 / racx ® dg®
: 5f |

= /%Sa (Xh (Zdet)) dt+;/¢zd6ta (TeRgs (5# . Ad( . wo)) o dY'
: 6f |

= /¢Zsa (Xh (zdet)> dt + ;/qﬁzdetoz <TeRgs (5/; i J(F)>) o dY?!
: 5. |

— /a (Xh (gS . Zdet)) dt + Z\/Qszdeta (TeRgs (5—;‘#:]@)>> odY’

/ (Xn(T dt+2/¢deto¢ <TR (‘;{ZL J(F)» o dY".

Given g € G, p € P and v, € T,G, denote by v,p the derivative of the map ¢,(g9) = ¢g-p
evaluated at vy. For all v,s € TsG,

Praer(vys) = o (v,52°)

= a(Tepys zaer 0 Tys R ysy-1(vys))
= a((Tys Ryysy-1v 05)p(g° - 2%Y)
= Of((TgsR(gs)—l'UgS)p<F)).

The collective Hamiltonian Theorem then yields

" o fi i
[ e (1 (Gl ) ) =7
— /a ((TQSR(gs)l o T.Rys (%bm))P (F)) odY
0 fi i
- /O‘ ((E‘u:}(r))P (F)) °dY

:/a(Xhi(F))oin.

As a result, we have

/aodF = /a(Xh(I‘))dtnLZf:/Oé(Xhi(r)) o dY’,

which, along with the condition T’y = g3 -29°*(0) = 2 shows that I solves Equation (6.1.1)). B
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Remark 6.1.12. Note that the basepoint ;1 = Adj_1p0 is the semimartingale J(I'), where
I solves Equation (6.1.1]).

Remark 6.1.13. Suppose J is not equivariant, but P is symplectic and connected, G is
connected, and o is a one-cocycle of the G-action on P. Then, as shown in Marsden and
Ratiu [62], Section 12.3|, J is equivariant with respect to the action

g-p=Adg () +0(g).

Then, equivariance of J and the definition of o gives

J(g-p) =Adg1J(p) + o(g), (6.1.5)

for every p € P. In this case, Equation (6.1.4]) is given by

5]‘; ;
odg = ZTR (5u e 1MO+U(9)) odY', gy=e. (6.1.6)

Remark 6.1.14. Suppose N C P is an invariant manifold under the flow of z4¢*. Assume

that the G-action on P restricts to a G-action on N. Then N is an invariant manifold for
the flow of the stochastic collective Hamiltonian system ((6.1.1)) as well.

The next theorem generalizes Theorem [6.1.10. The proof of it is a minor modification
of the proof of Theorem [6.1.10]

Theorem 6.1.15. Suppose Y, --- | Y Z! ... Z%are semimartingales. Let Hy, Hy,--- , H; €
C*(P) be G-invariant Hamiltonians and h; = f; 0 J, for i = 1,--- |k, where f; € C>(g*).
Consider the stochastic Hamiltonian system

¢ k
odl' = Xpg,(T)dt + > Xy (T) @ dZ’ + Y X,,(T) ¢ dY", (6.1.7)
with Ty = 29 € P. Let T’ denote the solution of
~ ~ Z ~ ~
odl' = Xy, (T)dt + > Xpy,(T) @ dZ?, Ty =z, (6.1.8)
=1
and ¢° solve the Stratonovich equation

6fz ;
odg = ZTR ((m . Ad*_luo) odY', go=e (6.1.9)

where 19 = J(2). Then I' = ¢° - T solves Equation (6.1.7).

The next result is a useful corollary of Theorem |6.1.15|
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Corollary 6.1.16. Let g = J(I'g). If [ is a solution of Equation (6.1.1]) or Equation (6.1.7))
then J(I') lies on the coadjoint orbit O,,, through p.

Proof. We only prove this for solutions of Equation (6.1.1). The extension to the case of
Equation (6.1.7)) has a similar proof by using the stochastic Noether’s theorem. By coadjoint
equivariance of J and Noether’s theorem, we have
— S det) __ * det\ __ *
J(O)=J (97 2%") = Ad{sy-1J (z9Y) = Ad(s)-140-
|
Remark 6.1.17. A consequence of this corollary is that for any Ad*-invariant function

K € C* (g*), the collective function K o J is conserved by I'. This is an alternative proof of
Proposition [6.1.5]

fsjz = &;, where & € g is fixed, then

As an important special case, we mention that if
the stochastic phase ¢° satisfies

k
odg = ZTeRg (&) edY', gy=e. (6.1.10)
i=1
Additionally, suppose g is unimodular, that is, the trace of ad; vanishes for all £ € g. This is
always true if G is compact. Assume that Y = (B!, ... | B¥), where the B%’s are independent
Brownian motions, and {&}¥_; is an orthonormal basis with respect to an inner product (-, -)
on g. Then ¢g° is a Brownian motion in G with respect to the right invariant metric on G
induced by (-, ) (see Liao [52, Proposition 3.23|). Moreover, an application of Theorem 3.25
in [52, Theorem 3.26] shows that the right invariant metric (-, -) induces a G-invariant metric
() .>OM0 for which
J(T) = Adye) 10

is a Brownian motion on the coadjoint orbit O,, through py. We will return to this ob-
servation in Chapter [§] where we discuss a weak formulation of the stochastic Noether’s
theorem.

The next theorem associates a stochastic Lie-Poisson system to the stochastic collective
Hamiltonian system (6.1.1]).

Theorem 6.1.18. Suppose J is coadjoint equivariant. Identify G x g* with T*G via the
right trivialization map o, € T*G + (g, (T.R,)*ay,) € G x g*. Let T' = g% - 29 denote a
solution of Equation (6.1.1]) where ¢° is a solution of Equation and 2% is an integral
curve of Xj. Then (g°, J(I')) is a solution of the following stochastic Hamiltonian system in
G x g*:

k
ody = — ads; e dY?
7 ; o
edg =T.R, (‘;_f> o dY" (6.1.11)
o

with initial condition (go, o) = (e, J(29°(0))).
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Proof. Let u = J(I') and F € C*(g*). Denote by {-, -}, the +-Lie-Poisson bracket on
C*>(g*). Using the fact that h is G-invariant and J : (P, {-,-}) — (g%, {-,-}+) is a Poisson
map (see Proposition 9.23 in Holm, Stoica, and Schmah [42]), we obtain

F() = Fo) = F o J(T) = F o J(T)

= /{Fo J, h}(T)dt + i/{Fo J,hi}(T) e dY?
:Z/{Foj,fioj}(I‘)oin
:Z/{F, fi}y o J() edY"

k
=Y (R s say
i=1
This shows that edu = — Zle ads, e dY*. We also have g = J(Tp) = J(29°%(0)).
op

Next, by equivariance of J we obtain J(I') = Ads)- J(zd) = Ad{,s)-1p0- Since g°
satisfies Equation ([6.1.4)), it follows that

k 5f,
odg® =) T.R <—Z ) o dY".
g Zl 9° \ op lu=sy
Consequently, (¢°, J(T')) solves the stochastic Lie-Poisson system (6.1.11)). i

Remark 6.1.19. Solving the system (|6.1.11]) is not sufficient to determine the full solution
2z = ¢° - 2% For that we would also need to solve the usual deterministic reconstruction
equation, see Section [6.2]

Corollary 6.1.20. In the context of the previous theorem, suppose that T*G is identified
with G x g* via the left trivialization map a, € T*G — (g,(T.Ly)*a,) € G x g*. Let
F; = —f; € C=(g*). Then ((¢°), J(T')) is a solution of the following stochastic Hamiltonian
system in G x g*:

k
ody = E ad’%,uOin
w

=1

SF, .
odg =T,L, <5—) o dY’ (6.1.12)
0

with initial condition (go, io) = (e, J(29¢¢(0))).
Proof. By an application of the Stratonovich product rule, we have

0 =ed(g°(g°) ") = Tiys)-1 Lys 0 d(g°) " + TysR(ys)-1 @ dg”°.
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As a result,
.d(gs)_l - _(T(gS)fngS)_l O TgSR(gS),l [ ) ng

==Y T.Liys)-1 0 TysRigsy1 0 T.Rys (—’

i=1 Jz
k

5fi 4

== TeLgs) (—f ) °dY”
p=J(I)

SF; A
= T.Lgys)- ( ) o dY".
p=J(T)

i=1 Op
i=1 op
The remaining assertions follow directly from Theorem |6.1.18] |

) o dY’
p=J ()

6.1.1 Relative equilibria

Definition 6.1.21. Let hg,--- ,hy € C®°(P) and Y = (Y?, ... [ Y*) be a semimartingale
in R*¥1. A point 2z, € P is called a relative equilibrium of the stochastic Hamiltonian
system

k
ol =) X, (T)edY’
i=0
if Xp,(2e) € T..(G - z.) for all i = 0,--- , k, where G - z is the orbit of z..

This definition is equivalent to the definition of relative equilibria in stochastic Hamil-
tonian systems given in Fernandez-Saiz et al. [38]. We refer to their paper for more details
on relative equilibria of stochastic Hamiltonian systems.

Theorem 6.1.22. A point z. is a relative equilibrium of the stochastic Hamiltonian system
(6.1.1)) if and only if z. is a relative equilibrium of the deterministic Hamiltonian h.

Proof. For all y in the image of J, denote by ‘;—Mi the unique element of g that satisfies

[, ‘;’Z> = Df(u)(i) for all i € g*. By the collective Hamiltonian theorem (see Marsden

and Ratiu [62]),

ofi
X2 = (s ) () €G30

It follows that 2, is a relative equilibrium of (6.1.1)) if and only if z. is a relative equilibrium
of Xh- |
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6.2 Reduction and Reconstruction

6.2.1 Reduction

Let 7 : P — P/G be the canonical projection on P/G and {-,-}"** denote the reduced

Poisson bracket on P/G such that 7 is a Poisson map. Denote by k™! € C®(P/G) the
reduced Hamiltonian on P/G given by h™d o7 = h with X fédG being the corresponding
Hamiltonian vector field on P/G. By the Poisson reduction theorem 7 (2%°") is the integral

curve of X;édG starting at m(z). Since m(I') = 7 (¢° - 2%) = 7 (2"), it follows that m(T")
is (almost surely) the integral curve of X f:éf starting at m(zp). Thus, we have shown the

following theorem:

Theorem 6.2.1. Suppose h is G-invariant. If T’ solves Equation (6.1.1]) then #(T") almost
surely solves
2= X19(2),  2(0) = m(Ty). (6.2.1)

As an immediate corollary, we note that the evolution of G-invariant functions along I'
is deterministic.

Corollary 6.2.2. Let I € C*(P) be G-invariant and suppose F' = f o7 for some f €

C>=(P/G). Tf T solves (6.1.1) and 2™ is an integral curve of X}I;éf starting at 7(z) then
F(I'y) = f (2"4(t)) almost surely.

Assume now that P is a symplectic manifold with symplectic form €. If T' solves
Equation then J(I') lies on the coadjoint orbit O, where p is the conserved value of
J along 29", Therefore, it is natural to look at orbit reduction. Let ip, : J1(O,) < P
denote the inclusion, 7o, : J7'(O,) = J1(0,)/G =: Po, denote the projection, we, denote
the Kirillov-Kostant-Souriau on the coadjoint orbit O, and Jo, := J|;-1(0,). By the orbit
reduction theorem, Pp, is a symplectic leaf in P/G and the symplectic form Qp, on Py, is
uniquely determined by

i0,=7p,00, + Jo,wo,- (6.2.2)

Denote by h™4 the reduced Hamiltonian on Po,. This is uniquely determined by hred oo, =

. . . . . P,
hoip,. Then mp, (zdet) is the integral curve of the Hamiltonian vector field X hfj;; of hred

starting at o, (z9). Since
TO, (F) = 7o, (gS . Zdet) = 7o, (Zdet) ’

. . P .
we see that 7o, (I) is (almost surely) the integral curve of X% starting at mo, (). Hence,
we have the following theorem:

Theorem 6.2.3. If I" solves Equation (6.1.1)) then 7o, (I") almost surely solves

sre Pu re re
gred = X, (), 2°Y0) =70, (T), (6.2.3)

where O, is the coadjoint orbit through p = J(2).
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The next corollary is analogous to Corollary [6.2.2]

Corollary 6.2.4. Let T be a solution of Equation ([6.1.1)) and suppose I lies on J~*(O,,),
where O, is the coadjoint orbit through p = J(I'y). Suppose F € C>*(J1(0,)) is G-
invariant and F = f o mp, for some f € C®(Pp,). If 2! is an integral curve of X:;fg‘
starting at mo, (z0) then F(Iy) = f (2"4(¢)) almost surely.

Remark 6.2.5. As mentioned in Section [2.3] in the deterministic case orbit reduction pro-
vides an alternative characterization of symplectic reduction since the reduced space Po, is
symplectomorphic to P, := J'(u)/G, where u € g* is a regular value of J and G, is the
coadjoint isotropy subgroup of x. The reduced spaces P, and Pp, are symplectomorphic via
a symplectomorphism L, : P, — Pp,. Let z, be an integral curve of the reduced Hamilto-

nian vector field X,f: of the reduced Hamiltonian h, on P,. Then z = L,(z,) is an integral

curve of X ]];fd“ . Thus, even though a solution I' of Equation (6.1.1]) does not lie on a level
set of J, an integral curve of the deterministic symplectic reduction of X} can be identified
with the projection 7o, (I').

6.2.2 Reconstruction

We now turn to the problem of reconstructing a solution of Equation (6.1.1]) from an integral
curve of the reduced Hamiltonian vector field. We will restrict ourselves to Poisson reduction,
since the method of reconstruction carries over mutatis mutandis to orbit reduction.

We assume that we have a principal connection A on P = P/G. Let h be G-invariant
and 2" be a deterministic integral curve of the reduced Hamiltonian vector field X]f;éf
starting at ¢y = 7(z) in P/G. Denote by 21" the horizontal lift of 2**® via the connection

A starting at zy € m1(cp) and let g9°*(¢) be a deterministic curve in G that solves
9(t) = Te Ly (A(Xn (" (1))

with g9°t(0) = e. Then, by deterministic reconstruction (see Marsden [60]) 24¢*(¢) = g°*(¢) -
2Hor(t) is an integral curve of X, starting at Ty = 2z € P that projects to 2**d. Using
Theorem , the solution of Equation can then be written as I' = ¢° - 29¢*, where
g° is the G-valued semimartingale solving Equation (6.1.4)).

Remark 6.2.6. If P is a symplectic manifold then a solution of Equation can be
reconstructed from a deterministic solution of the orbit reduction of the h. In this case one
replaces P by J~1(0,) where O, is the coadjoint orbit through p = J(z) in the preceding
argument.

Remark 6.2.7. Note that the reconstruction procedure occurs in two stages. The first
stage involves reconstructing a solution 2% of X}, from an integral curve z*? of the reduced
Hamiltonian vector field. This procedure is entirely deterministic. The next stage involves
solving the stochastic phase equation . The randomness in the solution I' arises out
of this second stage of the reconstruction process.

Remark 6.2.8. We note that the stochastic phase in Equation (6.1.4)) is independent of the
choice of the connection A.
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6.2.3 Geometric Phases in Symplectic Reduction

Let us briefly recall reconstruction in the case of symplectic reduction. Suppose (P,€2) is
a symplectic manifold, p is a regular value of J and P, = J'(u)/G, where G, is the
coadjoint isotropy subgroup of p. Let X ,i‘;d denote the Hamiltonian vector field of the
reduced Hamiltonian A" on P,. For reconstruction of solutions, suppose A, is a g,-valued
principal connection on J~(ju) NEN P,. Let 2" denote an integral curve of X ;;‘;d starting
at m,(20) = m,(To) and horizontally lift 2™ to a curve 2H°" starting at z9. Let £(t) =

A, (X (2M°7)) and g, (t) denote the solution of

g ="T.Lyyé(t) g(0) =e. (6.2.4)
Then 2%(t) = g, (t) - 2M°7(¢) is the integral curve of X}, starting at 2.

Suppose 24 is a closed curve with period 7. Then there exists §,h € G such that

Aor(0) = g - 2H7(T) and 29%(T) = h - 29°%(0). Note that g is the holonomy of 2™¢ with
respect to A,. We have, h = ¢,(T")§. For deterministic systems, we call § or log(g) € g,,
the geometric phase and g,(T) or log(g,(7")), the dynamic phase.

By Theorem [6.1.10} the solution of the stochastic collective Hamiltonian system
is given by Iy = (g7g,(t)) - 2™ (t), where ¢g° solves Equation (6.1.4). Since the equation
Aot (0) = g - 2M7(T) is purely deterministic, the geometric phase does not change under the
stochastic perturbation. On the other hand at t = T we have

Ty = (g79,(T)) - (9 - 2"°(0)) = (97.9.(T)) - (g - 27(0)).

Therefore the element g,(T) € G, is replaced by the G-valued random variable g7g,(T).
On the other hand, at the Lie algebra level log(g,(T")) € g, is replaced by the g-valued
random variable log(g2g,(T)). We will see that in this stochastic context it is important to
differentiate whether we treat ¢3¢, (T) or log(g79,(T)) as the dynamic phase.

Suppose G is a compact connected Lie group. Recall that a bi-invariant metric on G
corresponds to the choice of an Ad-invariant inner product. The associated Levi-Civita con-
nection is given by VyrY* = £([X, Y])¥, where X,Y € g and X%, Y'” are the corresponding
left invariant vector fields. Note that V is a bi-invariant connection. Let £ and ¥ de-
note the left and right stochastic exponentials on G (see Hakim-Dowek and Lépingle[40] and
Arnaudon [6]). If Y is a g-valued semimartingale then (V) and £f(Y') are the solutions of

odg=T.L,edY, gy=ce, (6.2.5)

and
odg=T.R,0dY, go=e, (6.2.6)

respectively. Following Catuogno and Ruffino [I7] let £ denote the left stochastic logarithm
on G, defined by L(g) = [w, ® dg, where g; is a G-valued semimartingale and wy, is the
left Maurer-Cartan 1-form. Then, given any semimartingale Y in g, £(¢/(Y)) = Y and
L(™(Y)) = [ Ad(_r(y)y-1 @ dY for a semimartingale Y in g.



6.2. REDUCTION AND RECONSTRUCTION 88

Theorem 6.2.9. In the setup of Theorem [6.1.10}, let G' be a compact connected Lie group
and denote by {&}% , an orthonormal basis of g. Let Y = (B!, B2 ... B*) where the B%s
are independent Brownian motions. Then

E[L(g%g,)] = L(gy) = og(g,)- (6.2.7)

Proof. Let f; € C*(g*) given by f;(u) = (1, &;). Then the solution of Equation (/6 is a
G-valued Brownian motion and equals (), where 8 = lel & B is a Brownian motlon in

g.
Let B = ¢f{(3) and

k
B - ‘C(B) = /AdBl L d/ﬁ = ZAdBfl& o dBl

i=1

Denote by A, the Laplacian on g. Then, for any f € C>(g)

k k
Ag(f) =TrHessf =Y Hessf(&,&) = Y& &lf]
=1 i=1

Since the inner product on g is Ad-invariant, given any ¢ > 0 {Anglfi}le is also an
orthonormal basis. As a result, given any f € C*(g) and t > 0, we have

k
— Z Hessf (&, &)
i—1
k
= Z Hessf(Adp-1&i, Adp1&)
i—1

k
= Z AdBt—uEz- AdBt—lgi[f]'

i=1

Hence,

>
>

N

= / df, Adp- 1& dBl‘F Z/AdB 1§ Adp- 15@”]

o

_ / df, Adpr&) dB + » Z [ Adosgs Adggilra

Ea

_ / df, Adyr&) dB + ;/Ag(f)dt.

Since the first term on the right is a local martingale, therefore /3 is a g-valued Brownian mo-

tion. We apply now the more general formula (8) in [6], which states that £(Y B) = /Adgldﬁ(Y) + L(B)
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where Y is a martingale and B and finite variation process, with Y = ¢° and B = g,. We
get

Llo%0) = [ Add(e®) + £(a,)

_ / Ad, 1dB + £(g,).

Taking expectation in g, the first term vanishes since B is a g-valued Brownian motion.
Hence,

E[L(g%g,)] = L(gy) = og(g,)- (6.2.8)
N

On the other hand, let p : G — GL(V) be a representation of G on a real or complex
vector space V. Denote the Casimir element of G by C'. This is defined by C' = Zle & & e
$U(g), where (g) is the universal enveloping algebra of g. If $(g) is identified with the left
invariant differential operators on GG, then C' coincides with the Laplace operator. Diez and
Miaskiwskyi [33] have shown that E[p(B)] = exp (3p(C)), where B is a G-valued Brownian
motion. Consequently, we obtain the following theorem:

Theorem 6.2.10. In the setup of Theorem [6.1.10] let G be a compact connected Lie group
and denote by {&}¥_, is an orthonormal basis of g. Let Y = (B!, B%,... B¥) where the B%’s
are independent Brownian motions. Then

Eia* )] = exp (50(0)) ) (6:2.9)

Remark 6.2.11. We observe that

p (exp (E[L(9°g,)])) # Elp(g°g,)]

Remark 6.2.12. If 2 is a closed curve with period T then E[L(g%g,)] = log(g,)(T).
Thus, on average, the logarithm of the dynamic phase is unchanged. On the other hand,
Elp(979,(T))] is different from p(g,(T)) by a factor of exp (£p(C)).

6.2.4 Central Force Motion

Let p: R? — R be defined by p(x) = ||x||, where || - || is the Euclidean norm. Suppose V is
a real-valued function defined on an open subset U C R. We consider the Hamiltonian

(a,p) = 5Ipl* + V(llal)
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defined for (q,p) € Q x R® =2 T*Q, where Q = p~'(U) and (R?)* is identified with R? via
the standard inner product. Note that A is SO(3)-invariant and is a conserved quantity for
Equation (6.2.10). Let J = gx p = (J*, J% J?) denote the angular momentum. We consider
the stochastic Hamiltonian system

odl' = X;,(I)dt + Y X(I') @dB', Tg = (qo, po), (6.2.10)

where the B?’s are independent Brownian motions. We assume that ||qo x po|| # 0. Identify
the coadjoint orbit through J(T'g) with the sphere S? of radius ¢ = ||qo X po|| centered at
the origin. Let P. denote the reduced space J~1(S2) /SO(3). Then, by Theorem [6.2.3]
) == (zdet), where 2z9° is an integral curve of Xj,. The reduced Hamiltonian on P, is the
‘radial’ Hamiltonian given by

2
W (r,pr) = £ o Vi (r)

where Vg () is the effective potential given by Veg(r) = %—H/('r’). Note that this implies that

the radial distance r = ||q|| and the radial velocity v, = 7 exhibits the same behaviour as the

deterministic problem. Since ||q|| has deterministic dynamics and h is a conserved quantity

for Equation (6.2.10)), it follows that ||p|| also has the same dynamics as the deterministic

system.

Remark 6.2.13. Since ||J|| is constant, Equation describes a central force problem
in which the normal to the orbital plane is a stochastic process on a sphere in R3. The
deterministic behaviour of the reduced equations suggests that the motion of the particle on
the orbital plane is deterministic while the orbital plane experiences stochastic changes in
orientation.

Collisional Solutions

Suppose V(r) = —% where o < 2 and k > 0. Setting 2" = E and using the fact that

2 p? :
r 5 >0, we obtain
2

Er? 4 kr?—e > %

Since 2 — a > 0, it follows that » — 0 in finite time if and only if ¢ = 0. On the other hand,
on ||J]|71(0), the solutions of Equation (6.2.10]) are the integral curves of Xj,. Hence we have
the following theorem:

Theorem 6.2.14. Let V(r) = —£ where a < 2. A solution I' of Equation (6.2.10) is
a collisional solution if and only if Ty = 29°(¢) almost surely, where 29°*(¢) is a collisional
solution of the deterministic problem 2z = X, (2).
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6.3 Lie-Poisson Reduction and Reconstruction

Let us recall the general framework of Lie-Poisson reduction from Section 2.3] Let G be a
Lie group and let {-, -} be the canonical Poisson bracket on 7*G. Consider the two actions:
left translation, L,(h) := gh, and right translation R,(h) := hg, and their cotangent lifted
actions on T*G. Both actions have Ad*-equivariant momentum maps: Jy : T*G — g* the
momentum map of the left action, given by Ji(g,«) = T*R, (o) =: - g7, i.e. the right
translation of o to g*; and Ji : T*G — g* the momentum map of the right action, given by
Jr(g,a) =T*Ly(a) =: g~' - o. These are related by Ji(g, ) = Ad}-1Jr(g, @).

On g*, the (%) Lie-Poisson bracket {-,-}, on g* is defined by

{f,9}s () == <u, B—i g—ZD (6.3.1)

By the Lie-Poisson reduction theorem we have that the left (respectively, right) Poisson
reduced space TG /G is Poisson isomorphic to g := (g*, {-,-}.) via the isomorphism ¢ :
[(g,)] = Jr(g, ) (respectively, ¢ : [(g,a)] = Jr(g,«)). The two momentum maps form a
dual pair,

("G, 1.))
- TN
(7 17,9 (. 05 93).

in particular, every momentum level set of J;, is mapped by Jg to a symplectic leaf, and vice
versa (see Marsden and Weinstein [59]).

If h € C®(T*Q) is left G-invariant, then h factors through Jg as h = h¥*do Jx. Similarly,

if h is right G-invariant, then h factors through J;, as h = h%s% o J;. Consequently, the left

invariant Hamiltonians on T*G are of the form f¥ o Jx and the right invariant Hamiltonians
on T*G are of the form f%o J, with fL ff € C°°(g*). The Hamiltonian vector field of
fL on g* with respect to the left Lie-Poisson bracket is given by X9, (u) = ady,c . The
K
Hamiltonian vector field X ch r With respect to the right Lie-Poisson bracket on g* is given by

X?R(M) = _adfwjﬂ~
op
We now consider the stochastic Hamiltonian system

k
odl' = Xyioy, (D)dt + Y Xyrgy, (T) @ dY, (6.3.2)

=1

where fE fE ... flt € C=(g*). Suppose up and pu are semimartingales on g* given by
pur = J(T') and py, = Jg(T'), where T is a solution of Equation (6.3.2)). By Theorem |6.1.18
and we have

s (6.3.3)
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k
.dlLLR = — Z adéfR

=1 é,u

predY". (6.3.4)

H=pHR

Let gr and gy, denote the solutions of the following equations:

)oalYi
H=UR

S (2
=1

k R
- Z TRy, o o dY’
i=1 5” H‘:Ad‘;Rflnu‘L
L L
1.1, (‘5f ) L, (5f )
op Tu=pz op lp=Ad; GLHR

From these, an integral curve of X;r.;, is given by oy = g1 - up = (TgLngl)*(/”LL) and a
solution of the stochastic Hamiltonian system

k
odl' =) Xj.;, (T) e dY’ (6.3.5)

=1
is given by ar = pr - gr = (TgzBy-1)" (1r).

As an immediate consequence of Theorem [6.1.10] by using the cotangent lift of the left
action as the group action, we obtain the following theorem:

Theorem 6.3.1. The solution I' of Equation (6.3.2)) is given by I' = gg - az = (g9rgr) - pir-

On the other hand, if the cotangent lift of the right action is considered as the group
action, then the Hamiltonian f” o Ji plays the role of the ‘collective’ part and the Hamilto-
nians %o Jp, are invariant. A careful inspection of the proof of Theorem shows that
gr, plays the role of the stochastic phase in this case. As a result, we obtain the following
theorem:

Theorem 6.3.2. The solution I' of Equation (6.3.2)) is given by I' = ar - 91 = ur - (9r9L)-

In both of the previous theorems, the total phase is given by gr := grgr.

Proposition 6.3.3. The G-valued semimartingale gr solves the following stochastic differ-
ential equation:

fL
O

) odY'. (6.3.6)
U=UR

fR
-~ M) dt+ZTR ((m

odg =T.L, <

Proof. Since gr = grgr, we have

ed(grgr) = T,, Ly g"dt + T, R,, ® dgr
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of* - ofF i
=Ty Lon o Tly \ 5| )+ ;TQRRQL o TRy (G| )oY
sfr b SfR |
=T.L - dt T.R —= dy”,
9RIL ( i um) + ; 9RIL ( 511 |y d
as required. ]

The next theorem expresses ' in terms of pg, py and gr:

Theorem 6.3.4. The solution I" of Equation (6.3.2)) is given by

1

1 * *
U= Slor e+ nr-grl = S1(Tor Ly ) o+ (Tyr B ) g,

where the operations of addition and scalar multiplication are taken fibre-wise in the fibre
over gr.

Proof. Indeed, from Theorems [6.3.1| and [6.3.2, we obtain

1 1

I'= 5(2F) = 5[(93%) pr+ pr - (9rgL)]-

6.3.1 Free Rigid Body with a Collective Perturbation

Consider G = SO(3), acting on itself by left multiplication, which is a special case of the
setting of the previous section. The momentum map is defined by Ji(«) := T*Reg(«) for all
a € TESO(3), where Rg denotes right multiplication by a matrix ©. We make the standard
identifications of s0(3) with R? via the ‘hat’ map and so(3)* with R® via the ‘breve’ map
(see [42]). Then Ji(ag) = 7 for a variable vector m = (7!, 72, 73) € R? called the spatial
angular momentum. The body angular momentum is II := O~ ' € R3, corresponding to
II = 0 '%0 = T*Le(a). We left-trivialize T*SO(3) via the map o € T5SO(3) — (©,11) €
SO(3) x R3, with IT as above.

The Hamiltonian of a free rigid body with moment of inertia matrix I is

h(6,11) = %HTINH. (6.3.7)

This is left SO(3)-invariant and has solution:

II = II x I"'TI, (Euler equation in Lie-Poisson form) (6.3.8)
0= @(]I/_iﬁ) (reconstruction equation) (6.3.9)

We now consider perturbations of the free rigid body, beginning with a deterministic
one.
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Rigid body with constant spatial torque

Let 7 € R3 be any constant vector, and define the Hamiltonian
1
H(O,II) = 5HT]I—ln +T-m (6.3.10)

This Hamiltonian is no longer left SO(3)-invariant. Its equations of motion are

II =TI x [T+ O 'r, (forced Euler equation) (6.3.11)
0= @(]I/—lﬁ), (same as in unperturbed rigid body) (6.3.12)

and the motion satisfies 7 = 7, i.e. the body is subject to a constant spatial torque 7. Such a
torque is realisable in practice by a control moment gyro cluster such as is used in spacecraft
attitude control. Note that though the second equation is identical to the reconstruction
equation of the free rigid body, the equations no longer decouple.

We next consider stochastic perturbations of the same form, with the constant vector
T replaced by Brownian motions.

Rigid body with stochastic spatial torque

Let {ei, ez, e3} be the canonical basis vectors for R® and let E; = \%éi for i = 1,2,3.

The set {Ey, Fs, F3} is an orthonormal basis with respect to the trace product defined by
(XY ) o) = tr(XYT). Consider the stochastic Hamiltonian system:

3
odl = X,(D)dt + > Xnu() 0 dB', Ty = (LTIy) (6.3.13)
=1

where B!, B? and B? are standard Brownian motions, h is Hamiltonian for the free rigid body
and I is the identity matrix. Note that this equation is not invariant under the SO(3) action.
However, since the equations on so(3)* are deterministic, the reduced equation still
holds. We note that the body angular momentum of the rigid body behaves deterministically.
The stochastic phase ©° is determined by solving the reconstruction equation

3
00 =Y E©edB, ©y=L (6.3.14)

i=1

It follows that ©° is a Brownian motion in SO(3) with respect to the right invariant metric
induced by (-, -) s0(3)- Moreover, identifying the 2-sphere S? with the coadjoint orbit through
wo = Jp(Ty), we see m = J(T') is a Brownian motion on S?. From Theorem [6.1.18] the

Stratonovich equation for 7 is given by

3
odm = - (m x e;)edB’ (6.3.15)

i=1
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where ¢; = F; for all 1 = 1,2, 3.

Let ©%(¢) be the curve in SO(3) that solves the reconstruction equation for the deter-
ministic rigid body, that is,
Ot (t) = @t (#)I-11I. (6.3.16)

Then I' = (©50%t ©@5Q4TI) in left trivialized coordinates and I' = (©50%* #@5Qdet) in
right trivialized coordinates. Let ©7 := 0509t By Theorem [6.3.4]

1 .
F == 5[@7‘]___[ + %@T],

where the sum is taken fibre-wise over the semimartingale ©7. Note that ©7 determines the
orientation in space for the stochastic rigid body.

Remark 6.3.5. Since the body angular momentum in the above example behaves deter-
ministically, the stochastic perturbations do not affect the internal rotational dynamics of
the rigid body, such its relative equilibria. Instead, the noise affects the spatial orientation
of the rigid body. As a result, while the axis of rotation undergoes stochastic perturbations,
the motion of the rigid body about the axis remains deterministic.

Remark 6.3.6. We refer the reader to Lazaro-Cami and Ortega [54] and Arnaudon, De
Castro and Holm [4] for the case where the perturbation involves the components of the
body angular momentum. In that case, the reduced equations are stochastic as well.

Stochastic Rigid Body Phases

Suppose T" > 0 satisfies II(T") = I1(0). We want to find out how much has the rigid body

rotated on average in space. Let G, = S! be generated by é, where ( = H% In case

|
of the deterministic free rigid body the rotation in space is given by ©4%(T) = exp[d(],

where 0 = —A 4 2"5°T (see Marsden [60]). Here hifd is the conserved value of the reduced

[leell
Hamiltonian corresponding to h and A(mod27) = %, where D is one of the spherical caps

on S? enclosed by II(t). The Casimir element of SO(3) is given by C = F + B3+ E3 = —1.
Hence, the expectation of the stochastic phase ©° is e=/2I. We recall that the stochastic
phase leaves the holonomy unchanged. Moreover, it follows from Theorem that on
average, the rotation of the rigid body is given by e~7/20%%(T") = ¢~7/2 exp[f(].

6.4 Semi-Direct Products

Let G be a Lie group, V' be a vector space and ® : G — Aut(V') be a left representation of
G on V. Let S = G(s)V be the semi-direct product of a G with V. This is a Lie group with
G x V being the underlying manifold and the group operation being given by

(91,01) * (g2,v2) = (9192, V1 + G102) (6.4.1)
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where (g1,v1), (g2,v2) € G x V and g1va = ®(g1)(v2). The left and right cotangent lifted
actions of G on T*G are denoted by (ay, g) — ¢ - o, and (ay, g) — ay - g respectively and
denote by pr : 7*G — G the canonical projection. Let s denote the Lie algebra of S and s*
denote the dual of s equipped with the left or minus Lie-Poisson bracket. Let v := &'(£)(v)
and following Holm, Schmah and Stoica [42], we define the diamond operator by

(voa,§) = (a,&v),

for every v € V, a € V* and £ € g. We denote the momentum maps under the left and right
cotangent lifted action of S on TS by Jr and Jg respectively. Let Py : T*S — TG x V*
be the canonical map («,,v,a) — (ag,a). As shown in Marsden, Ratiu and Weinstein [61],
Jr factors through Pp as Jg = Jr o Pp, where Jgp : T*G x V* — §* is given by

Tr(ag,a) = (7" - ag, g7 a) = (T, Ly(ay), ®(9)"(a))-

A similar situation holds for Jp, as well - we let Pg : T*5 — T"G x V* denote the map
(ag,v,a) = (ay + (voa)-g,g ta). Then J;, factors through P as J; = Ji o Pg where Jj,
is given by

Jr(ag,a) = (ay - 971’ga) 1= (T7 Ry(ay), @(971)*(61))-

Suppose that the Poisson bracket of two functions on 7*G x V* is given by their Poisson
bracket on T*G. Let h € C®°(T*G x V*) be a Hamiltonian in T*G x V* such that for all
a € V*, the Hamiltonian h, € C*(T*@G) defined by h,(a,) = h(ay, a) is invariant under the
cotangent lift of the stabilizer G, of a. Then, there is a reduced Hamiltonian h™d € C°°(s*)
satisfying h*do Jp = h. Define H € C>(T*S) by H = ho Py, so that h**doJp = ho P, = H.
Following [42], the Lie-Poisson equations for h*d are given by

) . 5hred
o= adgyrea pt — oa
o op
red
a= —5Z a. (6.4.2)
7

We now focus on the problem of reconstructing an integral curve of Xy from a solution of
the reduced equations on s*. Suppose .Z{,.) and % ,.) denote left and right translations
by (g,v) in S respectively. Let (ag,,v0,a0) € T*S, where prg (oyg,) = go. Let (u(t),a(t)
denote the solution of Equation (6.4.2) with (1(0),a(0)) = (T, Ly, P(g90)*(ap)). From
Lie-Poisson reconstruction, the integral curve of Xy starting at (o, vo, ag) is given by

Zdet (t) == T(Zdet (t)7vdet(t))-=%gdet (t),UdEt (t))_l (/’L(t)7 a’(t))7
where (g9°t(t), v(t)) solves

5hred 5hred
ou ' da

(9(2), (1)) = Tie,00-Llg(t) 0t)) ( ) , (9(0),v(0)) = (g0, vo)-

Consequently, g4¢*(¢) is a solution of

g = TeLgW) g(O) = 9o, (64?))
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v (t) = vy + [ D(g9(s)) <5hred> ds and

294 (8) = (Taagy L o 10,07 (1), @ ((7(1) ) ().

Now we perturb Xy stochastically by collective Hamiltonians. Let F; € C*°(s*) and
consider the stochastic Hamiltonian system on 7%S given by

k
odl’ = XH I')dt + Xh' I')e dYZ, FO = (g4, Vo, Qg )- 6.4.4
i go

where Y is a semimartingale and h; = F; o J;. By deterministic reconstruction we already
have a solution 24¢* of X on TS, so we only need to determine the stochastic phase. Setting
(vo, mo) = J(Iy), the stochastic phase equation (6.1.4)) yields

k
OF; OF; ;
v) = zTe%(g,v) (W’ %) |(N:a):Ad?g,U),1(Vo,mo) o dY", (6.4.5)

with initial condition (go,v9) = (e,0). From Holm, Schmah and Stoica [42] we have (g, v)™! =
(97" =2(g~")v) and
Ad{, )1 (1, a) = (Adg-pp + v o (ga), ga).

Thus, we obtain
Ad{1 _p(g-1)0) (M0, mo) = (Adj-1vp — ®(g Hvo (g7 mg), g my).

Let T : G xV — g* be given by T'(g,v) = Ad;-1v9— g~ 'vo (g~ 'myg). Then, Equation (6.4.5)

becomes
F SF
.dg = ZTERQ <5_/;) |H:T(g,v) o dY”
i=1
k
OF; OF; ;
odv = Z {( 5a ) |a:g71m0 + ((E) |MT(97U)) v} odY (6.4.6)

i=1

with initial condition (go, vo) = (e, 0) Let (¢g°,v®) denote the solution of the above equations.
Then the solution of Equation (6 is glven by

L= (g7,07) - Zdet(t)
(gt ) Uy ) o(t),v(t),a(t))
= (L5 i Ligg gy 18, 0F + B(gF0™ (). @ ((99™ (1) ") (1))

Then Pr(T'y) = (T;Sgdet(t)L( 5 gdet ))_1,u(t),q> ((gfgdet(t)) 1) a(t)) .
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6.4.1 The Heavy Top

Let G = SO(3), V =R3 and h € C®(T*G x V*) denote the Hamiltonian of the heavy top
given by
1

h(©,II,v) = §HT]I’1H —mg (v,0x) (6.4.7)
where ¢ is the acceleration due to gravity, m is the mass of the rigid body and x is the
vector from the body’s point of support to the centre of mass. As in the case of the free
rigid body, we consider the Ej, Fy, E3 of s0(3) and the collective Hamiltonians are taken to
be the components of the body’s spatial angular momentum 7w = (7!, 7%, %) € R3. Letting
H = h o P, and k denote the direction of gravity, we consider the stochastic Hamiltonian

system:
3
odl' = Xp(D)dt + Y Xo(T) @ dB', T = (I, vy, Iy, k). (6.4.8)
=1

For physical considerations, we are interested in the solution on T*G x V* rather than the
full solution on T*S. The projection of " on s0(3)* x (R3)* satisfies the equations:

II=1II x I"'II 4+ mga X X
a=axI 'L
Since the collectives are linear and we are interested in the evolution Pp(I') on T*G x V*,

hence we may ignore the v-equation in Equation (6.4.6). Then the stochastic phase equation
is same as the case of the free rigid body, that is,

3
«d© =) E©edB', ©;=1
=1

Let ©5 denote the solution of the above equation. If ©%(t) solves ©%' = OII(t) with
©(0) = I and I1(0) = I, then the integral curve of Xj, on T*G x V* starting at (I, Iy, k)
is given by (O(t), O(t)IL(t), ©(t)~'k) in left-trivialized coordinates. Then

Py(y) = (070 (1), 070 (t)IL(t), (670 (¢)) k),

in left-trivialized coordinates.



Chapter 7

Coupling to a Lie Group

In the previous chapter, we have seen that stochastic collective Hamiltonian systems exhibit
three important features:

1. The solution involves an action of a G-valued semimartingale on the deterministic
solution.

2. There is a natural Lie-Poisson system associated with the stochastic collective Hamil-
tonian system.

3. While these systems are not G-invariant in general, if h is G-invariant one can still
carry out a two-step reconstruction process starting from a reduced solution of the
deterministic system. The first one involves reconstructing a solution of the determin-
istic system from P/G to P and introduces a deterministic phase. The second one
involves solving a stochastic differential equation in G to add a stochastic phase to the
deterministic solution.

We will try to explain these three features by considering an uncoupled, G-invariant stochas-
tic Hamiltonian system on an enlarged phase space T*G x P. The Hamiltonian system on
P is purely deterministic, whereas the one on T*G is stochastic. We will first separately
consider reduction via the cotangent lifted left action G on T*G and the action of G on P.
Then, we will reduce the system by considering the action of G on both of the factors. We
will see that the reduced space is isomorphic to g* x P. The Poisson bracket on this space
is given by the sum of the (minus) Lie-Poisson bracket on g*, the Poisson bracket on P, and
additional coupling or interaction terms between the two spaces. Under appropriate initial
conditions, we show that the evolution of the momentum map on P can be identified with
that of the momentum map for the cotangent lifted right action Jz on T*G. Moreover, in this
case, the projection of the reduced solution onto P solves a stochastic collective Hamiltonian
system.

In Chapter [I1] we will revisit coupling to a Lie group from a variational point of view.
Therein, the momentum map J is identified with J7,, the momentum map for the cotangent
lifted left action of G on T*G. We remark that this difference arises from the fact that in
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this chapter we use the left action of G on T*G, whereas in Chapter we use the right
action of G on T*G.

7.1 Two Reductions and Two Geometric Phases

Suppose G is a Lie group. Assume that G acts on T*G by cotangent lifts of left translations
on T"G and on P by a free, proper, and canonical action ¢ : G x P — P. Let Jg :
T*G — g* denote the momentum map for the cotangent lifted right action of G on T*G. Let
fi,o, fx € C®(g*) and h € C*(P) be G-invariant. Consider the stochastic Hamiltonian
system:

k
oday = — ZXinJR(a) [ de
i=1

A(t) = Xo(2). (7.1.1)

We first suppose that G' acts on TG x P by only acting on the first component, that is,
given (ay,,2) € TG x P and g, € G, we have (ag,, z) = ((Tg,L,1)"ag,, ). Then, since

fi o Jg is G-invariant for all ¢, Equation (|7.1.1)) is invariant under this action. Consequently,
on the Poisson reduced space g* x P, the reduced system is given by

k
ody = — Zad’@u odY’
i=1 .

2= Xp(2), (7.1.2)

where g* is equipped with the left Lie-Poisson bracket. For reconstruction to T*G x P, we
need to solve the G-valued Stratonovich equation.

k
0fi i
odg = — iZITeLg (5) odY, gy=e. (7.1.3)
A direct calculation yields that g, := g; ' solves the equation
k 5f,
odj = ;TeRg (E) odY'!, Go=e. (7.1.4)

Remark 7.1.1. We will see later that g is indeed the stochastic phase ¢° introduced in the
previous chapter. The key difference so far is that p is not yet related to the momentum
map of a collective Hamiltonian system. This will be achieved by the coupling mechanism.

Now consider the action of G only on the P factor of g* x P. Since h is G-invariant,
so is Equation (7.1.2)), and hence, we obtain a reduced Hamiltonian system on g* x (P/G).

Let h*d denote the reduced Hamiltonian on P/G corresponding to h, with X ;;QdG denoting
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its Hamiltonian vector field. Then, Poisson reduction of the stochastic Hamiltonian system

(7.1.2)) yields the following system on g* x (P/G):

k
od, = —Zad@ﬂodw
i=1 a

37 = X e (279). (7.1.5)

Next we describe the reconstruction procedure. Let m : P — P/G denote the projection.
Let 2"d(t) be an integral curve of Xjwa and A be a principal connection on P = P/G.
Let zH°r denote the horizontal lift of 274(t) starting at some point zy in the fiber of z4(0)
and £(t) = Ao X,(21"(¢)). The phase introduced in this reconstruction process is given by
solving

G = ToLy (), g°H(0) = e.

Remark 7.1.2. Note that this g% is the same as the first phase introduced in the recon-
struction from P/G to P.

The next proposition summarizes what we have obtained so far:

Proposition 7.1.3. Let (u, 2/(¢) be the solution of Equation (7.1.5). Let A be a principal
connection on P = P/G, 2H"(t) be the horizontal lift of z™d(t) starting at some zy €
771(2"4(0)), £(t) denote the g-valued curve A o X, (21 (¢)) and g¢*(¢) denote the solution
of

§% = T.Lyec(€),  ¢%"(0) =e.

Furthermore, let g, solve the G-valued Stratonovich equation

k
Ofi ,
odg = — ZTeLg (%) odY' gy=ce.
i=1

Then, the solution of Equation (7.1.1)) starting at (ug,xo) € g* x P = TG x P is given by
(e pe, g™ (t) - 271 (1)),

Remark 7.1.4. We mention that these two reductions commute, namely we can also reduce
first by the action of G on P, and then by the action of G on T*G. This is because we are
considering G-action on each of the factors separately.

7.2 Coupling Deterministic and Stochastic Dynamics

We assume that G acts jointly on both the factors of T*G x P. Then, since the action is
free, proper, and canonical, the reduced space (T*G x P)/G carries a Poisson structure. The
next proposition characterizes this reduced space:
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Proposition 7.2.1 ([46]). Suppose ® : T*G x P — g* x P is the map defined by ®(ay, 2) =
(Jr(ay), g~ - 2). Consider the Poisson bracket {-,-}_ on g* x P defined by

[F K}, 2) = {F. K} () + {F, K} (1, 2) — <sz, (i—f)) " <de, (‘g—i)> .

Here the Lie-Poisson bracket {-,-}_ is computed by treating the variable z € P as a constant
and the Poisson bracket {-, -} on P is computed by treating the variable u € g* as a constant.
Then

1. ® is a Poisson map.

2. Let G act on g* x P by g-(u,2) € g* x P — (Ad;_1p, ), for all g € G. Then ® is
equivariant with respect to this action, and therefore induces a Poisson diffeomorphism
between (T*G x P)/G and g* x P.

Remark 7.2.2. We note that the Poisson bracket {-,-}. on g* x P involves the sum of
the (—) Lie-Poisson bracket on g*, the Poisson bracket on P, as well as additional coupling

terms given by — <dZF ) (%) > + <dZK , (g—i) > Such coupled Poisson brackets arise in
P P

the study of coupling flexible attachments to rigid bodies; see Krishnaprasad and Marsden
[46] and Simo, Posbergh, and Marsden [85].

Let (ay,2%") denote the solution of Equation (7.1.1)) and suppose g; solves Equation
(7.1.3)). Then, g; is the basepoint of a,, which implies that

(g, 2 (1) = (Jrlag,), g - 2*) = (Jr(ag,), G - 2*).

Proposition 7.2.3. Let mp : g* x P — P and 7y : g* X P — g* denote the projections onto
the P and g* factor respectively. On (g* x P, {-,-}.), (1, ['t) = (Jr(ay,), Gi - 29°°) solves the
following stochastic Hamiltonian system:

k
od(i,T) = Xjior, (1, D)t + > X5 (1, T) @ dY?, (7.2.1)

=1

where the superscript ¢ indicates that these vector fields are computed with respect to the
Poisson bracket {-,-}.. Moreover, given any f € C*°(P), we have
) > o dY".
K/ p

Proof. The fact that (i, ') solves Equation (7.2.1]) follows from the Poisson reduction the-
orem and noting that ® induces a Poisson diffeomorphism of the Poisson reduced space
(T*G x P)/G with g* x P.

To prove the second part of the proposition, let F'= fonp € C®(g* x P). Then

F(u,T) — F(pi,To) = / IF o d(u,T)
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k
= /{F, homp}e(p,I')dt — Z{F, fiomgte(u, g*) @ dY".
i=1

Since f; € C*°(g*), by definition of {-, -},

(Ffiomg)e= P s} = (aF () )
(5 5l) (e (5),)
- (5,

o (5) )¢

Since the projection 7p is a Poisson map, we get,

since ¥~ = 0. Similarly,

{F,homp}.={f,h}omp.

Consequently, we obtain

F(u.T) = Fl To) = [ dF o d(gu1)

— [{Rhomn)u Dt - > o{Ffio )l g) o)

/{f h}(T dt+2/<drf <§£ M) >.dyi.

i
The next theorem shows characterizes the evolution of the semimartingale p — J(I').
Theorem 7.2.4. Suppose (p, ') solves the equation (|7.2.1)) and let v =y — J(T"). Then
k
dv =Y adi;vedY". 7.2.2
[ 107 % Z a %l/ ® ( )

i=1

Proof. Let f € C*(g*) and F = f o my. Since h is G-invariant we have

F(:uar) :u07F0 Z/{f fz dyz
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Hence,
k

ody = —Zad’%pdodyi
i=1 #

On the other hand, G-invariance of h again implies that

foldT) = folJy) = Xk: <dF(f 0J), (%)) odY’

i=1
= — <dJ(F)f, adh J(F)> L dYZ
op

Consequently,
k

odJ(T) = Zl ad’f%. J(I) e dY".
As a result, with v = p — J(I)
k
odv=—Y adj,vedY’

Now we will identify the momentum map J with Jz. To do this, we solve Equation
(7.2.2) with the initial condition vy = 0. This corresponds to setting pug = J(I'y). Recall
that, [ = ¢ o ®(a,, g - 29°), where 29° is an integral curve of X3, g, = g; ', and g solves

0fi ,
J ) odY', gy=ce.
M:JR(ag)

dg=-T.L, | —

Y ! (5u

Therefore, setting vy = 0 implies that pg = J(Tg) = J(29°°(0)). In this case, Equation (7.2.2))
has the solution ¥ = 0 a.s., which, by existence and uniqueness of solutions, is also unique.
Therefore, we have y = J(I') almost surely. Thus, the evolution of the momentum map J
on P can be identified with that of the momentum map Jg on T*G.

Let us look at the evolution of I'. Given any f € C*°(P), Proposition [7.2.3] yields

) = 500 = [1rmy 0 + z [ (] ) Year

op
— /{f, h}(T)dt + Z/{f, fio JHT)edY",

where the last step follows by applying the Collective Hamiltonian Theorem to Xy.;. As a
result I' solves the stochastic collective Hamiltonian system

k
odl' = X,(T)dt + Y~ X,0(T) @ dY".

=1
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Finally, note that by Equation (7.1.4)), g solves the G-valued stochastic differential equation

5f; o fi
odg_ZTR< o ) ZTR (Mﬂw #>

op
where pg = J(29°%(0)). Hence, g = ¢g°, where ¢g° is the stochastic phase for the stochastic
collective Hamiltonian system.




Chapter 8

Martingale Evolution of Momentum
Maps

Let G be a Lie group acting on a Poisson manifold P. We have seen that if G is unimodular,
{&, -+, &} is an orthonormal basis of g with respect to a right invariant Riemannian metric
on G, and f;(11) = {(p, &) then the stochastic phase ¢° associated to the stochastic collective
Hamiltonian system

k
odl' = X,(T)dt + Y Xj,0y(T") @ dB’

i=1
is a Brownian motion in the Lie group, and J(I') is Brownian motion in the coadjoint orbit
through p. Given a semimartingale Z on an arbitrary manifold M with a connection V
and associated Hessian Hessy, following Arnaudon, Chen and Cruzeiro [7], we define the
generalized derivative of Z as follows: if for every f € C*°(M), there exists a T'M-valued
process A over Z such that

NI = (2) - §(z0) ~ ; [ Hessof(az.a2) ~ [ (@1(2).4)

is a real-valued local martingale, then we define

DVZ
= A.
Dt

7 is a martingale with respect to the connection V, that is, for all f € C*(M)
1
F(2) ~ 1)~ / Hessw f (47, dZ)

. . . . DVZ o
is a local martingale, if and only if == = 0.

Using this definition, we see that a stochastic conservation law arises in this case. Since
J(I') is a Brownian motion on O,,, in particular, it is a martingale with respect to the
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Levi-Civita connection V#° of (-, '>0uo' By definition of the generalized derivative, we arrive
at the conservation law
DV J(T)
Dt
We wish to point out that this conservation law is purely stochastic in nature. In particular,
it does not hold in general for the deterministic collective Hamiltonian system

= 0.

Z = Xh<Z) —I— XfOJ<Z)

where f € C*(g*) and h is G-invariant. This is because for differentiable curves, the
generalized derivative coincides with the ordinary derivative. But we have already seen that
J(z) is not conserved along the integral curves of the above equation since Xy,; is not
G-invariant in general.

In this chapter, we describe a general perturbation in the vertical direction of determin-
istic G-invariant Hamiltonian systems such that the momentum map evolves as a martingale
on the coadjoint orbit. These perturbations are introduced in the next section and they
correspond to the stochastic version of adding an infinitesimally general vector field to the
Hamiltonian vector field. Similar to the case of stochastic collective Hamiltonian systems,
the resulting solution can be written as the action of a semimartingale in the Lie group on
the deterministic integral curve. Then, following Stelmastchuk [86], we describe the general
theory of martingales on reductive homogeneous spaces in Section [8.2] In Section [8.3 we
will specialize this to the case of reductive coadjoint orbits. This will be used to establish
conditions in Theorem under which the momentum map is a martingale.

We remark that Theorem generalizes the stochastic Noether’s theorem of Lézaro-
Cami and Ortega stated in Theorem [£.1.7] In the setting of the latter, the momentum map
is conserved in the classical sense; namely, it is almost surely constant along solutions. In
the present framework, this requirement is relaxed by requiring only that its generalized
derivative vanishes, thereby yielding a weaker notion of conservation. For related results in
stochastic calculus of variations formulated in terms of semimartingale drifts, we refer the
reader to Thieullen and Zambrini [90] and Huang and Zambrini [44]. In these works, the
authors study stochastic conservation by considering transformations preserving a stochastic
action functional and derive necessary conditions under which associated conserved quantities
arise as real-valued martingales. In this sense, our results are a manifold-level counterpart
of this approach to stochastic conservation. We emphasize, however, that since smooth
functions of martingales are not, in general, martingales, it follows that arbitrary smooth
functions of a martingale on a coadjoint orbit need not define stochastic conserved quantities
in the sense of [90].

8.1 Vertical Perturbations of Hamiltonian Systems

Let G be a Lie group and P be a Poisson manifold. Suppose ¢ : G x P — P is a smooth
action of G on P. Following Hakim-Dowek and Lépingle [40] and Arnaudon [6], we recall the
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definitions of the left and right stochastic exponentials on G, denoted by (V) and e?(Y),
respectively. If Y is a g-valued semimartingale then £%(Y') and e#(Y") are the solutions of

odg=T.L,edY =:g(edY), go=ce, (8.1.1)

and
odg =T, R,0dY =: (edY)g, go =, (8.1.2)

respectively. We note that if g = (V) then g=! = e (-Y) since g; ' = e and
odg ' = —(T,-1L,) ' oTyR,-10dg=T,L,1ed(—Y)

Given any semimartingale I' in P, we define the Stratonovich differential (edY)p(I') by
setting

/ a(edY)p(T) = / (¢, o dY. (8.1.3)

It will be more convenient for us to think of this in terms of a basis {e;}*_; of g. Let
Y = Y% | Y'e;, where Y7 is a real valued semimartingale. Then

[ateav)e®) = [(gia). e ay
—Z/%a oy
- Z [ (@ Toprten) war
—Z/ (e:)p(I)) o dY",

where given any p € P and g € G, ¢,(g) = g - p. As in the proof of the stochastic collective
Hamiltonian theorem, we denote the derivative of ¢, in the direction of vy, € T,G by vgp.
We also note that the Stratonovich equations for the left and right stochastic exponentials
are given by

k
odg = T.Ly(e;)edY", gy=e

i=1
k
edg=) T.R,(e)edY', g=e,

respectively. The next theorem is similar to the corresponding theorem for stochastic collec-
tive Hamiltonian systems:

Theorem 8.1.1. Let h € C*°(P) be G-invariant and 29" be an integral curve of X;. Suppose
Y is a g-valued semimartingale and g% = £f(Y). Then I' := ¢” - 29 solves the Stratonovich
differential equation

odl’ = X,(T")dt + (edY) p(T). (8.1.4)
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Proof. Let I' = g% - 29 where ¢° = e®(Y). We use the Stratonovich differential notation
to prove this theorem, leaving the details to the proof of Theorem [6.1.10l With I' = ¢ - z4¢t,
we have

.dr_.d( det)
:g . det()dt+odgs- det

_ det dt + Z zg det ° dY"L
_ det dt + Z ( ) gS . Zdet) ° dyz

= Xp(g% - 2% (t))dt + Z ( ) (g% - 2%) e dY"
— X (Tt + (oY), (),
as required. |

Remark 8.1.2. With g = ¢/(—Y), we have ¢° = g~ !

8.2 Martingales on Reductive Homogeneous Spaces

Following Stelmastchuk [86], first we describe martingales on reductive homogeneous spaces.
Let K be a closed subgroup of the Lie group G. We say that the homogeneous space G/K
is reductive if there is an Ad(K) invariant subspace p of g such that g = ¢ ® p. Here ¢ is
the Lie algebra of K. We recall that if K is compact then G/K is always reductive. We let
Tk - G—G/K, m,:g—p,and 1 : g — € denote the corresponding projections. We also
let 0 = g K (e).

Let Ba/k : pxp — p be an ad(€)-invariant bilinear map. Nomizu [74, Theorem 8.1] shows
that this is equivalent to choosing a G-invariant connection V&% on G//K. Also assume that
V&K is torsion-free, which, by [74, Equation 9.1], implies that Ba/x(&,n) — Baxk(n,§) =
mp 0 adgn for all £, € p. Suppose we have a bilinear map ¢ : g X g — g satisfying
Ty 0 Ba(§,m) = Bayx(mp(§), mp(n)) and Be(&,n) — Ba(n. §) = aden for all £, n € g. Extend
B to a left G-invariant, torsion-free connection V¢ on G by setting V?L (n*) = Ba(&n)*,
where the superscript L denotes the left invariant vector field corresponding to a Lie algebra
element. Then V& reduces to VE/X in the following sense: let w be the left Maurer-Cartan 1-

form on G. Then wt := meow : TG — £is a principal connection on the bundle G —— To/K — G/K.
Let (-)" denote the horizontal lift of a vector field on G/K to G. Then, given vector fields

XY € X*(G/K), we have h(V§,Y") = (V)G(/KY)h, where h : TG — Hor (T'G) is the
projection onto the horizontal subspace {T.L,(p) | g € G} defined by w*.

Given this setup, the following theorem characterizes the V&/%-martingales.
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Theorem 8.2.1. Let Z be a semimartingale in G/K with Z; = o and Z" denote the
horizontal lift of Z via the connection w! starting at e, that is, 7T(;/K(Zh) =7, 7} = e and
[ wtedZ" = 0. The following are equivalent:

1. Z is a V&/E_martingale.

2. The It6 integral wadVGZh equals 0 a.s. In this case, Z" is said to be a horizontal
martingale.

3. The It6 integral fwdvc Z" is a local martingale in p.

4. Thereis a p-valued local martingale Y such that if g satisfies the It6 differential equation
dvag = TeLgdng go =e,
then Z = mq/k(g). Here Vin = V?n(e) for all £, € g.

If V& is the canonical affine connection on G given by V?LnL = %[5 ,n|E, forall €, n € g,
then each of the It6 integrals can be replaced by their corresponding Stratonovich integrals.
The corresponding connection on G/K is induced by the bilinear map (£,7) € p X p —
smp([€,m]). Moreover, the martingales in G are the stochastic exponentials of the local

martingales in g (see, for instance Stelmastchuk [87, Example 5.1]). In this case, we have
the following corollary:

Corollary 8.2.2. Endow G/K with the connection arising from the bilinear map (£,7) €
p x p = m([€,m]) and define the connection V¢ on G by V?LnL = 1[& )k, for all &, n € g.
Let Z be a semimartingale in G/K with Z; = o and Z" denote the horizontal lift of Z via
the connection w® starting at e. Then the following are equivalent:

1. Z is a V&/E_martingale.
2. [w'edZ" equals 0 a.s.
3. [wedZ" is alocal martingale in p.

4. There is a p-valued local martingale Y such that Z = g/ ((Y)).

8.3 Martingales on Coadjoint Orbits

Now consider the case when K is the coadjoint isotropy subgroup G, of u. To connect the
evolution of the momentum map along solutions of Equation , it will be convenient to
use the canonical affine connection. Suppose the coadjoint orbit O,, = G/G,, is reductive,
that is, there exists an Ad(G,,)-invariant subspace p of g such that g = g,, ® p. Given a

semimartingale p; = Ad;—l o in O, its horizontal lift with respect to the canonical affine
t

connection is a semimartingale gl satisfying the following properties:
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L. mo,, (gt) = ¢, where T0,, : G = Oy, is the projection onto O,,.
2. gh=e.
3. [wio e dgl = 0.

Thus, we obtain that k; := (¢/') ' ¢; is a semimartingale in G ,,. Reductivity and horizontality
imply that

.dkt - Teth owo e dgt7 kO =€,
that is, k, = ([ w0 e dg;). This allows us to determine k; from g¢;, from which g/ can be

easily determined. As a result of Corollary [8.2.2] we obtain the following theorem:

Theorem 8.3.1. Suppose that O, is a reductive coadjoint orbit. Endow O,,, with the con-
nection V#0 arising from the bilinear map (£,7) € pxp — m,([¢,7]) and define the connection

V& on G by V?LUL = 1l&,nk forall ¢, € g. Let py = Ad;;IMO be a semimartingale in O,,,,

and define the semimartingales k;, = el( [ w90 o dg;) and g = g,k; 1. Then the following are
equivalent:

1. p is a V#o-martingale.
2. [wie e dgh equals 0 a.s.
3. [wedg" is a local martingale in p.

4. There is a p-valued local martingale Y; such that 1, = 7o, (¢%(Y7)).

As a consequence of this theorem, we record the following lemma:

Lemma 8.3.2. In the setup of Theorem ty is a martingale in O,, if and only if
fAdk;l om, @ dY; is a local martingale, where m, : g = g, @ p — p is the projection onto
the second factor.

Proof. We have
ke = e"(mg, (=Y1)) = e™(mg, (V)

where 7y, 1@ = g, ® P —> gy, 1s the projection onto the first factor. Then

odg; = (edgi)k; ' — gik, ' (edki)k;
= —gi(edY) k' + gk Mkymg, (edYy)k; !
= —gi(mp(edY;))k;
= —g?(Adk,;l o my(edY}))

:g?’.d<—/Adkt—l o7rpodY;).

Note that, since k; lies in G, — [ Adk;1 7, @ dY; takes values in p by the reductivity hypoth-
esis. Thus, by Theorem m, p is a martingale if and only if — [ Adk;mp e dY; is a local
ly,

martingale, or equivalent Adk;1 7, ® dY; is a local martingale. |
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Now we state the main theorem of this section:

Theorem 8.3.3. Let I' = ¢g°- 29 solve Equation (8.1.4)), where 24¢ is an integral curve of X,
and ¢g° = e®(Y). Assume that the G-action on P admits a coadjoint equivariant momentum
map J : P — g* and set yp = J(2%°(0)). Suppose that O,,, is a reductive coadjoint orbit, V¢
is the canonical affine connection on G' and V#° is the reduced connection on O, obtained
from V&. The following are equivalent:

1. J(I') is a martingale.

DY gy
B~ =0

3. Let ky = ef(mg, (Y)). Then [ Ad-1m, e dY; is a local martingale.

In particular, if Y is a local martingale in p then J(I') is a martingale in O, .

Proof. By definition of the generalized derivative, the equivalence between (1) and (2)
follows immediately. For the equivalence between (1) and (3), we note that since h is G-
invariant and J is coadjoint equivariant, we have

J(F) = J(gS . Zdet) — AdaS)qJ(Zdet) — Ad’(kgS)—l,UO-

Then, by the previous lemma J(T') is a martingale if and only if [ Adkt_mrp e dY; is a local
martingale.

For the second part of the theorem, suppose that Y is a local martingale in p. Then
k: equals the identity element e and hence, [ Adk;mrp e dY; =Y, is a local martingale in p.
This implies that J(I') is a martingale. i

The next corollary is an application of this theorem to stochastic collective Hamiltonian
systems with linear collectives.

Corollary 8.3.4. Let f; € C*(g*) be defined by f;(x) = (&), where & € p for all
1t =1,---,k. Let J: P — g* be a coadjoint equivariant momentum map, h; = f; o J,
and Y = Zle &Y' where Y, .- | Y* are real-valued semimartingales. Let V& and V*° be
defined as in Theorem . Suppose I' = ¢ - z9¢* solves

k
odl' = X;,(I)dt + Y X, () e dY",
=1

where z9°* is an integral curve of X, and ¢° = e®(Y). Then Dwgt‘] @ — 0if Y is a local
martingale.

Proof. Note that Y is a semimartingale in p. By the Collective Hamiltonian Theorem,

k
Xp(T)dt+ ) X, (T) e dY"
i=1
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k
= X3(D)dt + > (&)p(L) @ dY"
i=1
= Xp(I)dt + (edY)p(I).
If Y is a local martingale then by the previous theorem, J(I') is a martingale. |

Remark 8.3.5. We mention that if h, hy, - - - , by are G-invariant Hamiltonians, Y, --- | Y*
are real-valued semimartingales and £ is a semimartingale in g, then proceeding as in the
proof of Theorem the solution of the stochastic differential equation

k
odl' = X,(T)dt + Y X, (T) @ dY" + (ed) p(T")
i=1
is given by I' = ¢° - T, where T solves the stochastic Hamiltonian system
odl' = X,(T)dt + Y X, () ¢ dY’

and ¢° solves
.dg = TeRg i df? go = €.

By the stochastic Noether’s theorem (Theorem [4.1.7), J(I') = po, where 4 is a constant.
Hence J(I') = Ad(ys)-1ft0- In particular, if ¢ is a local martingale in p then

DY J(T)

= 0.
Dt

In particular, with £ = 0, we note that the hypotheses of the stochastic Noether’s theorem
also imply Theorem [8.3.3]
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Stochastic Variational Principles
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Chapter 9

Stochastic Hamilton-Pontryagin
Principle

In Lagrangian mechanics, one starts with a (smooth) curve ¢(¢) on a manifold @ and a
Lagrangian function £ : T'Q) — R that models the dynamics of the system. Typically, £ is
chosen to be the kinetic energy minus the potential energy. Hamilton’s principle states that
the trajectory of a mechanical system between time ¢y and t; is determined by finding the
stationary point of the action ftzl L(q(t),q(t))dt among all curves that fixes the endpoints,
that is, ¢(to) = a and ¢(t;) = b for some a,b € Q. In other words, one looks at deformations
€ q.(t) of q(t), for € € (—s,s) with s > 0, such that:

1. g(t) is smooth and gy(t) = q(t),

2. 0q(t) =2 _Oqﬁ(t) satisfies dq(tg) = dq(t1) = 0.

Then, the stationary point is determined from ftil dL(q(t),q(t))(0q(t),dq(t))dt = 0.

Finding the stationary point of the action is equivalent to solving the Euler-Lagrange

equations
oL _d (9L _,
dqg dt \9q)

A standard argument to show this equivalence is to proceed in local coordinates, by subdi-
viding the curve ¢(t) into a finite number of segments, each of which lies in a chart. Then,
in local coordinates, one writes

AL (g(), 4(0))(5(t), 54(1)) = <%,5q> ' <%5q> |

Integration by parts and an application of the fundamental lemma of the calculus of variations
then yield the desired equivalence.

There are several problems that arise while trying to generalize this to the stochastic
case. We list them here:
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1. While taking variations of the action, the equality

0

5ol [ e = [ dct.qo) o). i) = o

to to

proceeds by applying the dominated convergence theorem. However, in stochastic
geometric mechanics one typically works with Stratonovich integrals, which lack the
dominated convergence theorem for It integrals with respect to the ucp topology. In
this context, the problem is in which topology should we interpret the variation dq
when ¢ is a semimartingale, and in which topology should we interpret the variation of
the action itself, in order to obtain an analogue of the dominated convergence theorem
for the Stratonovich case.

2. The introduction of partial derivatives of £ involves localizing the problem in coordi-
nate charts. In the deterministic case, when one localizes the problem to coordinate
charts, the entry times and exit times for a curve are fixed, deterministic times. Thus,
from a global fixed-endpoint problem, one can obtain a local fixed-endpoint problem.
In the stochastic case, the entry time and exit times for a stochastic process in entering
and leaving a chart are random variables. This leads to the problem of constructing
variations that are fixed not only at the deterministic initial and final times but also at
these random entry and exit times. Moreover, to ensure that the resulting Stratonovich
integrals are well-defined, the constructed variations must also be semimartingales, and
in particular, adapted to the underlying filtration.

3. The implication that a curve is a stationary point of the action only if it satisfies the
Euler-Lagrange equations proceeds by applying the fundamental lemma of the calculus
of variations. When ) = R, this lemma states that if g is a continuous function
defined on (a,b) 2 (tg,t1) and ftil g(t)h(t)dt = 0 for all smooth functions h compactly
supported on (¢, t1), then g = 01in (to, t;). Note that given a curve 7y : [to, t1] — R every
smooth function h which is compactly supported on (%o, t;) provides a fixed-endpoint
deformation of v given by e — ~(t) + €h(t). Hence, the classical fundamental lemma
operates entirely within the class of fixed-endpoint deformations used in the action
principle. In the stochastic case, how does one formulate an analogous fundamental
lemma for the type of fixed endpoint deformations discussed in the previous point?

4. Stochastic processes generally lack differentiability. How do we express the action
integral ftzl L(q(t),q(t))dt in terms of well-defined stochastic integrals? Moreover, in
the stochastic case, how do we ensure that the action integral remains coordinate
independent?

5. In [62], it is shown that under some mild hypotheses on £ (namely, that it is a regu-
lar Lagrangian), the Euler-Lagrange equations can be viewed as determining integral
curves of a specific second order vector field, called the Lagrangian vector field. Can
we have a similar interpretation in the stochastic case as well?

Section [0.1] aims to answer the first three questions, and Section [9.2] addresses the final two
questions.
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In Section we introduce variations and in particular, fixed endpoint variations, of
semimartingales. We prove a stochastic analogue of the fundamental lemma of the calculus
of variations for Stratonovich integrals, especially taking into account variations that vanish
at the first hitting and exit times for a chart. In Section [9.2 we focus on the stochastic
Hamilton-Pontryagin principle. The stochastic Hamilton-Pontryagin principle was formu-
lated by Bou-Rabee and Owhadi [I3] and studied more recently in Street and Takao [89]. As
an application of the variational framework developed in Section [9.1, we present a proof
of the local form of the stochastic Hamilton-Pontryagin principle. This generalizes the
Hamilton-Pontryagin principle formulated in [89] to arbitrary noise semimartingales. We
also discuss a stochastic version of Noether’s theorem on the variational principle side. We
then describe a novel method for working with variational principles globally on manifolds by
using Stratonovich operators. Here we exploit the fact that Stratonovich equations on man-
ifolds are determined by Stratonovich operators and these are deterministic generalizations
of vector fields.

The present approach addresses several technical difficulties that have not been treated
in the existing literature. In particular, Bismut [11], [12] develops stochastic variational princi-
ples for mechanical systems from the point of view stochastic optimal control. In that setting,
the variations are taken to be free, while endpoint constraints are incorporated through addi-
tional terms in the action functional. The resulting backward stochastic differential equations
are shown to provide sufficient conditions for criticality. However, neither a stochastic ana-
logue of the fundamental lemma of the calculus of variations nor a proof of necessity of these
equations for critical points is established therein. Variational formulations for semimartin-
gales have also been studied in the Lie group setting by Arnaudon, Chen, and Cruzeiro
[7], and, using techniques from Malliavin calculus, by Cruzeiro, Holm, and Ratiu [29] and
Huang and Zambrini [44]. These works, however, do not address the localization via stopping
times required to impose fixed endpoint conditions in local coordinates. Related difficulties
also arise in the approaches of Crisan and Street [88] and Street and Takao [89], which are
formulated using semimartingales compatible with a prescribed driving noise. By contrast,
the framework developed here allows for a local-coordinate treatment while preserving both
adaptedness and fixed endpoint constraints. The stochastic fundamental lemma established
in Section0.1.2]yields both necessity and sufficiency of the implicit Euler-Lagrange equations,
while the intrinsic formulation in terms of solutions to Stratonovich stochastic differential
equations allows us to convert stochastic variational problems to deterministic variational
problems.

9.1 Variations of a Semimartingale

In this section we describe variations of a semimartingale I' in a smooth manifold M.

Definition 9.1.1. Let I' be a semimartingale in a smooth manifold M. A deformation of
['is a map [—s, s] = . (M) denoted by € — I'., where € € [—s, s] for some s > 0, such that:

[ FO,t = Ft-
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e The map € € [—s,s] — I'. € (M) is continuous at 0 with respect to the semimartin-
gale topology on .(M). Additionally, there exists a T'M-valued semimartingale JI"
such that for every f € C*(M), w — df (0T") with respect to the semimartin-
gale topology on . (R) as € — 0. The semimartingale §I" will be called a variation
of T.

Remark 9.1.2. It is assumed implicitly that the lifetimes of the semimartingales I', are at
least as large as the lifetime of I'.

Remark 9.1.3. By definition of differentiability in the semimartingale topology on M,
Definition means that the map e — I'. is differentiable at ¢ = 0 with respect to the
semimartingale topology on .¥(M), and its derivative is JI.

Definition 9.1.4. Let M be a smooth manifold and I" be a semimartingale in M. We say
that I' is admissible if, for every semimartingale Y in T'M over I', there exists a deformation
e I'c of I' with 0I' =Y.

Theorem 9.1.5. Assume that I' is a semimartingale in a Riemannian manifold M and exp
denotes the exponential map on M. If expr,(,) has domain Tr,(,)M for all £ > 0 and w €
then I' is admissible.

Proof. This follows directly from Corollary 4.3 in Arnaudon and Thalmaier [5]. We remark
that the hypothesis ensures that the lifetimes of I'. are at least as large as the lifetime of
I |

Remark 9.1.6. Using the Hopf-Rinow theorem we conclude that if M is connected and M
is a compact manifold or a geodesically complete manifold then every semimartingale I on
M is admissible.

Definition 9.1.7. Let I' € ./ (M), X € /(R), f € C®(M) and « be a 1-form on M.
Given a deformation € — I, we define:

iy [ L=
1. fo(r).dx_ll%f —I0) o gX.

— lim —
2. Df[aed =lim([aedl.— [aedl).

e—0

Remark 9.1.8. The notation D is used as opposed to ¢ in order to distinguish between ucp
convergence and semimartingale convergence.

The next lemma prescribes a method for computing variations of Stratonovich integrals.

Lemma 9.1.9. Let I be a semimartingale in a manifold M and € — I'. be a deformation
of T.

1. For every real semimartingale X and f € C*°(M)

D/f(r).dxz/df(ar).dx (9.1.1)
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2. For every 1-form o on M

D / a(T") o dT = / isrda e T + (a(T), 0T) — (a(Ty),6To),  (9.1.2)

where da denotes the exterior derivative of a.

Proof. The first statement follows by applying Proposition |3.1.27|to Z, := J(L)=/(T)

€

The proof of the second statement is similar to the proof of Proposition 4.3 in Lézaro-
Cami and Ortega [55]. By the Whitney Embedding Theorem, there exists a positive integer
¢ such that M can be smoothly embedded as a submanifold in R?. In the embedded picture,
we can write a(p) = Zz Li(p)dfi(p) where ay, -+ ag, fi,-+ , fo € C*°(R"). Then

%l/a.dfe—/aodF]
—Z H argeanrd - [om s

:Z{f‘%‘ ¢ fOéz o) e dfi(I)

_'_fai(re dfz faz dfz ):|

Given i € {1,--- , k}, first consider the term

ol e Gl = JoulC e 50) _ [0 (HED =S

€

We claim that this term converges to [ a;(I') @ d (df;(I"),0l) in ucp as e goes to 0. To

prove this, first note that as e — 0, «o;(I'¢) converges to «;(I") and w converges to

(df;(T"),0T") in the semimartingale topology. Consequently, by Proposition [3.3.5, the claim
holds.

Using the product rule for Stratonovich integrals, we write
(ai(T)dfi(I'), 6T') — (e (I')dfi(T'o), 6T o)
= /ai(l“) o d (dfy(I"),ol) + / (df;,oT') @ doy;(T).
Now we discuss the second term, that is,

[ a;(T.) o df;(T faz o df;( )

By definition of 4T" this converges in ucp to

/ (dawy(T'). 6T » df,(T)
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as € — 0. Consequently, for the i-th term

{f a; () e df;(T fozz o df;(T)

+f a;(Te) o dfy(T f&l o df;( )]

ﬂw J(D)df;(T), 6 > (i (T)df;(Lo), 6L0)

da;(T), 0T) e df;(T")

/ df;, oT) e doy(T) +
Y,

{
The result follows by summing over ¢ from 1 to /. |

The next result may be obtained either by purely deterministic arguments or as a
corollary of the previous lemma:

Corollary 9.1.10. Let v(t) be a smooth curve in M and « be a 1-form on M. Suppose
€ — (1) is a variation of (). Then

5 (a((0) 4(1)) = i5,da(3(1)) + % {a(1(1)),57) . (9.3

9.1.1 Fixed Endpoint Variations

We will assume that I" is an admissible semimartingale in M. Let T' > 0 be fixed. Suppose g €
C*(R) is supported on (0,7") and X € X (M). Then Y, = g(¢t)X(I';) is a semimartingale
in TM over I' (that is, the projection of Y on M is I') that vanishes at t = 0 and ¢ = T.
Then there exists a deformation € — I'. of I" such that ' =Y.

A second way to construct variations that vanish at ¢ = 0 and ¢t = T is inspired by
the works of Arnaudon, Chen and Cruzeiro [7] and Huang and Zambrini [44]. Assume M
is equipped with a connection, I'y = a for some a € M and let ||g_>tv denote the parallel
transport of a vector v € T, M along I'. Let v(t) be a deterministic curve in 7T, M such that
v(0) = v(T) = 0. Then V; := ||g_>tv(t) is the T'M-valued semimartingale over I' such that
Yo = Y7y = 0. The admissibility hypothesis ensures that there exists a deformation € — I',
of I" with dI' =Y.

Now, we describe variations that vanish locally. Given a closed subset K C M we
describe how to construct variations of the portion of I' that lies in K. Recall that if 7 is
the hitting time for K and if T[(?’e) =TE (Ft+r}}(r)> then F|[ h b (o)) is the portion of I'
that lies in K. Let f € C°°(M) be supported on the interior int K of K and X € X (M).
Then f-X vanishes outside int K. It follows that ¥ = f- X (I") vanishes on [[0, co[[\]]7%, 71 +
T8 = ([0, ) Ul +78), 0o[[. Let g € C**(R) be supported on (0,T). Then'Y; := g(t)Y,
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is a TM valued semimartingale that not only vanishes on [[0, 7¢]] [[T} +7'I((h ), oo[[, but also

for all £ > T. The admissibility hypothesis shows that there exists a deformation € — I'. of
[ with 6T =Y.

Definition 9.1.11. Let K C M be a closed subset and I" be an admissible semimartingale
in M.

1. A K-deformation of I" is a deformation ¢ — I'. of I' such that éI" vanishes outside
Jrh h + Tl((h ’6)[[. The corresponding variation will be called a K-variation.

2. Given T' > 0, a (K, T)-deformation of I' is a K-deformation € — I'. of I" such that
OT" also vanishes on [[(T[}é + T]((h ’e)) AT, o0][[. The associated variation éI" will be called

a (K, T)-variation.

Lemma 9.1.12. Let € — I'. be a K-deformation of I, where K C M is closed. Then:

1. For every f € C*(M)

(hye)

T Tlfé—‘rTK
° = ) o
D/O F(D) 0 dX /K df(5T'T) @ dX

2. For every 1-form o on M

(h,e)

T TIh(Jr‘rK
D/ aedl = / isprda e dl + (a(T'r), 6T7) — (L), 6T) .
0 T

h
K

Proof. We only prove (1) since the proof of (2) is similar. It follows from the definition
that 6" vanishes outside |77, 7% + Tf((h ’6)[[. Let J¥(y denote the indicator function. Using

Proposition 5.3 in Lazaro-Cami and Ortega [55], we have

T T
D/ f(F)-dXz/ df (6T) @ dX
0 0
— /“‘[O,T}“‘[[T,@,T;HT;;L@”df(5f) e dX

= [ W . W eondf(6TT) @ dX
[[TK:TK+TK ”
(hse)

T§+TK
= / df (6T'7) e dX.
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9.1.2 A Stochastic Analogue of the Fundamental Lemma of the
Calculus of Variations

We will formulate a stochastic analogue of the fundamental lemma of the calculus of vari-
ations in coordinate charts. Let (-,-) denote the standard Euclidean inner product and
(e1,+-- ,e,) denote the standard basis of R”.

Lemma 9.1.13. Let M be a smooth n-manifold and U € M be a coordinate chart. We
identify U with an open subset of R", also denoted by U. Let I' € . (M) be admissible
and = : .7 (M) — . (R™) be such that =Z(I") 4, = Z(I'4,) for any continuous change of time
t = A;. If for every (U, T)-deformation e — T'. we have

Tb+7£h’e)

/U T (T ed=(I17)) = 0,

h
U
then ed=Z(T1") = 0 in ||7, 7 + 7, (£ e)[[ Here od=(I'") = 0 means that Z(I''") — E(I"T)Tg =0
a.s. in ||rh, Th + T((] i

Proof. First suppose U is a precompact coordinate ball and identify U with the open ball
B,(0) of radius r and centered at 0. Given s > 0 let (g,) be a sequence in C*(R) such that
gn is supported in (0, s+ 1) for every n and g, — ¥ g g pointwise. Then gn(t)M‘LT isa (U,T)
variation of I'. Using the fact that g, is of bounded variation, the It6 dominated convergence
theorem and Proposition 5.3 of Lazaro-Cami and Ortega [55], we obtain

(hse)

T +T—
0_/ {gn(t)0T" od=(T'T))

h
U

[ s

U
h+T(h ,e)

= /Th gn(t)d (/ <5F|T,odE(F|T)>)

U

T{—Jl-‘r’?'[(}h’e)
%/ Lo d (/ <6FT,odE(F|T)>>
n—oo T’l

U
= /1(0,5]1[[73173_%7[(}@)” d (/ <5F|T, odE(FT)>>

° T — T
- /0 1[[7_[;7}’7_54_7_[(7&6)” <5F| ,'d:(r' )> .

Since this holds for all s > 0 we conclude that

/1[[ bt sp0]] (OT'T, @dZ(TT)) = 0.
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Moreover, since 6T''" vanishes outside [[7/2, 74 + T( ], we have

/<5F|T,odE(FT)> =0

in [[rf, 7} + 7).

Let 0 < n < rand h € C*(R") be supported on B,.(0) with h|g o) = 1, where

B ,(0) denotes the closed ball of radius 7 centered at 0. For j =1,--- ,n, let X denote the
vector field on R defined by X; = h(z)e;. Then X; vanishes on the boundary 9B, (0) of
B.(0) = U. Extending X,|7 to a vector field X on M by setting X = 0 outside U and
letting g € C*°(M) be supported on (0,T), we can construct a (U, T)-deformation € — T
with variation ¢(¢) X (I';) by the admissibility hypothesis.
smcef<5rlT od=(I'T)) = 0 in [[7, 72 + 7] and [[ T 0T 0 Th

Ig ], it follows that J(oTI" ed=(T'1T)) = 0 in [[74 8.0 ( )+ T(h(e) ]]. Let Z; denote the

jth component of Z(I'7). Then the previous equality and the fact that X (I'") = g(t)e; on

h,e
Tyl € [+

h h (h,e) . .
[[TB,,(O)’ B0 T 7 Bn(o)“ implies that

/ 78 0) T+ 5 (3)”9( ) »dZ;
for all g € C*°(R) supported on (0,7).

Pick an arbitrary s € (0,7"). Replacing g by g, where (g,) is a sequence in C*°(R) that
is supported on (0,7") and g, — 1( pointwise, we get

O:/l[ A (o) ”f]n(t)Odet

B»,](O) B»,](O) Bn(O

= ]_ e ~n t dZ
/ 75,y 0) By (0) 7T g;«;)”g () dZ;

ucp
— [ L eyl dZ,
n—00 Bn(o) Bn(o) Bn(o)
h (h,e)
"B () T T By (0)
= (0,5 dZ;
+h
By (0)
h (h,e)
By By ) 1o
— A
J
T}l
By (0)

— |zl _gls
4 ( o (e ) Jrh
"Bn(0)" By (0) Bn(0)

and we used the fact that g, is of bounded variation, the 1t6 dominated convergence theorem
and Proposition 5.3 in [55]. Since this is true for all 0 < s < T, it follows that edZ; = 0
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in [T (0),7"‘ ( ) —|— 7'( B.(0) ]] Since this holds for all 0 < n < r, we conclude that edZ; = 0 in
7. 0 Th o+ 7oy [ = V7t 7+ [ Consequently od=(T") = 0 in JJrfh, o + [

Now suppose U C M is a coordinate chart in M. For every precompact coordinate ball
Up in U, note that a (Uy, T')-deformation of I' is also a (U, T)-deformation of I By our
hypothesis, for every (Uy, T')-deformation of I'; we have

T]1+T£h,e) T];L J,»T(,h’e)

/U 0 <5F|T,.d5(rlT)>:/U° P (oTIT ed=(IT)) = 0.

This implies that ed=(I'") = 0 in |J7ft 7% + T((J )[[ Since this holds for all precompact
coordinate balls Uy C U, we have od=(I''7) = 0 in |J7ft, 7t 4+ 7 e)[[ i

9.2 The Stochastic Hamilton-Pontryagin Principle

A stochastic extension of the deterministic Hamilton-Pontryagin principle was first intro-
duced by Bou-Rabee and Owhadi [I3] and has been generalized more recently by Street
and Takao [89]. We will provide a proof of the local form of the stochastic Hamilton-
Pontryagin principle as an application of the variational framework developed in the last
section to stochastic geometric mechanics. Then we will develop a stochastic version of
Noether’s theorem. This will be followed by a discussion of the intrinsic form of the stochas-
tic Hamilton-Pontryagin principle, where we will use Stratonovich operators to provide a
global description.

Let us briefly recall the deterministic Hamilton-Pontryagin principle. Given a configu-
ration manifold @ let PQ = T'Q) & T*(Q denote its Pontryagin bundle. Local coordinates
on PQ will be denoted by (q,v,p). Let L € C*(TQ) be a Lagrangian. The deterministic
Hamilton-Pontryagin principle states that a PQ-valued curve (q(t),v(t),p(t)) is a critical
point of the action

t1
[ 10,00 + pte) ) — o0
to
amongst all curves such that ¢(ty) and ¢(t1) are fixed (and variations in v(¢) and p(t) are
arbitrary), if and only if (¢(t), v(t), p(t)) satisfies the implicit Euler-Lagrange equations given
by

. oc . 0L
q=", p:%7 p_aq

We refer to [94] for more details on the deterministic Hamilton-Pontryagin principle and its
application to constrained systems.

Definition 9.2.1. Let X = (X%, --- , X*) € & (R*) and £ € C=(TQ) be a Lagrangian.
Suppose we have Ly, -+ , Ly € C*(Q) and vector fields V3, -+, Vj on Q). Given an admissible
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PQ-valued semimartingale I'; = (g, v¢, py) we define the stochastic Hamilton-Pontryagin
action integral as

Sx(I') :/0 (ﬁ(qt, vr) @ dXY + ) Lilgr) » dX;]

=1

k
—|—<pt,odqt — v, @dX} —ZVZ-(qt)odXti>> . (9.2.1)
i=1

In Bou-Rabee and Owhadi [I3] the authors consider X = (¢, B},--- , BF), where B’ is
a Brownian motion, and V; = 0. Street and Takao [89] have generalized this to the case
where X is a driving semimartingale and I' is compatible with X. The reader is referred
to [89] as well as Street and Crisan [88] for further details on driving semimartingales and
the compatibility hypothesis, as well as a different stochastic analogue of the fundamental
lemma of the calculus of variations under these assumptions. We will only assume that
Xes (]Rk“) and in particular, we will forego the assumption that X% = ¢.

Let us also recall the intrinsic description of the action functional. Let G : PQ — R
denote the fibrewise pairing map between T'Q) and T*@Q, that is, G(q,v,p) = (p,v). The
following maps

Prpg : TPQ — PQ
Prrpg : TTPQ — TPQ
prg : PQ — Q
prog : PQ — TQ
pryg : PQ — T7Q (9.2.2)

are the corresponding projections. We also have a map prr-g : TT*Q — PQ), defined in
local coordinates by setting prr-q(q, p, vg, vp) = (¢, v4, p). Then we obtain a 1-form G on PQ
given by G = G o prr-qg © Tpry.g. In local coordinates, if (ug, y, up) € Tigup)PQ then

G(q,v,p) (uqa Uy, up) = G(q, uqvp) = (p, uq) : (9.2.3)
Consequently, if Ty = (g, v, p;) then [ G e dl' = [ (p;, edgy).

Given a vector field V € X (Q) define V : PQ — PQ by V(z) = (V o pry(z)) &
pry.g(r) € PQ. Written in local coordinates this reads V(g,v,p) = (¢,V(q),p). For every
j €40,---,k} define the generalized energy £, : PQQ — R by

G — Loprpg, if 7 =0,
E; =

Go\N/j—LjoprQ, ifj=1,... k.

In coordinates, Ey(q,v,p) = (p,v) — L(g,v) and Ei(q,v,p) = (p,Vi(q)) — Li(q), for i =
1,-++ , k. The generalized energies F; for i = 1,--- , k also appear in Street and Takao [89].
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We note that if I'; = (¢, v¢, p) in local coordinates then

<pt7Ut> - ﬁ(% Ut)u ifj =0,

(e, Vilqr)) — Lij(q), ifj=1,... k.

Ej(Ft) = Ej(Qt,’Umpt) =

Hence

Sx(T) :/OTgodF—i/oTEj(F)ode. (9.2.4)

9.2.1 The Local Form of the Stochastic Hamilton-Pontryagin Prin-
ciple

First we describe variations in local coordinates of the terms in the Hamilton-Pontryagin
action integral.

Lemma 9.2.2. Let I be an admissible semimartingale on PQ and let I'; = (q;, vy, py) in
local coordinates. Suppose € — 'y = (qet, Ver, Det) be a deformation of I'. Then

T T
D/ godF:D/ (py, ®dqy)
0 0

= /OT <5p'tT, .quT> - /OT <°dp‘tT,5qz‘eT>

+ (pr, 0qr) — (Po, 6qo) -

Proof. In local coordinates (G(I';), 6T;) = (ps, d¢q;). Then, by Lemma[9.1.9]

T T
D/ godF:D/ Gedll”
0 0
T

_ / ispirdG o dTT 4 (G(Tr), 007) — (G(Tg), 6T)

0

T
= / isrirdG o AU + (pr, Sqr) — (po, 5q0) -
0

Let (¢,v,p) € PQ. Suppose (4,0,p), (wqg, Wy, wp) € T(qvpnPQ. From the local coordinate
expression of G in Eq. (9.2.3), it follows that G(q, v, p) = pdq. Hence

dim Q

dg(q,v,p) = Z dpz A dqza
i=1

which yields

i(wq,wv,wp)dg(Q7 Uap) = dg(Qa va)((wmwvawp)a (Q7vap)) = <wp7 Q> - <wqap> :
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Consequently, since the tangent vectors considered are arbitrary, we get

T T T T T T « |T
/ iéF\ng ° dFlT :/ <5pt ,odqt > - / <Odpt 75qt > .
0 0 0

This concludes the proof. |

Remark 9.2.3. The product rule is often used to prove the above lemma. Mimicking the
product rule we write

D/ ol edgl" —/0T<5p .dq‘T> /O<pLT,5(.quT)>.

But the term § <odth> is not defined since odqt‘T is not a stochastic process. To define this,

we recall that the 5ql|tT is assumed to be a semimartingale by definition. Hence we can set

[ s o)) = [ oo (i)

The Stratonovich product rule gives us
°d<pt g} >=<°dp g} > <pt ; d(5q >>
which implies

(pr,dqr) — (Po, 0q0) = /OT <°dp|tT, 5qJ§T> + /OT <p|tT, od <5qlT>> .
D/OT@t,'dqt) = /OT <5pLT,°dqt‘T> - /OT <°dp,':T75q7'fT>

+ {pr, dqr) — (po, dqo) -

Therefore

Lemma 9.2.4. Let " be an admissible semimartingale on PQ and let I'; = (q;, vy, py) in
local coordinates. Suppose € — I'c; = (qet, Ve, Det) be a deformation of I'. Then

_pzk:/TEj(r).de
L [/OT ((L(qt,vt) — (pvn)) 8 dX? +Z (pe, Vil@))) °dXti>]
_ /OT &?T <<£ o« dX? + Z (L - <p‘tT, V(qlT)>> . dXZ) ,5th>

T
+/ <<p'tT - a—fT) . dX$,5v1T>
0 v,

T
_/ <5pt ol odX°+ZV dX§>.
0

=1
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Proof. By Lemma we have

_ _pz/ (<27E5q> . <§E|5'> N <§i;,apl >) o iX;

= /OT <<%?,5th> + <%,5v?> — <5p,‘5T, 1T> <pt ,5vlT>> o dX)
+zk;/0T <<% (L (") - <p'tT,V( )>> oq; > - <f5p‘tT V(qz‘eT)>> o dX;
_ /OT aj’T <<£ o dX? + Z (L - <p'tT,V(qLT)>) . ng> ,5q,[T>

r oL
[ ({38 s

T
—/ <5pt v odX°+ZV ng>.
0

i=1

The local form of the stochastic Hamilton-Pontryagin principle is given by the following
theorem:

Theorem 9.2.5. For every semimartingale X = (X° .- X*) on RF1 if T'; = (g, vy, ) €
< (PQ) is admissible then DSx (I') = 0 for all deformations e + I'c such that dg; = Tprg(I';)
vanishes at t = 0 and ¢t = T if and only if I'T = (qlﬁv?,p?) satisfies the stochastic

implicit Euler-Lagrange equations given by

k
odg, = v, @ dX) + Z Vi(gq,) @ dX!

=1

0 .
Odpt aqt <£ dXO + Z pt, V(qt)>) [ J dXZ)

=1

(pt - %) e dX) =0. (9.2.5)

Proof. Let € = I'c; = (Get, Vet pet) be a deformation of I' such that d¢; = 0 at ¢t = 0 and
t = T. Consequently (p;,dq;) = (G(I'),0l';) vanishes at t = 0 and t = 7. Using Lemma

DSx(T [/ng Z/ ]
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T k T
= / isrirdG o dl" =" / dE;(6T'") e dX;
0 =0 /0

+(G(I'7r), ') — (G(Lo), 0Lp)

T k T
= / ispirdG e dl'T — Z/ dE;(6T'") e dX;.
0 =070

Suppose I solves the stochastic implicit Euler-Lagrange equations. We use the previous two
lemmas to show that the above expression vanishes in local coordinates. We have

T k T
/ ispirdG e dl" =" / dE;(0T'") e dX;
0 =0 70

T/ o
0o \0q

+ i (Li - <PLT, Vi(qlT)>> o dX! | — ’dPLT,5q1|gT>

T k
+ / <5p'tT, odg’ — v 0 dX) = Vi(q/") e dX] >
0 i=1

T
:/0 <5qlT’5U1T’5p|tT> Y ((/ (a% (L odX)+
t
k
, oL
> ( i <pLT,Vi(CJlT)>> °dX§> - °dp'tT) / (p'tT 5 |T) o dX},

i=1 Uy

/ (‘dth e = Y V) e de)) >
- /T<arf,-d(( / (ai (Codx®s
0 4t
> (1 (o vta)) o dXz) - -dp'f) . (p'f _ j_f) ax®

=1 t
k
/ (odth —u’ edX) =Y Vi(g/)e dxg')) > (9.2.6)
=1
= 0.

We now prove the converse. Let U C @ be open. Then K° := U x R x R" is an arbitrary
chart on PQ. It suffices to show that the stochastic implicit Euler-Lagrange equations are
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satisfied by T} = (¢!", o), piF) in )|7lty, 724 —|—Tl((h(;e)[[. Let K be the closure of K° and € +— T,
be an arbitrary (K, T)-deformation of I Then d¢; = 0 at ¢ = 0 and ¢t = T. Given a
semimartingale I'; = (g, vy, p;) on PQ, define the R3@™@)_yalued semimartingale Z(I') in

local coordinates by

=(ge vio 1) = ( / (% (ﬁ-dX?+i (L= (pi"vitd")) -dX;‘) - -dﬂf) ,

t

k
/ (ptT - ;—i) . dXtO,/ (-dqt'T — v edX) = Vi(g") e dXZ)) :
vy i=1

Since the Stratonovich integral commutes with time changes we have Z(I'4,) = Z(I') 4, for
any continuous time change ¢t — A;. An application of Lemma[9.1.12|shows that the integral
from 0 to T in (9.2.6) can be replaced by an integral from 7 to 71t + Tl(?’e). As a result, we

obtain
(hye)

T{L(—i-'rK
/ (6T'T od=(I')) = 0

h
K

for every (K, T)-deformation € — I'. of I'. By Lemma [9.1.13) od=(T'") = 0 in J]70y, 70 +

TI((h(;e)[[. This implies that

k
odg =v @dX)+Y Vi(q')edX;

=1

odp = % (E o dX) + zk: (Li - <p'tT, ‘/i(QJST>>> . de)

i=1

in JJ7he, Tho + T[((hde)[[. This completes the proof. i
Remark 9.2.6. If X" = ¢ then the second equation relates p, and v, via the Legendre
transform p; = g—vﬁt. Also note that if X? =0 for all i = 1,--- , k then the stochastic implicit
Euler-Lagrange equations reduce to the deterministic implicit Euler-Lagrange equations.

Remark 9.2.7. Suppose L is a hyperregular Lagrangian, F.L : TQ) — T(Q is the Legendre
transform of £ and E,(v,) := (FL(v,), v,) — L(v,) is the energy of L. Define H € C*(T*Q)
by H = E;o FL ! and H; € C=(T*Q) by Hi(q,p) = (p,V(q)) — Li(q). Then, Street and
Takao [89] show that, I" solves the stochastic Hamiltonian system

k
odl' = Xy () 0 dX" + ) " Xy, (I) e dX".

i=1
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Remark 9.2.8. In Lazaro-Cami and Ortega [48], the authors develop a stochastic Hamilton-
Jacobi equation for stochastic Hamiltonian systems using a stochastic version of Hamilton’s
principle in phase space. When L is a hyperregular Lagrangian we can pass to the Hamil-
tonian side as mentioned in the previous remark, and use the stochastic Hamilton-Jacobi
formalism as proposed in [48]. However, a general treatment of stochastic Hamilton-Jacobi
equations on the Pontryagin bundle, similar to the deterministic development in Leok, Oh-
sawa and Sosa [49], is left as a future prospect for research.

9.2.2 Stochastic Noether’s Theorem: Variational Principle Version

Let & : Q x R — @ be a deterministic smooth flow. Given ¢ € R, let &, : ) — @ be the
map q — P(q,€). Suppose L is invariant under the tangent lifted flow of ®, L; and V; are
invariant under ® for all: =1,--- ,k and € € R. For every € € R, define U, : PQ) — PQ by
V. =T b T*CIDE_I. Then prgo ¥, = ®,.

Let ' be a PQ-valued admissible semimartingale, written in coordinates as I'; =
(ge, v, pr) and set I'ey = U (I'y) = (qet, Verr, Der). We note that

/g odl, = / <pe,t7 ’dQe,t>

_ / (T*®, (T*® M (pr)) , odas)

=/<pt,-dqt>
=/g.dr

<pe,t7 Ue,t) - /C(QG,ta Us,t)7 lf] = 07

<pe,t7‘/j(QE,t)> _Lj(qe,t)7 lfj = 1,...,]€.

and

Ej<re,t) = Ej(Qe,tave,tape,t) =

Consequently, Sx(I'c) = Sx(I') and hence DSx(I") = 0. Following the calculations done in
the proof of Theorem for t > 0 we have

t
/ oT, .d/ ilt (L odXP+
0 aqs
s ‘ oL
Z; (L’L - <th7 ‘/;(th)>) b dX;) - .dth> a.d/ (th - 37875) L] ng,
k
A CIEREE SR
=1
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+ (pt,9q:) — (Po, 0q0) = 0.

Suppose I solves the stochastic implicit Euler-Lagrange equations up to a maximal stopping
time 7. Then for all ¢t < 7, (p;, 0q;) = (po, dqo). Hence (p;, dq;) is conserved along the solution
I'. Since p; = g—i, it follows that (p;,dq;) = (0, dq), where 0. is the pullback to T'Q) of the

Liouville 1-form on 7*@ by F'L. Thus we have proven the following theorem:

Theorem 9.2.9. Suppose ¢ : ) x R — @ is a smooth deterministic flow such that L is
invariant under the tangent lift of ®, L; is invariant under ® and V; is symmetric under ® for
alli=1,--- k. Let T'y = (q¢, vy, pr) solves the stochastic implicit Euler-Lagrange equations
and ge := Pc(qr) = Pe(prg(I'y)). Then (0, dq) is conserved along I'.

9.2.3 The Intrinsic Form of the Stochastic Hamilton-Pontryagin
Principle

We will now develop the intrinsic form of the stochastic Hamilton-Pontryagin principle.
We introduce an additional assumption, namely that our semimartingales are obtained as
solutions of Stratonovich equations on manifolds. To motivate this, recall that in case of the
deterministic Hamilton’s principle, given a regular Lagrangian £ € C*°(T'Q) there exists a
second order vector field Z, such that the integral curves of Z, project to solutions of the
Euler-Lagrange equations. Thus, for regular Lagrangians, finding a critical point of the action
functional corresponds to selecting a particular vector field in X*° (7'Q)). We will extend this
idea to the stochastic case as well, namely, we will show that under the assumption that a
semimartingale solves a Stratonovich equation, finding a critical point of Sy corresponds to
selecting a particular Stratonovich operator.

Let (eg, -+ ,ex) be a basis of R¥!. Let M be any regular submanifold of PQ, Prya
and Pry, denote the same projections as Prrpg and Prpg respectively with P() replaced
by M and we restrict the other maps in to M. The generalized energies are now
defined on M as opposed to PQ. Given any Stratonovich operator S € Strat(R¥1 M), any
semimartingale X = (X° .- X*) in R*! and a solution 'y of edl' = S(X,T") ® dX, from
Eq. we have

T k T A
SX(FX):/O g.er—Z/O E;(Tx) e dX’.
j=0

The dual of S(z,y) will be denoted by SY(x,y) in this section to distinguish it from the
pullback. Moreover, we adopt the following notation: Suppose x € R¥*! ¢ € T, RFF! == RF+1,
and S € Strat(R*"!, M). We denote the vector field y € M — S(z,y)(v) € T,M by S=.

Given x € R*! y € M and j € {0, , k}, suppose z; € TTM, Prrpy = S™%(y) and
TPrp = wy, for some w, € TM. Then

dEj(wy) = dEj o TPry(z) = (Pry) dE;(S79)(z;).
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Now let € — I'x. be any deformation of 'y and Z’ be any TT M-valued semimartingale
such that TPrp(Z7) = 6Tx and Prpa(Z7) = S%%(T'x). Then

dE;(0Tx) = (Pra)"dE;(S™ (Ix))(Z7)

and hence
k T k T
D (Z/ Ej(rX).de> = Z/ (Pr)*dE; (5% (Ix))(Z7) @ dX7. (9.2.7)
j=0+v0 j=0 "0
Next, by Lemma
T T
D/ Gedly :/ isr,dG o dTx + (G(T'xy ), 6T xy) — (G(T'xy), 0T x,)
0 0
T
— [ SY(X.T)iir dg 04X + (G(Tx,). Tx,) ~ (G(T,).0Tx,).
0

The calculation of fOT SY(X,Tx)isr,dG e dX is related to the proof of Proposition 3.2 in
Yoshimura and Marsden [94]. Let 67-¢o denote the Liouville 1-form on 7*Q and Q- =

—df7-g. Denote by b
Qpg : TT°Q = T7T*Q

the bundle map associated with Q.. Also let Op«p«g be the Liouville 1-form on 7777 @
and set y = (°)*0p-r-g. Note that x is a 1-form on TT*Q. We will show that, given any
r € Ry = (q,0,p) € M, w, = (¢,v,p,wy, wy,w,) € TM and z; € TTM such that
TPram(zj) = wy, and Prpag(z;) = S™%(y), we have

(8(2.9)i, 4G, ) = (Tprp. ) X(S™ (4))(2). 9.28)
Let

Uy = S%ej(y) = <Q7U7pa uqvuvyup) S TM7

Zj = <Q7 v, p, uq7 Uy, up7 wq7 Wy, w;m wqa 7:[11,, ’pr)
From the proof of Lemma we get
<Sv(x>y)iwydg7€j> = dG(wy, uy) = (W, ug) — (W, up) -
On the other hand

QT*T*Q(QbT*Q © TprT*Q(Q» U, P, Ug, U, up)) = HT*T*Q(Q%“*Q(C]’I?, Ugs up))
- GT*T*Q(Q7P7 —Up, uq)
= —u,dq + ugydp.

Since Ty, Tpryo(25) = (¢, p, Ug, Up, We, Wy, Wy, W), it follows that

b ~ o~
TQT*Q(TuyTprT*Q)(Zj) - (Q7p7 —Up, Ugq, Wg, Wp, —Wp, wq)
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Note that
(Tpryo) X(57(y))(25) = Orerq(Vpeg © TPrpg(uy)) - T (T, TPrr-(25)),
and
QT*T*Q(Q?F*Q o TprT*Q(uy)) 'TQbT*Q(TuyTprT*Q<Zj)) = — (Wy, up) + (Wp, ug)
= <SV(:L', Y)iw,dg, ej> )
This proves our claim.

Consequently, given any a = (a°,--- ,a*) € R¥?

(S¥(x,y)in,dG.a) = > a’(SY(x,y)iw,dG,e;)

§=0

= |

@ (Tprp.q) x(S™ (y))(2;)

J

where z; € TTM, Prop(z;) = 57 (y) and TPra(z;) = wy.

Therefore, given any deformation ¢ — I'y, and semimartingales Z° ... Z* in TT M
over S%¢ (T'yx) such that TPraz(Z7) = éT'x we have

T T
D/ Q [ ] dFX = / SV<X7 Fx>i5Fng o dX -+ (Q(FXT),5FXT> - (Q(FXO),5FX0>
0

= Z/ (Tpreeq) X (S (Tx))(Z7) 0 dX?

+ <g(FXT)75FXT> - <g(FX0)’5FXo> :

We have (G(T';),0l;) = (pt,dq), where I'y = (g, v, pr) in coordinates. Assuming that
Tprg(él') =0 at t = 0,7, we have

(G(T'r),0T7) = 0 = (G(Ig), 0T) .

In that case
D/ Ge dFXZ/ (Tpryeg) X (S (Tx))(Z7) @ dX7.

We summarize this discussion in the following lemma:

Lemma 9.2.10. Let S € Strat(R*"!, M) where M is a regular submanifold of PQ. For
every semimartingale X = (X°,--- , X*) € . (R¥™), if [y solves odl' = S(X,I') @ dX and
I'y is admissible, then

DSx(Ix) = [/g er—Z/ dX]]:0



9.2. THE STOCHASTIC HAMILTON-PONTRYAGIN PRINCIPLE 135

for all variations € — I'x, with Tprg(6l'x,) = T'prg(0l'x,) = 0, if and only if
ko rr
Z/ [(Tpryeg)*x (5% (Tx)) — (Prag)*dE; (5% (Ix))] (Z7) @ dX’ =0 (9.2.9)
— /o

for arbitrary TT M-valued semimartingales Z°,--- , Z* over $%¢ (I'y) such that
T (prg o Pry) (Z7) =0
att=0andt="1T.

Definition 9.2.11. Given yp € M and j =0,--- ,k let y;(£) be a curve in M satisfying

(Tpreg) "X (3 (1), (1)) = (Pra) dE;(y;(t), 45(t)) (9.2.10)

with y;(0) = yo. Let Sgp € Strat(R**, M) be defined by
Sup(To, Yo)( Zajy] € T,,M

for every zop € R¥l and a = (a°, - -+ ,a*) € R¥! 2 T, R¥1 We will call Syp a Hamilton-
Pontryagin Stratonovich operator.

Remark 9.2.12. From Yoshimura and Marsden [94], if j = 0 then Eq. is just the
deterministic implicit Euler-Lagrange equations for £. Since this means that the Legendre
transform holds, it follows that S3%, and hence Syp, is well-defined if and only if M is the
submanifold X = TQ & FL(TQ). For j =1,---  k, in local coordinates Eq. reads

i= V(@) P= 5 (L) - (V). 9.2.11)

We assume enough regularity on £ such that K is a well-defined submanifold. In particular,
assuming that 'L has constant rank suffices.

By definition of Sgp, if M = KCand S = Syp then Eq. (9.2.9)) is satisfied, so DSx(I'y) =
0. We now prove the converse.

First we make an important observation. The Stratonovich operator S is a deterministic
object that is defined independently of the semimartingale X. Since the equivalence in
Lemma is true for every semimartingale X € .% (Rk“) and a solution I'x of edl’ =
S(X,T') e dX that is admissible, it must be true for a deterministic semimartingale of the
form X; = Xo(t) := zo + teo, where zq € R¥! is arbitrary. In this case the solution of
odl' = S(X,T) e dX = S¥o®0(I")dt is a deterministic smooth curve in M that we denote
by 70(t). Given yo € M, suppose that v9(0) = yo. Note that ~4(t) solves

o(t) = XU (o (t)) = S(wo + teo, 10(t))(eo)-
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By Lemma [9.2.10| we have

/0 [(Tpryeg) X (S™ 0 (3 (t))) — (Prag)*dEo(S™ 0 (v;(1)))] (2"(t))dt = 0

for all smooth curves zy(t) in TTM such that Prra(2(t)) = STt (y4(t)) = Ao(t) and
T (prg o Pray) (20(t)) = 0 at ¢ = 0 and ¢t = T. By the (deterministic) fundamental theorem
of the calculus of variations we have

(Tprye) X (S™T 0 (10(t))) = (Prag)"dEo(S™ % (0(t)))-

Since Ao (t) = SXo®e0 (44(t)) we have

(Tprr-g) X (70(t), 0(t)) = (Pram) dEo(0(t), Yo(t))-

This equation has a solution provided M = K. Moreover, by definition of Sy p

Stp(zo,Y0)(€0) = 0(0) = S(x0, yo)(eo).

A similar argument with e, replaced by e; shows that S(xo, yo)(€e;) = Sup(zo, yo)(e;) for all
7=0,---,k. Thus S = Sygp.

Theorem 9.2.13. Let S € Strat(R*™ M) where M is a regular submanifold of PQ. For
every semimartingale X = (X, , X*) € .7 (R*™), if ['y solves odl' = S(X,T') e dX and
'y is admissible then DSx (I'x) = 0 for all deformations € — I'y, satisfying T'prg(6T'x,) =
Tprg(l'y,) = 0 if and only if M = K and S = Sgp.

Moreover, the stochastic implicit Euler-Lagrange equations are given by
od(pry(T17)) = Tprywg (Sup(X,T17)) 0 dX

on the submanifold K.

Proof. It only remains to show that the stochastic implicit Euler-Lagrange equations are
given by

'd(pr*Q(F‘T)) = T'preeg (SHP<X> F|T)) o dX
on K. Let I'y = (g4, v, pr) in terms of local coordinates on PQ). The restriction to K implies
that ( I _ %) e dX? = 0. Given any z € R*! and a = (a°,--- ,a") € RF! = T, RFFL
suppose that in local coordinates, we have

k

Sup(z,y)(a) = ZGJSHP q,v,p) =

7=0 7=0

Mw

i(
a’ (Ugy , Uy, , Up, ).

Using the local form of the deterministic implicit Euler-Lagrange equations for j = 0 and

using Eq. (9.2.11) for j = 1,--- | k, we have

Tprreg (Sup(z,y)(a ZaJTprT* (g, Uy, Up,)
7=0
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~ (%)« S (Vi 2 (L0~ 0.

Jj=1

Thus the local form of the equation ed(pry-(I'")) = Tprywg (Sup(X,T1)) e dX is

k
odg’ =v o dX)+ Y Vi(g')edX;

=1
k
odp, = %T (C ¢ dX) +> (Li(q'T) - <p'tT, V;(QLT)>> . dXZ) ,
t =1

which, together with the equation (pLT — %) e dX? = 0 gives the stochastic implicit Euler-
Ut

Lagrange equations. |

Remark 9.2.14. This method of reformulating the problem of determining a critical point of
a stochastic action to determining a Stratonovich operator can be applied to other stochastic
action principles as well, for instance, the stochastic Hamilton’s principle in phase space
described in Léazaro-Cami and Ortega [55].



Chapter 10

Stochastic Lagrange-Poincaré Reduction

In this chapter we study symmetries of the stochastic Hamilton-Pontryagin principle, and ex-
tend the general framework of implicit Lagrange-Poincaré reduction carried out by Yoshimura
and Marsden [95] and outlined in Section to the stochastic case. We also generalize
stochastic Euler-Poincaré reduction carried out by Bou-Rabee and Owhadi [14], Arnaudon,
de Castro and Holm [3], and Street and Takao [89] to the case where the configuration
manifold is an arbitrary smooth manifold equipped with the free and proper action of a Lie

group.

To give a motivating finite-dimensional example, consider the problem of a satellite
with a rotor attached to it. Suppose that the body angular momentum of the satellite
and the angular momentum of the rotor can be observed, but that these observations are
inherently noisy due to sensor error or environmental disturbances. These angular momenta
are naturally expressed as variables on a reduced space obtained by exploiting the rotational
symmetry of the system. We can then ask if these noisy equations in the reduced space can
be obtained via reducing a stochastic perturbation of the entire system. This also leads to
the problem of understanding when stochastic forcing preserves the symmetries underlying
the reduction and when it breaks them.

In the classical setting, let G be a Lie group acting freely and properly on a configu-
ration manifold ) and via tangent and cotangent lifts on T'Q) and T™*() respectively. From
Section [2.5] we recall that in implicit Lagrange-Poincaré reduction, the reduced space is
the Whitney sum of the Pontryagin bundle of the shape space, /G, the associated adjoint
bundle obtained by fixing a connection on Q — QQ/G and the dual of the associated adjoint
bundle. Corresponding to a G-invariant Lagrangian function, the reduced equations may be
divided into a set of horizontal equations, which resemble Euler-Lagrange equations with an
extra force arising from a reduced curvature 2-form, and vertical equations, which resemble
Euler-Poincaré equations.

We show that a similar behaviour occurs in case of the stochastic Hamilton-Pontryagin
principle. We assume that £ € C*(TQ), L; € C*(Q) and V; € X (Q) are all G-invariant
forall: =1,--- , k. Then we obtain a reduced stochastic action integral on the reduced space.
Similar to the deterministic case, under certain constrained variations we obtain reduced
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horizontal implicit stochastic Lagrange-Poincaré equations and vertical implicit stochastic
Lagrange-Poincaré equations. The vertical equations resemble stochastic FEuler-Poincaré
equations. When () is a Lie group these equations are the stochastic Euler-Poincaré equa-
tions.

In order to express the reduced equations in a coordinate-free way, we need the notion
of stochastic covariant derivatives. This is described by Norris [75] and Catuogno, Ledesma
and Ruffino [16] and reviewed in Section[10.1] In the next section, we describe the reduction
process and state a stochastic analogue of the implicit Lagrange-Poincaré reduction theorem.
In Section [I0.3] we discuss two examples, namely, the stochastic rigid body with a rotor,
and a stochastic charged particle in a magnetic field.

For the convenience of the reader, below we recall some of the notations introduced in
Section [2.5) in the context of deterministic implicit Lagrange-Poincaré reduction.

Notation Description
o:GxXQ—Q Free and proper action of a Lie group G on ). G acts on T'Q)
via tangent lifts and on 7" via cotangent lifts.
9q, gu, gp The images of ¢ € Q, v € T'Q), and p € T*() under the action
of an element g € G.
A B A:TQ — g is a principal connection on 7 : Q) — Q/G, and B
is its curvature 2—form.
[4] 7(q), where g € Q.
8,9 §=(@Qxg)/G—=Q/G, g" = ((Qx9)/G) — Q/G, the

adjoint bundle and its dual bundle.

Iy

¢ = Alq, q), where ¢(t) is a curve in Q.

¢ =1¢,Cle, 0 =q,1lc | Elements of g and g* respectively, where ¢ € @, ¢ € g, and
peg

ok

\ARRVE Affine connections on g and g* respectively.
Ty, (TN, Ty Connection-induced bundle isomorphisms
Uy TQ/G = T(Q/G) @ g,
(UL T*Q/G = T*(Q/G) & g,
Uy:PQ/G—PQ/G)Bgedg.
B Reduced curvature 2—form on (/G induced by B.

Table 10.1: List of notations from Section 2.5
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10.1 Connectors and the Stochastic Covariant Derivative

In the stochastic case, the covariant derivatives in the vertical and horizontal Lagrange-
Poincaré equations are replaced by stochastic covariant derivatives. On a vector bundle with
a connection, this is defined in terms of the connector or the connection map.

10.1.1 The Connector on a Vector Bundle

Let £ ™ M be a vector bundle with a connection V and let GL(E) denote the frame
bundle of E. From the connection V, we obtain a projection &5 : TE — Ver E to the
vertical bundle Ver F of TE. Let vift? : E x,; E — Ver E denote the vertical lift map given
by

VIFtE (U, Uy ) (Vmy + SUm,), (10.1.1)

- % s=0
for all m € M, vy, Vm, € 75" (m). For the proof of the next lemma, we refer the reader to
Michor [68].

Lemma 10.1.1. The vertical lift map v1ft” satisfies the following properties:

1. vift” is a vector bundle isomorphism.

2. Let Pr; denote the projection onto the i-th factor of £/ x,; E. Then Pry o(vlftE)f1 =

Pryg|ver B, where prpp : TE — E is the projection onto the basepoint.

Definition 10.1.2. The map vpry := Pry o(vlftE)_1 : Ver E — E is called the vertical
projection. The map Ky := vprgy o ®p : TE — E is called the connector associated to

V.
Let F': E — R and vy € E be an arbitrary point with 7g(vy) = mo. Let wy,, € T, M.
d

We define
O o) ) =
om vy’ M0 tmo) ) = dt

where m"(t) is the horizontal lift of a curve m(t) in M, with m(0) = mg, m(0) = U, and
m"(0) = vp.

F(m"(t)) (10.1.2)

t=0

Remark 10.1.3. This is independent of the choice of the curve m(t) in M, since the tangent
vector 1/ (0) depends only on the horizontal lift of .

or| N\ _d
ov uo’v ds

for all v € 75" (mo). Note that the definition of %€ is independent of V.

We also define

F(vo + sv) = (dF,vIft} (vo,v)), (10.1.3)

s=0
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Theorem 10.1.4. Suppose € — vy, (t) is a deformation of v,,(t). Then

(dF, dvy,(t)) = <g—5l,5m(t)> + <g—Z,KV(5vm(t))> : (10.1.4)
Proof. We have
(dF, 0v(t)) = (dF |sgor g, Hor 00, (1)) + (dF |ver £, Ver v, (1))
where Hor dv,,,(t) and Ver dv,,(t) are the horizontal and vertical components of dv,,(t) re-

spectively. For the first term on the right, horizontally lift m.(t) := 7g(vn.(t)) to a curve
mh(t) starting at v, (0). Then

<dF|HorEaHor 5Um - <dF 5m ( )>

de

e=0

Fnt(e) = oom(0)).

For the second term on the right, let w(t) = (v1ft¥) =" o ® (v, (¢)). Then, by Lemma|10.1.1
Pri(w(t)) = v, (t), and by definition of Ky, Pro(w(t)) = K (0v,,(t)). Therefore, we have

(dF |Ver £, Ver v, (1)) = (dF |ver £, Pr(0v,(1)))
= (dF|ver 5, (VIEt®) (Pry (w(t)), Pro(uw(t))
= (dF |ver 5, (VIEt”) (v (t), Kw (00 (t))))

(0 >+KV<5vm<t>>>>

% SZOF(vm(t) + Kv(dvm(t)))

~ (58 Kolaun(0) ).

This completes the proof. |

)

d
dr er /'y 5
[ver ds

s=0

S

10.1.2 The Stochastic Covariant Derivative

Let E =2 M be a vector bundle with a connection V and let E* denote the dual bundle.
Let Ky denote the associated connector. Suppose I' is a semimartingale in . We adopt
Proposition 1 in Catuogno, Ledesma, and Ruffino [16] as the definition of the (Stratonovich)
stochastic covariant derivative of I':

Definition 10.1.5. For every section o : M — E* of the dual bundle E*, we define the
stochastic covariant derivative [« e DI by

/(a, oDT') := /Oz(ﬂ'E<F)) oKy edl. (10.1.5)
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We denote Equation ((10.1.5)) in differential notation by
oDl := Ky edl.

Either by purely deterministic arguments or as a special case of this definition, we obtain

Du(t)
Dt

= Ko(o(t)). (10.1.6)

It follows from the expression of the covariant derivative on the associated bundle in Equation
(2.5.2) that given a semimartingale [g, (;] in g, we have

*Dlgt, Glo = a1, [G, Alq, odgy)] + 0dG . (10.1.7)

Note that the connection V also defines a connection on the dual bundle. This connection
can be specified by specifying the covariant derivative corresponding to it. Let «a(t) be a
curve in E* and v(t) be a curve in E such that both a(t) and v(t) project onto the same
curve on M. Then, we define the covariant derivative of a(t) via the product rule

%@@mﬁ»:<2%ﬁw@>+<am2%2> (10.1.8)

Then, if Ky, denotes the connector on g and we have a connection V- on the dual bundle
g* defined by Equation ((10.1.8)) then

(a(0),80)) = (1), Kasl(t)) + (o i(1), 1) (10.1.9)

where ((t) and fi(t) are curves in g and g* respectively that project to the same curve in
Q/G. For semimartingales ¢ € ./(g) and i € .(g") that have the same projection to Q/G,
we define [ (eDfi, () by

(i, ¢) :/<0D/TL,C_>+/<,E, eD(). (10.1.10)

10.2 Stochastic Implicit Lagrange-Poincaré Reduction

10.2.1 The Reduced Action Functional

We now assume that £ € C*(TQ), L; € C*(Q) and V; € X (Q)) are G-invariant. Let
e C™(T(Q/G) @ g) denote the reduced Lagrangian corresponding to £. By G-invariance
of L;, there exists [; € C*(Q/G) such that [; o m = L;. Similarly, G-invariance of V;
implies that there exists sections 3; : Q/G — g and vector fields ©; € X (Q)/G) such that
Bi(lg]) = g, A(Vi(q))]¢ and ©; o m = T'w o V;. Note that G-invariance of V; and equivariance
of A implies that (3; is well-defined. Similar to the deterministic reduced action functional
S in Equation ([2.5.9)), we shall describe a reduced stochastic action Si¢¢ corresponding to
the stochastic Hamilton-Pontryagin action Sx in Equation (9.2.1]).
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Let us briefly recall the intrinsic description of the stochastic Hamilton-Pontryagin prin-
ciple. Denote by G'pg : PQ — R the pairing map (ug,py) € PQ — (pg,uq). Let Gpo/a
denote the corresponding map for P(Q)/G). Let prr«g : TT*Q — P denote the map
(q,p,uq,up) € TT*Q — (q,uq, p) € PQ. Let

prg : PQ — Q

prog : PQ — TQ

pryeg : PQ — T7Q
denote the projections (¢, v,p) € PQ +— q € Q, (¢,v,p) € PQ +— (¢,v) € TQ and (q,v,p) €
PQ — (q,p) € T*Q, respectively. The corresponding projections in P(Q/G) are denoted by
Pro/cs Prr(g/c)s and Pro« (g qy » respectively. Consider the 1-form Gpg on PQ defined by the
composition Gpg = Gpg © prr+g © Tpry-g. The corresponding 1-form on P(Q/G) is denoted
by Grq/c)-

Given a vector field V € X*(Q), let V : PQ — PQ denote the map defined by
V(g,v,p) = (¢.V(q),p) = (V opry) & pryg. If V' is a vector field on Q/G instead, then we
will slightly abuse notation to still denote by V' : P(Q/G) — P(Q/G) the map V(z,u,y) =
(,V(x),y), where (z,u,y) € P(Q/G). We define generalized energies E; € C*(PQ)) by

5 Gpg — Lopryg, if j =0,
" | GreoV—Lijoprg, if j=1,--- k.

In local coordinates, we have

E(q v p) — <pq7’Uq> - E(q,’(}q)’ lf] — 0’
\4, U, <pq7V-(q)> — Lj(q), ifj=1,--- k.

We have seen that the stochastic Hamilton-Pontryagin action functional can be written as

Sx(T) :/OTQPQ.dF—i/OTEj(F).dXJ. (10.2.1)

Now suppose L, Ly, -+, Ly and V3, - - - |V} are all G-invariant. Then, for all g € G, Sx(gT") =
Sx(T). Therefore Sx(-) drops to an action S4() on PQ/G defined by

SU([T]) = Sx(I).

Via the isomorphism PQ/G = P(Q/G) © g © g*, we can identify [['] with a semimartingale
PQIG) @ ¢ @ fi, where TP (@S ¢ Z(P(Q/G)), ¢ € .#(g) and i € L(§*).

We define &; € C*(P(Q/G) © g @ g*) by

<y>u> + <ﬂ76> - £($7u7 5)7 lf] =0,

Sj(x,u,y,ﬁaﬂ) - {<y,‘/jred(x)> + <ﬁ,5j($)> — lj(x), ifj=1--- k.
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Denote by G5 : g ® g* — R the fibrewise pairing map (Co, fiz) > <§x, ﬂm>, where (,, fi, are
elements in the fibre over x € /G respectively. If i is a semimartingale in g* and ¢, is a
semimartingale in @) with fi, projecting onto 7(g;), we consider the semimartingale ¥; € T*Q)
over ¢; defined by

\Ijﬂt (Ufh) = Gﬁ(ﬁh [qt7 A(Qt> th)]G) (1022)
for all v,, € T,,Q.

Given a semimartingale ¢; in @, we let & = [q;, &g, where & = [ Aedg,. Let us define

/(Mt,.d@ = /\11,“ o dg. (10.2.3)

Remark 10.2.1. If I' is a semimartingale in a manifold M, we usually think of edI' as
a formal tangent vector in TM. However, in this case, we will think of ed¢ formally as
an element of g, rather than T'g. To motivate this interpretation, let us note that if & =
[ A(g)edg; then ed&, = A(q;)edg; is a formal element in g. When ¢; = ¢(¢) is a deterministic
curve, we have f(t) = A(q(t),q(t)). The curve A(q(t), (t)) is referred to as £(¢) in Yoshimura
and Marsden [95], and they set £(t) = [q(t), £(t)]¢. In our case, we replace £(t) by £(t) so that
£(t) = [q(t), £(t)]¢. But when ¢ is a semimartingale, we replace £(t) = A(q(t), G(t)) by ed&, =
A(q;) ® dgs. Then, the right side is the formal Stratonovich differential [¢;, A(q;) ® dg;]c, and
hence we must replace £(¢) by a Stratonovich differential ed¢,. The definition of f <ﬂ, od§t>
interprets the pairing of ed¢; with a semimartingale in g* as a well-defined Stratonovich
integral in Q).

Theorem 10.2.2. The reduced action functional S¢4(+) is given by

T T
S;{ed(FP(Q/G) D C sy ﬂ) — /0 g’P(Q/G) ) dFP(Q/G) +/0 <ﬂ> .d€>

k
=) ETPRD () edX. (10.2.4)

=0

Proof. Let (q,v,p) € PQ, z = 7(q), u = T,w(v), y = (P, ¢ = [¢. Alq,v)]¢ and i =
lq,J(q,p)]c. Then, we have,

(p,v) = (p, Hor (v)) + (p, Ver (v)) = (y,u) + (i, (),
and similarly,
(. Vi(@)) = {p, Hor Vi(q)) + (p, Ver Vi(q)) = (y, V" (x)) + (i, Bi(«)) .
As a result,
(Pgs vg) — L(q,v,), if j =0,
(P, Vi(@)) — Ly(q), if j =1,--- k.
(y,

+ <'u’ > _g(_mﬂ%ct)? it j =0,
(v ered x)) + (I, Bj(x)) — lj(x), if j=1,-- k.

E;(q,v,p) = {
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= 5]‘(%%9757,&)-
Next suppose (¢, 0,p) € T(q0p)PQ- Let mpg/c) : P(Q/G) & g & g — P(Q/G) denote the
projection onto the P(Q/G) factor. Then, we obtain a map Ilpq/q) : PQ — P(Q/G) by
Mpq/a) = mrig/a) © Ya o Prpgja. Let (&1, §) = Tigupnlr@/e) (4 9,0) € TiauyP(Q/G).
Then

(p, )

= (p, Hor ¢) + (p, Ver ¢)

= (y, ) + (11, [q, A(q, §)]c)

= Gp(q/c) (T, u, y) (&, 14, 9) + Vi (q).

Grq(q,v,p)(q,0,p) =

Consequently, we obtain

STPQD g Cpp) = / p/c) @ AT/ 4 /<M,.d§>
Z (TP gl @ p)edX.

If I'y = (q¢, v, p¢) in local coordinates and U, o Prpg(Ty) = (x4, we, yi, G, [iy), then the
local coordinate expression of Si¢4(+) is given by

i=1

T k
S (e, wr, Y, G, i) :/ [E(%, ug, G) @ dX} + Z li(z) ® dX{ (10.2.5)
0
k
+ <yt; edi; — uy o dX} — Z Vied(z,) dXZ>
i=1

k
- <ﬁt, od, — G o dX) — ) Bi(x) e ng>] : (10.2.6)

i=1

10.2.2 Vertical and Horizontal Variations
Let us consider a semimartingale ¢; in (). Define

& = /A(Qt) e dg, € S(g).
Theorem 10.2.3. Suppose € — ¢ is a deformation of ¢.

1. If dq; is vertical then
D¢ = /adm o d& +m — 1o (10.2.7)

where 7, = A(q;, 6q;).
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2. If 4q is horizontal then
D& = /B(Qt)(CSQta'th) = /iéth°th- (10.2.8)

Proof.

1. Since Hor d¢g; = 0 it follows from (2.5.1)) that B(g:)(dg:,-) = 0. Hence, by Lemmal9.1.9]
DG = [ isy e da+ (Ala).50) ~ (Ala) 50)

= /admA(qt) o dg; + 1 — o

:/adntod/A(qt)Odqt—i-Ut—??o

— [ady edte -
2. Since A(q,dq;) = 0, we have

Dt — / sy dA ® dgy + (Alar), 305) — (Alqo), 50)

- /iéth’th

- / Blg,) (5a:. odas).

10.2.3 Covariant Variations on the Adjoint Bundle

In this section, we discuss variation of the term [ <ﬂt, od§t> in the reduced action functional.

Theorem 10.2.4. Let ¢, be a semimartingale in @, ji; be a semimartingale in g* that

projects to z; := m(q;) in Q/G and & = [q1, &) with & = [ A(q) @ dg;. Suppose € — gy

and € > /jet are deformations of ¢; and fi; respectively. Set .y = 7(qet), m: = A(q, 0g:) and
Qtu 771; . Then

D/ “t’.dft /<Kvﬁ*5ﬂt_ad;tﬁta°dg>+/<ﬂtaiézté(l’t>> 'dIt—/<'Dﬂt,ﬁt>
+ (e, 7e) = (Fo: 7o) - (10.2.9)

Proof. To make our calculations easier, we begin by considering the 1-form W on §* xq ye1®;
defined by qj(ﬂ:‘]) (Uﬁ7 vq) = \Ijﬂ(vq) = <lav [Q> A((L vq)]G>7 where (ﬂ) Q) €g XQ/GQ and (Uﬂa Uq) S
Tia,q) (8" Xg/c Q). Then, we have,

/<ﬂt,od€t> :/‘Ilod(ﬂt,qt). (10.2.10)
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This implies, by Lemma [0.1.9] that
D/ <ﬂta ‘d€t> = /i(épt,éqt)d\i’ o d(fis, q) + <‘T’(ﬁt7 qt), (O fis, 5Qt)> — <‘I’(ﬂ07 ), (6o, 5QO)> .

We now compute i (s, 54,)d ¥ by Corollary . Consider tangent vectors (vg, vy), (wp, wy) €
Tiag) (8" xg/c Q). Let ¢ (t) and [ic(t) be curves in @ and g* respectively that project on
the same curve x.(t) and set qo(t) = q(t), no(t) = i(t) and xo(t) = x(t). We assume that
q(0) = q, 1(0) = i, 4(0) = vy, 6q(0) = wy, (0) = vz and 6f(0) = wy. Further let 2(0) = ,
v, = @(0) and w, = dx(0). We have

i) s AV (i, 4) = 6 (P(a(t), q(t)), ((t), 4(t)) — 7

We now use Equation ((10.1.8]) to obtain

) d¥ (i, §)
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In the last step, we have used Equation (2.5.8) to write
D

De
= %[Q() A(q(t), 0q(t))e — [a(t), adagguysa) Alg(1), 4(1))] e
+ [q(t), B(q(t))(0q(t), 4(t))]e-

We observe that the term (g, =-[q(t), A(q(t), 0q(t))]c) cancels out. The covariant derivatives
can be expressed by the connector via Equation m ) to yield

[9(t), Alge(t), 4e())]c

e=0

op(w). 60 AW (71, 9)
= (] g0 (0 Al 0 )~ (0.0l s A0 GO

e=0



10.2. STOCHASTIC IMPLICIT LAGRANGE-POINCARE REDUCTION 148

+ (A1), [q(t), B(a(1))(99(1), 4(1))la) — <D%ﬂ(t)> [a(), Ala(®), 5Q(t))]c>

= (Kga fic(t), [q(t), A(q(t), 4(t)]le) — (adfyn ag sque), [a(t), Alq(t), 4(t))]la)
({0, isat Ble(0)) ) #(8) ) = (s (1), la(t), Alg(2), 5q(t))]e)

Evaluating at ¢ = 0 we obtain

) DY (U5, vg) = (Kgarwp, [4, A, v9)]e) — <adfq,A<q,wq>1Gﬂa 9, Al vq)]c>
+ {{ i B@)) v ) = (Kosva, [0, Alg, wy)lc)

Since all of the tangent vectors chosen are arbitrary, we obtain
/i(5“t75qt)d‘if o d(fu, qr)
= /‘I’Kv@* Sv—adly 40 sanit ® 406+ / </1t7 iazté(%)> o dr; — / (o Difit, [qr, Aqr, 6q1)]c)
= /<Kvg*(5ﬂt — ady, fiy, od@ + / <ﬂt7 iémté(xt)> odx; — / (o Dfig, 1)

which yields

D/(M,.d@ = /<KV§*5,ut—ad:%t,ut,od@+/<,ut,i5$tf3(xt)>odxt—/(oD,ut,nt>
+ (W (far, i), (Ofae, 6a1)) — (¥ (fio, 4o), (30, 6q0))
= /<Kvg*5,ut—ad;tut,od@+/<ut,z’5xtl§(xt)> .dxt—/<.Dut,m>
+ (e, 1) — (Hos 7o) -
This completes the proof. |

Let us now show that the above formula can also be obtained by a formal computation
by considering covariant variations of the semimartingale & = [q:, &g. Since € — &, is

pathwise smooth, the covariant derivative e+ With respect to € in the ucp topology

D

De ‘e:O

agrees with the pathwise computed covariant %‘ ft() This is a consequence of Arnaudon
e=0

and Thalmaier |5, Proposition 2.8]. Using the covariant derivative on the adjoint bundle and

Proposition [10.2.3, we obtain

— D
5A5t = o=

_ ge,t

e=0

€
= |:qt7 —ady, /A(Qt) o dg; + th}
G
= |q, —ady, | A(q)edg| + |q, [ edn + d,, e d§,
[q an/(Q) q]G [q/ n /an SL
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+ [qt, / s B ® dqt} |
G

We now formally set

/</1t7‘d(5A§_t)> = /</_ﬁt7 (g, —ady, A(q,) ® dagi] ;) + / (i1t [qe, odn, + ad,, ® d&] )

+ / <'at7 [qh,i&th d dqt]G> .

To obtain each of the integrals on the right as Stratonovich integrals, we formally treat the
Stratonovich differentials as tangent vectors in each of the pairings involved. For the first
term, we have

(i1t [qe, —ady, A(qe) ® dgy] ) = — (jie, ady, [gr, A(gr) @ dgi] )
= — <ad:%t/1t, (g, A(q:) th]G>

which shows that [ (fi, [g:, —ady, A(q) ® dg]) corresponds to — [ (ady, ji;, ed&;). For the
next term, we note that the stochastic covariant derivative of 7; on the adjoint bundle is
given by

o Dijy = g, [, Alg) ® dgi] + ednyc.
Hence, [ <ﬁt, (g, ®dn; + ad,, ® d§t]6> corresponds to [ (@i, eD7). For the final term on the
right side, we have

(e as, 50 B o day]) = (e, B(a) (01, o))

- <<ﬂtaiaxtl§(fﬂt)> ) 'dxt>

and hence, we can write

/<Mta [qt, 154, B ® dq]) = / <ﬂt>i5xtB($t)> o dx;.

Thus, we obtain

/<Mt, 'd(5A§t)> = - / <ad:;tﬂt, .d€t> + / (fie, @ D1yy) + / <ﬁt>i6xtl§($t)> o dr;.
which we will write as
0d(64,) = —ad;,ed, + @ Dij, + is,, B(x,) ® du;.

to emphasize the similarity with the deterministic case (see Equation (2.5.8))). By Equation

, we have
%W—WMMZ/@AW+/@JW-

Putting all of this together, we have

/ (i, 0d(3°6,)) = = / (adj, fir, odéy) — / (Dji, ) + / (firsisu Blar) ) o da



10.2. STOCHASTIC IMPLICIT LAGRANGE-POINCARE REDUCTION 150

+ (fies ) — (o, 7o) - (10.2.11)

Note that the terms on the right are well-defined Stratonovich integrals. By formally con-
sidering %‘ (od. ;) = od(54E;), we obtain
e=0

D [ (o) = [ (owdm sy + [ (. ed(6°6).

Replacing | </_1t, od((SAft)> by the expression in Equation (10.2.11)) gives us the expression

for § [ (i, ed&;) obtained in Equation (10.2.9).

Remark 10.2.5. As in the deterministic case, for the semimartingale & = [q:, [ A(q)edq]c,
we will only consider deformations e — £, such that their projections on Q/G is 7; = 7(q;).
The corresponding variations can be identified with a semimartingale in g, rather than one
in Tg. The variation §€ is an instance of g-fiber variation.

We have already seen that if ¢, is a semimartingale such that x; = 7(¢;) and Et =
i, [ Ag:) ® dgi]e then, given a deformation € — ¢, we (formally) have

0d(64¢,) = —ad;,edé; + eDij, + is,, B(x,) e duy.

Moreover, we also have

D [ (.0d6) — [ (Ko dsode) = [ (. d(6°6)

where

/<,ut,od (64&)) /<ad77,:ut7.d§>+/<Mtal6xtB(xt)> o dry — /('Dﬂtﬂw
+ (fie; M) — (Jo, 7o) -

Thus, in the stochastic case, the variations 64¢; are those g-fiber variations for which
D [ {pcwdi) ~ [ (6w b o)

:/<Mt,oD77t>—|—/<Mt,i5m3(ajt}>odxt—/<ad;tut,°df>
= [(adyesd®) + [ {foiseB0) edn,~ [ Dpom)
+ {fie, M) — {fto, Mo) »

where 7; = [q, A(qs, 6¢:)] . The variations of the form dz; ®J4E; are the stochastic analogues
of the deterministic covariant variations. The reduced variational principle S¢ will be
considered under constrained variations of this form.
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10.2.4 The Stochastic Implicit Lagrange-Poincaré Reduction The-
orem

In this section we will address the critical points of S%¢ given by Equation (10.2.5)) and prove
the stochastic version of the implicit Lagrange-Poincaré reduction theorem.

Fix a connection V7(@/¢) on T(Q/G), and let V7" (@/) denote the connection on
T*(Q/G) obtained from VT(@/@ . Then VT(Q/% @ V8 defines a connection on T(Q/G) @ g
with associated connector Kyr/e) @ Kys, where Kyre/e) and Kys are the connectors
corresponding to V7(@/) and V9 respectively.

Theorem 10.2.6. Let Ty = (z, ut, yt, C_t, ﬁt) be an admissible semimartingale in P(Q /G) &
g@g Suppose € FL gt ( ‘6,1;7 e 2 ye tr Cet7 lae t) 1S a deformation Of F1|ET - <x1|€T7 Uy 7 yt ) C‘T7 ﬂLT)

such that the variations 5ut , 5C ) 5yt and 0 ,ut are arbitrary and the variations &Ut @5‘4( ¢ )
satisty 5xt =0att=0and t="T and

«d(5'¢") = —ady,ed§)" + oDy + iy, r B(a)") @ day”

in the sense of Remark [10.2.5 Here 7 is an arbitrary semimartingale in g that vanishes at
t=0andt="1T. Then

DS;?d(mta g, Yes Gy i)

T a ) 7 |
:/0 <8$tT <£ dX0+Z (l — <yt Vi d( )> . <M1‘5T>5i(337|5T)>> odXt>
T
~(pusiuan Br)) — oDyl 51" ) / <aa% —y", KVT<Q/G>5u'tT> . dx"
0 Uy

+/T ot Koidl, ) @ dX?
0 8<_t|T Mt7 vioGe t

T
+/ <KVT*(Q/G)5yJ5T7°dCL’| —ut OdXO § Vred ) dX>
0
T . o
+/ <Kvﬁ*5lai‘f 7.d€7‘5 dXO E ﬁz dXz
0

T
+ / (— e D" + adjdngpLT, ) (10.2.12)
0 t

Consequently, DS54 (zy, ue, ye, G, fir) = 0 holds if and only if the horizontal stochastic
Lagrange-Poincaré equations

oDy, = a% (E o dX) + Z (L = (ye, ViU (ze) )y — (e, Bi(e))) o de)
- <ﬂt,i.dztB($t)>
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k
odr, = uy 0 dX) + YV (x;) @ dX]

=1
ol

t

and the vertical stochastic implicit Lagrange-Poincaré equations
eDjiy = ad g, fut

k
odé, = ( 0 dX + Z Bi(x;) @ X}

o
<,h — 6_<t> e dX) =0.

are satisfied by (xt ,uLT, yllny t|T7 ﬁ‘tT>

Proof.
We have

Dsggd(xta Ut, Yt, 5t7 ﬂt)

T k T T
= 'D/ Oz, ue, C) @ dX) + Z'D/ li(z,) @ dX] + D/ (ys, odxy)
0 P 0 0
T k T ' T ~
0 [y eaxt =3 [ Vi) oaxi o [ G edéy
0 i=1 Y0 0
T B k B A
- D/ <Ht, Gedt + Z Bi(z;) ® dXZ> .
0 -

_D/€xt,ut,t dX°+ZD/ dX“rD/ ()", edz!")
_D/ yt:“t dXO Z/ ytav;red dXZ‘{'D/ Ntv.dg

—D/ <ut, dt+2@ ng>.

_D/ CIRT NG dX°+ZD/ o dX!

T
+D/ yt 7.d'r‘T> (D/ <yLTaut > dXO
0

+ZD/ (g Ved(ail)) o dX)+D/ (", edél")



10.2. STOCHASTIC IMPLICIT LAGRANGE-POINCARE REDUCTION 153

k
_p/ <ut Gl edX)+> Bia)) .dxg'>. (10.2.13)
=1

We break down the calculation of variations of the terms in several steps:
1. The terms Dfo l‘t ,uLT, e dXO—l—Zl 1Df0 xt o dX}
By Theorem we have

D/Zwt,t,t dX°+ZD/ ") e dXi

:/ <d€(:pt ", ", (05T, sul”, 8¢ dX0+Z/ dl 5xLT> o dX!

0

B o0 ot
_/0 (<ax'f’5 > <au'tT’KvT v >
o 0 T i
+ a&‘T’KWSC o dX, +Z/ |T,(5xt o dX]. (10.2.14)

2. The term Dfo o7 edz!")

We recognize this term as Dfo Gp Q/g)od(:pt ,ut ,yt ). Since Gpq/c) (62" 5ut Loy =
<yt ,5:v|tT> and 5xt vanishes at ¢ =0 and t =T, by Lemma [9.1.9] we have

D/ yt ,odx

T T
:/ sl sul sylT ng(Q/G 'd(wt »UL ,st )
0

(Gr@a @l ulf ), 6l ull, 0ul!)) = (Grae(all ull il 0all oull, ayll))

+

T
/0 7 (62 |T5 |T6 |T dgp(Q/G od(a:t ,ultT,nyT).

Thus, we need to determine Z.(&ELT’&MLT’&?AT)dg’p(Q/G’). To do this, we will use Corollary

). 1. 10l

=

Let (x,u,y) be a point in P(Q/G). By definition, Gp(q/a)(z,u,y) = (y,dz), so that

dGpg/a) = dy A dx. Suppose (wg,wy,wy,) and (W, Wy, W,) are tangent vectors to
P(Q/G) at (z,u,y). Let v(t) = (x(t),u(t),y(t)) be a curve in P(Q/G) such that v(0) =
(z,u,y) and §(0) = (wy, Wy, wy). Let v.(t) = (x(t), ue(t),ye(t)) be a deformation of
v(t) with 6v(0) = (@, Wy, w,). By Corollary [9.1.10)

d d

2| (Gr@/e) (), 4e(8)) = (isyydGriaray 1 (1)) + 2 (Gri@/ey (1(£)), 97(1))-
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which shows that,

d

. d oy = 4
(i5ydGp(Q/ay, V(1)) del—o

(Griase (1)), 30} — o Griarer((0), 5(1)

Expressing the right side in terms of coordinates yields,

d

(s A1) = o| _ (welt),8) = (D) 620).

In terms of the covariant derivatives on T'(Q/G) and T*(Q/G), we have

% IRZOREAOES %(y(t), o (1))

_ <§ Eoye(t),x'(t)> - <y(t), %Loje(t»
- <l§t (#), ot )> <y(t),D%5x(t)>

But by equality of mixed partial derivatives

(910 5e(®) = (o(0) 3 720

d*z(t) d*z(t)
), K _ K
< VIOt > <y(t)’ VIO e >
0,

which implies

% IRVORAGIES %@(t),&c(t))

~ (o] _pe080) = (w0 8000))
= (Kyr@/ady(t), &(t)) — (Kyr-@ey(t), dz(t)) .

Evaluating at ¢ = 0 gives

U(ig ,mu,wy)ng(Q/G) (We, Wy, wy)
- (Gl ooy - Gwo.a) )
= ((Kyr@/ady(t), (1)) — (Kgr@/ay(t), 02(t))),—,

= <KvT*(Q/G)1Dy,U)$> — <KvT*(Q/G)wy, Wy) -
Since this holds for arbitrary tangent vectors (ws, wy, wy) and (W, Wy, Wy) at (z,u,y),
we have

; T T
Z((letT Ju |T ng(Q/G) d d(‘rt ?UL 7y7|t )
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= <KvT*(Q/G)5yLT, 0d$LT> — <KvT*(Q/G) o dy,‘fT, (5$LT>
= <KvT*(Q/G)5le, Od.TLT> — <0Dy1T, 5$LT> .

As a result,

T
D/ y" edz)” Z/ <KVT*(Q/G)5yt ,de‘T> / <0Dle,5x|tT>. (10.2.15)
0 0

3. The terms Dfo yt ,ut > dXOJrZZ 1Df0 ‘T Vred( )> o dX]

We use the connectors corresponding to the covariant derivatives on 7'(Q/G) and
T*(Q/G) to obtain

D/ yt ,ut o dX}

T
:/ <KVT*(Q/G)5yt 7Ut > dXO / <y1‘tT7KVT(Q/G)5u1|tT>.dXP

0 0

To evaluate Df yt ,Vred( )) dX!, we apply Theorem [10.1.4] to the maps (z,y) €
T(Q/G) — (y, Vired( )) € R This gives,

D/ o7 Ve (@T)) o dX

0 .
- A <8£L‘IT <yt 7Vred( )> 75xwlfT> b dth
t

' ‘/ired(xltT)> : KvT*<Q/G>5stT> o dX;
4 <yt  Vred (g )> ,5xLT> o dXi

T
—+ / <KvT*(Q/G) 6yt‘T, %red(xLT)> [} dth
0

Therefore

D/ yl” ul” dX°+ZD/ W vred(2l")) o d X!
:/ <KVT*(Q/G)5ytT, OdXO+ZVred ) dXZ>
0

=1

T k T
0 .
[ ool saxt e 3 [ (O () o e
0 i=1 70 Ty

(10.2.16)
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4. The term Dfo ,ut ,odf >

Using the computations carried out in Section we have

T
> / il wddl") = [ (Ko bl 0" - / (ad " 0df")
0 0
T 5/ T T T
+/ <[_J/L ’iémlTB(xll‘/ )> .dIL _/ <.Dlalt 7ﬁt>
0 k 0
+ () = (ilf o)
Since 7 vanishes at ¢t = 0 and ¢t = T, it follows that <,u‘T ,77T> <;/Jl) ,770> = 0. Hence,
’ T AT ’ [T AT ’
D [l odel') = [ (sesonlladg") ~ [ (actyal” 0™
0 0 0
S 50 T T r T
+ / /:LL ’iéx‘TB<x1|€ )> b d‘r‘t - / <.D/jb1|€ 7ﬁt>
0 ¢ 0

, (10.2.17)

| (st ) = = [ o)
/<</”L'|f ' oda 'TB( ‘T>>75x1‘tT> = _/<,L_L,|§T,i5thB($tT)>odeT.

5. The terms D [ <ut AT e dX?+ 3k Bi(a)T) e dX;‘>

where

and

We proceed by applying Equation ((10.1.9) to yield

D/OT <,1LT,@T.ng>> :/0 <Kw sal > dX?
T
+/0 <ut  Ks6() >.dX£.

Next, by applying Theorem [10.1.4| to the maps fi, € g* — <ﬂ$, B,(m)>, we obtain

D / 3 o dX;
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) /OT <aiT (Al B.al) ’5%T> : /oT <051T (" Bilal") ) Foow 5MLT>
= /(;T <§8T <MLT, 7Z($LT)> ,5$tT> +/0 <Kvg 5% , 72($LT)>'

Consequently,

T k
D/ <ut ,gt'T.dXE+ZBi(xLT)-ng> (10.2.18)
0 i=1
T
/0 <KW ol > o dX"
T
4 / i
k
—k<§j/“ K ol" fifal")) o dX;

/0 <W <u‘tT7 _z(%lfT)> ,5m|tT>> . (10.2.19)

From Equations ((10.2.14))-(10.2.18)), we have

T Kgad) > o dX?

D8§d(xt7 Ut, Yt, C_-ta Iat)

ot T ol

:/0 <<3 |T’5 > <8 |T’KVT(Q/G)5ut >

ol % 5 o0 o
+ a€|T7 VT(Q/G) Ct ° _|_Z |T7

! T ¢ |T

Kor /e 0y, ,odaj —/ oDy, ,ox

/ < V@it > 0 < 3 t>
T

/ <KvT (Q/G)éyt ,u|tT.dX0_|_Zvred ) dX’>

0 =1

/0T< ", Koo du) > o dX — Z/ <(9 ‘T< lTJ‘/ired(xLT)>75xLT> . dX
[ (oot i > /T
/0 <<“t aar Bl z
At

_|T *
.D/‘L|t - a’d dé"TILL‘t 777t>

T
/ Kow 0l > o dX?
0

/OT (Ko7 Bi(a)) o dX;

_l_

S

N

M:v\/

il ,Kvg6<t> o dX? — (

i=1
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o [ (G ).y

Then the expression in ((10.2.12) follows by appropriately grouping terms.

To prove the second part of the theorem, first note that if (x‘t ,ut ,yt g ‘T, /:LL ) satisfies

the horizontal and vertical stochastic implicit Lagrange-Poincaré equations then

DS;?d('Ita Uty Yt, gutv ﬂt) = 07

so we only need to prove the converse. Take an arbitrary coordinate ball K in P(Q/G)®gdg*

and restrict to (K, T)-deformations of (xt ,uLT,y,IfT, f!T, ,uLT), and semimartingales 7, that

vanish outside |77, (T + T[({ NAT [ Let 7% denote the hitting time for K. Since 77,5 and

the variations corresponding to (K, T)-deformations vanish outside |J70%, 71 + 1(< [, the

integral from 0 to 7" in the expression m 10.2.12)) for DS54 (24, us, v, i, Jie) can be replaced by
: h h (h.e) :

an integral from 7 to 7 + 7, that is,

DS;?d(xb Uty Yt, Ety ﬂt)

hr) k
-/ <a%<e-dX£+Z(zi—<yt,vmd< ) = (Al B)) o dXz’)

TR ol
<ut, teds, B > — oDle, 61’ > / <8 T le, KVT<Q/G)5utT> o dX}
Uy

n
K

(h,e)
TK+TK |T _ 0
P ‘T — iy Kgi0, ) e dX

TK+TK k ]
/ KVT*<Q/G>(5yJ5T, deLT — uLT e dX — Z V;red(xLT) o dX})

_I_

+

=1

TKJrTI((h ) k
_|T =T =|T bo) T 7
+ (Kywofiy ,0dg)" — (T 0 dX) =" Bi(x)") e dX])

(hse)

TR T . T
+/ (— o Dpy +ad] zriy 1)
Th t

T IT AT

By the stochastic version of the fundamental lemma of the calculus of variations, Lemma
9.1.13] this implies that the semimartingale (z; , u; ,yt , t ,ﬂt ) satisfies the horizontal and

vertical stochastic Lagrange-Poincaré equations in |71, 75 + 7 e)[[ Since K is an arbitrary

regular coordinate ball in P(Q/G) @ g® g*, it follows that (:L‘t ul ,yllfT, ¢ ,,u‘tT) satisfies the
horizontal and vertical Lagrange-Poincaré equations in P(Q/G) @ g @ g*. This completes

the proof. ]

We now summarize what we have obtained so far in the next theorem. This serves as
the stochastic analogue of the deterministic implicit Lagrange-Poincaré reduction theorem

(Theorem [2.5.5)):
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Theorem 10.2.7 (Stochastic Implicit Lagrange-Poincaré Reduction Theorem). The follow-
ing are equivalent:

1. An admissible semimartingale I'; = (g, v¢, p) in PQ is a critical point of the stochastic
action integral

Sx(I) :/0 ('C(Qt7vt) o dX; + ZLi(Qt) o dX;

i=1
k
+ <pt, odg, — v e dX) = > Vi(g) e dX§>> : (10.2.20)
i=1
for all deformations € — I', such that dg; vanishes at t =0 and t =T
2. The stochastic implicit Euler-Lagrange equations

k
odg, = v, 0 dX{ + Y Vi(q) ® dX]

i=1

0 F .
odp, = a—qt <£ ° dXtO + Z (Li — (pt, Vi(qr))) ® dXZ)

i=1
oL

(pt — —) e dX) =0. (10.2.21)
3vt

are satisfied by I’ ,lfT = (ngT, U,‘:T>P1|5T)

3. The reduced semimartingale

(a6, ve, pila = (e, we, Y, Ce, i)

in the reduced Pontryagin bundle PQ/G = P(Q/G) ® g ® g* is a critical point of the
reduced action integral

S§d($taut7yta§taﬁt)

k k
= /f(:vt, ug, G;) @ dX? + Z li(z;) @ dX| + <yt, odr, —u; @ dX) — Z Vired(xt) ° dX,f>

i=1 =1

k
+ <ﬁt, odf, — (0 dX? — Z Bi(x,) ® dX§> (10.2.22)
=1

for variations arbitrary variations duy, 6y, 0¢; and dfi; and for variations (SI‘LT @ 64( 1T)
such that éz!" =0 at t =0 and ¢t = T and
od(51E") = —adﬁtOdéT + oD, + iéw\TB(x,‘ﬁT) o dzl”

where 7) is an arbitrary semimartingale in g that vanishes at t =0 and ¢t = T
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4. The horizontal stochastic implicit Lagrange-Poincaré equations

*Du = (“dX’fO oy (1= (ol V@) ) = (e B -dXZ)
i=1
— (s iean Ba) )

k
odz, = uy 0 dX} + Y Vi (x,) @ dX]

=1

and the vertical stochastic implicit Lagrange-Poincaré equations
e Djfiy = ad g, it

k
odé; =G o dX) + > Bi(w) @ dX]

=1
_ ol

are satisfied by (v, u", ", ¢/" ')
Remark 10.2.8. In the deterministic case, that is, X° = ¢, X" = 0, all semimartingales may
be replaced by smooth curves. We also replace od¢; by [q(t), A(q(t),4(t))]gdt. Under these
replacements, the stochastic implicit horizontal and vertical Lagrange-Poincaré equations
agree with their deterministic counterparts.

Coordinate expressions

Suppose @ is an n-manifold and @)/G has dimension r. We choose a trivialization of @
as U x G, where U C R" is an open set, and G acts only on the second factor by left
multiplication. Let (z,g9) = (z%, g%) be an element of U x G. The principal connection A

acts on a tangent vector (&,g) by
A(#, §) = Adg(Ae) (2, 97'9)) = Ady(Ac()t + g7'9) = Ady(Ac(2)) + g9,

where A.(x)t = A(ze)(¢,0). Hence, A(z, g) = Ady(Ac(z)dr + g~ 'dg). Let £ = g'¢. Then

§:=[(,9), Az, 9, 9)la = [(2,€), Ac(x)E + Elo-

Trivializing the adjoint bundle as (U x G x g)/G = U x g identifies £ with (2, A.(z)3 + &).
Let us write A.(x) locally as A%(x). Then, with identify ¢ with its second component and
simply write £ = €% 4+ A%3®. If we now use Stratonovich differentials, then this reads
0dE® = odE® 4 A% @ dx®, where odE?, as a Stratonovich differential in (U x G x g)/G = U x g
is given by [(z4,¢), Ac(z¢) @ dx, + od&;] and ed&, = g; ' e dg,.
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Let C?%, denote the structure constants of the Lie algebra. Then the g-valued curvature
2-form B is given locally by
0AL DA
b B a b gc gd
Bog = Soe  Daf CoAGAG.
Let the G-invariant vector fields V; be written locally as Vi(z, g) = V;*(2) 3% + g%(x), where

7

U — gis a smooth map. Then the reduced vector fields Vi**d on U given locally by

)

Vied(z) = V() 22 52 The sections f3; of the associated bundle are given by
Bi(x) = [(z,e), A(Vi(w, e))]e-
We think of these as maps from U — g given by 3%(x) = A%(z)V,%(x) + B%(x).

Following the local coordinate calculations done in Cendra, Marsden and Ratiu [19], the
local form of the horizontal stochastic implicit Lagrange-Poincaré equations is given by

B i VP (x
s = 5o (6 dX0+Zl odX) Z <yﬁt da 2N

=1

i (Caiteoat + 250 ) ) eax;
ol .
ac CdbAb dgt

k

odzf = uf @ X} + Y V(1) @ dX]

i=1

ol

0y — — | ®dX? =0
(y * 0u?) t

and the stochastic vertical implicit Lagrange-Poincaré equations are given by

odfis, = fio, C(odEf — AL @ duf)

+ 1By @ dzl —

k
od) = (e dX) + > Bl(x,) 0 dX]

ol
0y, — — | @dX%=0.
(“”i acf)' :

Remark 10.2.9. If X? =t and X! = 0 then i = and ed¢ is replaced by the deterministic

g-valued curve & = [q, A(q, ¢)]e. In this case, the local form of the reduced equations agree
with the local form of the implicit Lagrange-Poincaré equations given in Yoshimura and
Marsden [95].

If the bundle @ — Q/G is equipped with a trivial connection in local coordinates, that
is, A =0, then the horizontal equations in local coordinates are given by

5 k N\ < ovy’
odyo, = 52 (z odX)+) lie dXZ) - <yﬁt%
b t

+

i=1 =1
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R0 Lo

(6
0x§

k
odzf = uf @ X} + Y V(1) @ dX]

i=1
Bl
— ) edX? =
(yat 095?). =Y

and the vertical equations are given by

odfy, = Jia,C(0dE)

k
od) = (e dX) + > Bl(x,) 0 dX]
=1

ol

[y, — —= | @ dX; = 0.
(“’” a@b) t

We will call these equations the stochastic Hamel’s equations. When X} =t and X} = 0

then these equations correspond to Hamel’s equations described in Marsden and Scheurle
[64].

Special Cases

We now discuss four special cases.

1. Suppose @ = G. In this case, /G is a point and hence the horizontal implicit
stochastic Lagrange-Poincaré equations vanish. The G-invariant vector fields V; are of
the form Vj(g) = T.L,f;, where f3; € g is a fixed element, and g € G. We also have
g = gand g* = g*. Then, the vertical implicit stochastic Lagrange-Poincaré equations
are given by

odpy = ad:dgt et

k
odé, = ( 0 dX) + > pedX]

i=1
ol

When X? =t and X? is a Brownian motion, these equations agree with the stochastic
Euler-Poincaré equations given in Street and Takao [89].

Remark 10.2.10. In Arnaudon, Chen, and Cruzeiro [7], the authors carry out stochas-
tic Euler-Poincaré reduction with the generalized derivative of a semimartingale playing

the role of the velocity. The action is given by E [ fOT l <T oL o D ; tgt) dt} and computed

on semimartingales of the form

k
u(t)dt — Y (Vi H;dt — H; e dB;)

i=1

odg, =T.L,,

bl
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where u(t) is a curve in g and Hy,--- , Hy € g. The reduced equations of motion in
that case are deterministic, and given by

(80 o6
dt \ du iy = ou )’
Whereﬂ:u—%ZlevHiHi and K : g* — g* is given by

k
1
(K (), m) = =5 D> (0 Vg Hi) + Vi, [0, Hi]
=1

for all n € g. This determines the curve wu(t), which corresponds to the generalized
derivative of ¢g;. In contrast, in our case the reduced velocity is stochastic and is de-
termined via the implicit form of the stochastic Euler-Poincaré equations given above.

Additionally, if the connection on G is the canonical bi-invariant connection, then
the Euler-Poincaré equations obtained in [7] agree with the classical Euler-Poincaré

equation
d (ol , ol
Then, for every Hy,--- , Hy € g,

k
u(t)dt + > H; e dB;

i=1

.dgt - TeLgt

is a critical point of the unreduced action. The critical point of unreduced action is
unique for a given choice of Hy,--- , Hy is made. The necessity of this choice arises from
the fact that the generalized derivative of g; determines its drift, but not the complete
semimartingale. On the other hand, in our case the action is given by stochastic
integrals, and the uniqueness of critical points is given by the fundamental lemma of
the stochastic calculus of variations.

2. Assume that G is an abelian group. From Equation , the covariant derivative in
the associated bundle agrees with the fibre derivative since the Lie bracket vanishes.
Then, by Equation (|10.1.8)), it follows that the covariant derivative on the dual bundle
agrees with the fibre derivative as well. Also, from the stochastic vertical implicit
Lagrange-Poincaré equations, we see that eDp, = 0. Writing fi; = [q, ite], we see
that p, is conserved along solutions.

As a special case, note that if G = {e} then the vertical stochastic implicit Lagrange-
Poincaré equations vanish and the horizontal stochastic implicit Lagrange-Poincaré
equations agree with the stochastic implicit Euler-Lagrange equations.

3. We now assume that the noise vector fields V; are horizontal. In this case, §; = 0, so
the stochastic horizontal and vertical implicit Lagrange-Poincaré equations are given

by
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=1
- <ﬂt7 iOdiﬂtB(‘rt)>

k
odr, = uy 0 dX) + > V() 0 dX]

i=1
Y — % e dX =0
(9ut

and

oDy = ad, g, iy
odé; = (; 0 dX]
ol
i, — — | edX% =0
(Mt 9 Ct) ¢
respectively. As a result, if X = ¢ then the vertical equations are noise-free.

4. Finally, suppose that (i, - , 8, are Adg-invariant elements of g, and let V; = (5;)¢.
Then V; is G-invariant, V! = 0 and A(V;) = B;. We also have ;(z) = [q, Bile,
where z € Q/G and q € 7~ !(z). Note that this is independent of the choice of the
representative ¢ since (; is Adg-invariant. As a result (% <ﬂt, Bl(xt)> vanishes. We

also assume that [j,--- I = 0 and X? = t. Then the horizontal equations are given
by
2y (B
T=u
o
Y= ou

and the vertical equations are given by
oDy = adg g, iy

k
.dgt = C_-tdt + Z Bl ® d)(tZ
i=1

i
=g

This shows that we have a stochastic curvature-induced force in the horizontal equa-
tions.
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10.3 Examples

10.3.1 Rigid Body with a Rotor

Let us look at the example of a rigid body with a rotor aligned with its third principal axis.
We will consider external stochastic forces on the rotor and the body, but for simplicity, we
will assume that these forces do not affect the moments of inertia of the rotor and the body.

The Deterministic Free Rigid Body with a Rotor

Following Marsden [60] and Yoshimura and Marsden [95], we briefly recollect the setup of
the deterministic problem. Let I; > Iy > I3 denote the principal rigid body moments of
inertia, K; = K, denote the rotor moments of inertia about the first two principal axes
of the rigid body and K3 denote the moment of inertia of the rigid body about the third
principal axis. Let K be the diagonal matrix K = diag(K;, K», K3). The configuration space
is Q = S x SO(3), where G = SO(3) acts on the second factor by matrix multiplication.
Then Q/G = S'. The Lagrangian of this system is given by

£(0, R, vg, vp) % (5, 15) + (5 + v, K(5 4+ vo)l, (10.3.1)

where vy = (0,0,v9)7 € R?, ¥ € R3 is defined by Y= Rl € 50(3) with the usual ‘hat’
map identification of R? with s0(3) given by Yw = ¥ x w, for any w € R3.

We let A be a trivializing connection on the bundle @ — @Q/G, so that TQ/G =
TS! x s0(3). Concretely, A(0, R,vg,vr) = R 'vg € s0(3). Then, in terms the coordinates
(6,u,%) on TS x s0(3), the reduced Lagrangian is given by

1
00,u,%) = 5 [MET 4 X235 + 355 + K3(35 +u)?], (10.3.2)

with A; = I; + K;. The (deterministic) implicit horizontal Lagrange-Poincaré equations are
given by

. ol
Yy ) u, y au 3( 3 + 'LL)
and the vertical implicit Lagrange-Poincaré equations are given by
3 ol
H:HXQ, Q:E, II = a—z:()\121,)\222,]323+K3(23+U)).

Note that the conjugate momentum y = K3(33 + u) is conserved.

Stochastic Perturbations of a Free Rigid Body

Before considering a stochastic pertubation of the deterministic problem, we recall from
Lazaro-Cami and Ortega [54] and Arnaudon, De Castro and Holm [4], the Stratonovich
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equations of motion describing a free rigid body under small random impacts. Let Bl, Bg, Bg
be elements in the Lie algebra so(3) and X}, X} and X} be semimartingales. The body
angular momentum of the stochastic free rigid body is given by

3
odll, = (I, x I"'TL)dt + > (II; x 3;)  dX], (10.3.3)

i=1

and the attitude is given by
—_— 3 A~
odR, = RI-'Idt + > R e dX].
i=1

Note that Equation (10.3.3|) is equivalent to

.dHt = Ht X .th
3

od(), = Y, dt + Z B edX!
i=1

Ht — [Et

These equations can be obtained by stochastic Euler-Poincaré reduction for the action

Y

T 1 3 ~ .
S(Rt,vRt,pRt) = / [5 <Zt,IZt> dt"— pt7.th —Utht— ZRtﬁZ .dXZ
0 i=1

where ¥, = R;'vg,. Comparing this to the general structure of the stochastic Hamilton-
Pontryagin action, we note that £ = % (¥, 1Y), X? = t, the noise Lagrangian [; are zero, and
the noise vector fields are the left invariant vector fields corresponding to f3;.

Stochastic Perturbations of a Rigid Body with a Rotor

Let £ be the Lagrangian given in Equation ({10.3.1)) and X!, X? and X} be semimartingales.
Suppose 1,3, and 3 are fixed elements of s0(3). On Q = S' x SO(3) we consider the
action

S(9t7 Rt? Vo; s URy > P, 5 pRt)

T 3 3
= / E dt + Z LZ(Ht) ° dth + <p9“ .det — U@tdt — Z M(et) [ dXz>
0 i=1 i=1

3
+ <pRt7 .th - Utht - Z RtBl L dth> 7]

i=1

where Li, Ly, L3 are smooth functions and V; is a vector field on S*.
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Remark 10.3.1. The Lagrangians Lq, Lo, L3 are interpreted as the contribution of the ex-
ternal force to the potential energy of the rotor, and the vector fields Vi, V5, V3 stochasticize
the relation 8 = vy to

3
odf; = vp,dt + > Vi(6;) ® dX.

=1

T 3
/ <pRt7.th _Utht_ZRtﬁi.dXti>
0

i=1

The term

accounts for random perturbation of the free rigid body.

We consider a trivializing connection A on S* x SO(3) — S'. Then, the reduced action
is given by

3 3
Edt‘{‘ L1<0t> .dXZ—{— yta.det —Utdt— ‘/;(9,5) .dXZ
t t
i=1

=1

T
Sred(et, Uy, Eta Yt, Ht) = /
0

3
+ <Ht, o) — X,dt — Zﬁ . ng>] :

=1

where / is the reduced Lagrangian in Equation (10.3.2]) and ed$), = R; ' e dR,. It follows
that the stochastic implicit horizontal Lagrange-Poincaré equations are given by

0 < A
ody; = 2, D (Li(0:) — yiVi(0))) @ dX]
=1

3
odb;, = uydt + Y Vi(6;) @ dX]

1=1

ov
= K3(X3, + w),

yt:a_ut

and the stochastic implicit vertical Lagrange-Poincaré equations are given by

odll, = II; x edf),

3
od) = Yydt + > f; e dX]

=1

ol
= (Alth, )\QZQN [323% + Kg(th —+ ut))

I, = —
Loy,

We observe that the conjugate momentum y = K3(X3 + u) is no longer conserved in the
stochastic case.

Let us mention three special cases.
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1. Ly = 0 and V; = 0: We consider L; = 0 and V; = 0. In this case, the horizontal
equations are given by

v =0
ét:ut
or
= — = Kq(X .
Yt o, 3(Xs, + up)

This implies the conjugate momentum y = K3(X3 + u) is conserved, and the rotor
angle of rotation evolves along differentiable trajectories. Physically, we interpret this
as the case where the external noise only impacts the rigid body and not the rotor.

2. B; = 0: In this case, the vertical equations are same as the vertical implicit Lagrange-
Poincaré equations in the deterministic case. Physically, this models a system where
the external noise only impacts the rotor and not the rigid body.

3. Vi =0, L;y(f) = # and X} is a Brownian motion: In this case, the horizontal equations
are given by

3
ody, = edB;

i=1

ét = U¢
ol
"= H 3(23, +uyp),

where B!, B? and B? are independent Brownian motions. This implies that y, = B} +
B?+ B}. Hence E[y;] = 0 for all ¢. This shows that y, is a weakly conserved quantity in
the sense of Lazaro-Cami and Ortega [55, Definition 2.2|, but not a conserved quantity.

10.3.2 Charged Particle in a Magnetic Field with Stochastic Per-
turbations

In this section we provide a Kaluza-Klein description of a stochastically perturbed charged
particle in a magnetic field.

The Deterministic Kaluza-Klein Description for a Charged Particle in a Magnetic
Field

The equation of motion for a charged particle (of unit mass) in a magnetic field B is given
by i = ¢u x B. Following Marsden and Ratiu [62], we show that this can be viewed as a
reduction of the geodesic flow on Qx = R? x S under a certain metric. Here S! acts on the
second factor by rotations.
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Let G = S! with its standard bi-invariant metric x and consider R?® with its standard
metric given by the inner product (-,-). Let A be a vector in R® and identify A with a
1-form A on R3. Let

a=A+do

be a connection 1-form on the bundle 7 : R? x S — R3. Consider the metric on Qg given
by
9((ug, ug), (Vq,v9)) = (Ug, vg) + r(a(uy, vg), a(vy, vg)).

The Lagrangian for the geodesic flow on (Q,g) is given by

1
Li(q,0,vg,v9) = B (||Vq||2 + (A v, + 09)2) .

We will call it the Kaluza-Klein Lagrangian. Let B = da = dA and identify B with the
vector B = V x A. The reduced curvature 2-form on Q/S' = R? is identified with B or
the vector B. Let (x,u,)\) € R® x R3 x R denote local coordinates on the bundle TR? ¢ R.
The reduced Lagrangian is

1
lg(x,u,\) = 5 ([lul]* + X?) .

The vertical implicit Lagrange-Poincaré equations are given by

Ol g
9 p— pu— A = - A
Do 07 X , Do O\ )

where x = A - ¢+ 0. Since pg = 0, it follows that py is a constant and we set py = <. The
horizontal Lagrange-Poincaré equations are then given by

which yields u = fu x B.

The Stochastic Case

Suppose that X!, --- | X* are arbitrary semimartingales, Ly, --- , L, € C®°(R3*) and V;,--- ,V}
are vectors fields on R?. We consider the stochastic Hamilton-Pontryagin action functional

S<qt7 Or, Uy, , Ud,, Py s p&t)

T k k
= / [EK dt + Z Li(q;) e dX] + <pqt, edq; — u,dt — Z Vi(qy) @ dXZ>
0 i=1

i=1
+ <p9t7 .det - u9tdt>] :
Then, in terms of the Kaluza-Klein description, the reduced action corresponding to § is

given by

T k k
8™ (¢, w, A, Y, po,) = / [ﬁK dt+Y  Li(x) e dX] + <yt, odx; —wdt — Y Vi(x,) dXz’>
0

i=1 i=1
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+ <p9t7 .dXt - )\tdt>] ;

where ody; = A e dq; + edf;. The stochastic implicit vertical Lagrange-Poincaré equations
are given by

.dp9t =0
Xt = A
p@t = )\t

which shows that py, is conserved. As before, we set py, = €. Then the stochastic implicit
horizontal Lagrange-Poincaré equations are given by

k
a .
ody, = Z(odxt x B)dt + ; 8_Xt (Li(x¢) —ye - Vi(x)) @ dX]

k
odx; = wdt + » Vi(x;) o dX]
=1

Y = Uy
Equivalently, we can solve for

edu, = ~(u x B)dt + ) (E(Vi(m x B) + 8ixt (Li(xt) =y - Vi(xt))> o dX;

k
odx, = wdt + Y Vi(x,) e dX],

=1

where the first equation represents the Lorentz force law with a stochastic perturbation.
Note that if &k = 3, (X}, X2, X?) = W,, where W, is a Brownian motion in R?  L;(z) = '
and V; = 0 then these equations become

odu, = (u; x B)dt + edW,
C

Xt = U;.

Then, (E[x], E[u;]) satisfies the equations for the charged particle in a magnetic field.



Chapter 11

Variational Principles for Stochastic
Collective Motion

In this chapter we look at the variational principle counterpart of stochastic collective Hamil-
tonian systems. In Section we show that the variational viewpoint is similar to the
Hamiltonian one, namely that if one starts with a deterministic invariant Lagrangian then
the stochastic system is given by an action of a Lie group valued semimartingale (i.e. the
stochastic phase) on critical points of the deterministic action integral. This forms the
Lagrangian counterpart of the corresponding theorem on stochastic collective Hamiltonian
systems. For simplicity, we will restrict our attention to linear collectives, that is, collective
Hamiltonians of the form f;(z) = (J(z2),&;) for a fixed element & € g. In this case, the
Hamiltonian vector field corresponds to the infinitesimally generated vector field associated
to &;. This allows us to use the stochastic Hamilton-Pontryagin principle.

The more general case, in which one uses arbitrary collectives, is handled by a coupling
mechanism similar to the Hamiltonian case. The variational principle we consider is a combi-
nation of Hamilton’s principle in phase space on the Lie group side, the Hamilton-Pontryagin
principle on the configuration manifold side, and a coupling term which corresponds to the
coupling between the momentum map for the cotangent lifted left action (i.e. the spatial
angular momentum) on the Lie group side and the momentum map on the phase space of the
configuration manifold. The critical points of the action integral yield the stochastic phase.
Even when the Lagrangian is not invariant, this variational principle is invariant under the
partial action of the Lie group on the cotangent bundle factor (not on the entire product
space) by cotangent lifts of right translations. Thus it corresponds to a reduced variational
principle. In the reduced picture, the two momentum maps can be identified.

In Section we describe the coupling mechanism in the deterministic case, while
in Section we extend it to the stochastic case. We wish to point out that unlike the
Hamiltonian case, here the evolution of the momentum map on the phase space coincides
with the evolution of Jy instead of Jg. This difference is due to the fact that we are using
the cotangent lifted right action on the Lie group side.

171
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11.1 Lagrangian Systems with Collective Perturbations

Let @ be a configuration manifold, and denote by PQ := TQ & T*(Q its Pontryagin bundle.
Let £ € C*(TQ). Suppose G acts on @, on T'Q) by tangent lifts and on 7*(Q) by cotangent
lifts. We let gg, gv and gp denote the images of ¢ € Q, v € T;Q and p € T;() under
the action of g € G. Let J : T*Q) — g* denote the momentum map. Then, by Noether’s
formula (see, for instance, [42]), given any € € g, we have (J(q,p),&) = (p,&o(q)), where &g
denotes the infinitesimal vector field generated on Q). Let &, , & be fixed elements of g,
Y! ... Y* be real-valued semimartingales. Consider the stochastic action integral:

, (11.1.1)

=1

T k
S(qi v i) = /0 [£<Qt; v )dt + <pt, odg; — vydt — Z(éi)Q(Qt) ® dY?>

where (g, v, p) is a semimartingale in PQ. We will always assume the admissibility hy-
pothesis on semimartingales. The following theorem describes the critical points of S under
fixed endpoint variation of ¢;.

Theorem 11.1.1. The following are equivalent:

1. The PQ-valued semimartingale I'; = (q;, v, p) € & (PQ) is a critical point of S for
all deformations € — (qc, Vet, Per) such that ¢ =0at t =0and t =T

2. The PQ-valued semimartingale I'; = (q;, vy, p;) satisfies the stochastic implicit Euler-
Lagrange equations given by

k
odq, = v dt + Z(fx’)@((h) o dY;
i=1

odp, = E%g (ﬁ dt — Z (pe, (&i)o(ar)) dY;z)

i=1
oL

= . 11.1.2
9o, (11.1.2)

2
up to time T'.

Moreover, suppose £ is G-invariant and ¢° solves the following Stratonovich differential
equation in G:

k
odg =Y T.R,(&)edY’, go=e.
i=1
Then (1) and (2) are equivalent to the following statement:

1. The PQ-valued curve v (¢) = (q(t),v(t),p(t)) is a critical point of the deterministic
action

S*(q(t), v(t), p(t)) :/0 [L(q(t),v()) + (p(t), () — v(t))]dt

for all deformations € — (qc(t), ve(t), pc(t)) such that d¢(t) =0att =0and t =T, and
L= g% 7%, that is, (¢, v, pi) = (97a(t), g0 (t), g7p(t)).



11.1. LAGRANGIAN SYSTEMS WITH COLLECTIVE PERTURBATIONS 173

2. The PQ-valued curve y%(t) = (q(t),v(t), p(t)) solves the deterministic implicit Euler-
Lagrange equations

R TR -
q_ I p_aq7 p_a/v
and I' = g% - »det,

Proof. The equivalence between (1) and (2) (respectively (3) and (4)) follows from the
stochastic (respectively, deterministic) Hamilton-Pontryagin principle.

To prove that (4) implies (2), we let (g(t),v(t),p(t)) solve the deterministic implicit
Euler-Lagrange equations up to time 7', that is,

N
p_aqa q_7 p_av7

and g¢° solve the stochastic differential equation
k
odg=) T.R,(&)edY', go=e.
i=1

We will show that (g, v, p) == ¢° - (q(t),v(t),p(t)) solves the stochastic implicit Euler-
Lagrange equations. First, we prove that p, = g—zi. By G-invariance of £, given any g € G
and v, w € T,Q), we have

d
FL = —
(FL(gq,gv), gw) s
d
ds

L(gq, gv + sgw)

s=0
L(q,v+ sw)
s=0

= <F£(q7 U)? w> )
that is FL(gq, gv) = g FL(q,v). Hence, we obtain

oL oL
S S

Next, by the Stratonovich product rule for group actions, we have

odq, = ed(g;q(t))
= (odgy) q(t) + g7 4(t)dt
(

((odg)(g0) Ma(glalt)) + g v(t)dt

= (&)olq) o dY) + vdt.

i=1

Similarly, we have

edp; = ‘d(gtsp(t))
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= (edgy’) p(t) + g7 p(t)dt
(o) (0) - (ap(0) + 7 5 (1)

k
sOL
Z &) T*Q (pe) ‘dY +gt Bq —-(t)dt.
First we recall that given any point (¢, p) € T*Q, we have

(E)r-0(a,p) = ((@-)Q(q), i <@->Q<q>>) .

Next, we prove that

oL oL
5
() = =—.
gt aq ( ) aQt
For this, we will show that given any g € GG, ¢ € Q and v € T,Q),
g oL oc
dq  9(gq)

Let w € T,Q and (g(s),v(s)) be a curve in T'Q) with v(0) = v, ¢(0) = ¢ and ¢’(0) = w, where
()" denotes the derivative with respect to s. Then, by definition

<%w> = 2| L), 0(s))

Note that the curve (gq(s), gv(s)) =: (q(s),v(s)) satisfies §(0) = gq, v(0) = gv and ¢ (0) =

gw. Hence
oL d PN
(Gev) = 5| a0
d
= 2| £la(s),0(s)
e,
=7
and hence, g% = %. As a result, we obtain
. oL
odp =Y (&)rq(p) @AY} + g7 — 50 —(t)dt
i=1
oL £L0 |
= Zdt — — (py, (& ay;
aqt Z aqt <pt (5 )Q(Qt» i t

=1
k

8((; (ﬁ dt = (pr. (&)ola)) in> .

=1

This shows that (4) implies (2). Conversely, if (g, v, p) solves the stochastic implicit Euler-
Lagrange equations then a similar reasoning shows that (q(t),v(t),p(t)) := (¢°) " (q:, vs, pr)
solves the deterministic implicit Euler-Lagrange equations. Hence (2) and (4) are equivalent.
This completes the proof. |
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11.2 Coupling to a Lie Group: The Deterministic Case

Let f € C*(g*) and J, : T*G — g* be the momentum map for the cotangent lifted left
action of G on T*G. Denote by wf : TG — g* the right invariant Maurer-Cartan 1-form,
given by w®(v,) = T,R-1(v,) for all g € G and v, € T,G. On the product of the Pontryagin
bundle PQ with T*G, consider the deterministic variational principle

S*(q(t), v(t), p(2), g(t), py(1)) :/0 [£(q(t),v(t)) + (p(t), 4(t) — v(t))]dt

[\ J/

~
Hamilton-Pontryagin Principle on PQ

- / J(g(t). p(t)) o (G (1))t

N J/

TV
coupling term

[ 0al0)-6) = 7 Jutaf0). e

4

~
Hamilton’s principle in phase space for T*G

We do not assume that £ is G-invariant. Here we will consider fixed endpoint variations
in ¢(t) and g(t). We suppose that G acts on PQ x T*G by acting only on the T*G-factor
by cotangent lifts of right translations. Then, since Jy, is right invariant, the entire action
integral is right invariant. Hence, it drops to a reduced action on PQ x g x g* given by

S(g(8). 0(t). p(®). £(0). 1(t)) = / [L(q(®),0(t) + (p(t), 4(t) —v(O)dt  (11.2.1)
_ /0 (J(q(t),p(t), (1)) dt
[ .0~ uteia (1122

where u(t) = Jr(g9(t),py(t)) and £(t) = wf(g(t)). To find variations in &(t), we can simply
use the variations in the case of (right invariant) Euler-Poincaré reduction to obtain

0&(t) = n(t) + [n(t), £(1)],

where n(t) = w?(dg(t)), and if we assume fixed endpoint variations in g(¢), then 7(0) =
n(T) = 0.

Under such constrained variations, we obtain the following theorem:

Theorem 11.2.1. Given a curve (q(t), v(t), p(t),&(t), u(t)) in PQ x g x g*, the following are
equivalent:

L. (q(t),v(t), p(t),&(t), p(t)) is a critical point of 8™ for all variations

(9q(t), dv(t), op(t), 0€(t), opu(t))
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such that 6¢(0) = d¢(T") = 0 and

0&(t) = n(t) + [n(t), £(1)],

where 7(t) is an arbitrary g-valued curve such that n(0) = n(T") = 0.

2. (q(t),v(t),p(t),&(t), u(t)) satisfies the following equations:

¢d=v+¢&o(q)

p:%w@w—m@@n
oc

o

fr — J(g,p) = ad¢(p — J(g, p)).

Proof. First, we derive the equations for ¢(t),v(t), and p(t). Note that the term

Amwmwwwwmw

does not involve ¢(t),v(t), and p(t). Taking arbitrary variations of v(¢) and p(¢) and setting
5S4 = (0 gives us

where we used the fact that (J(q(t),p(t)),&(t)) = (p(t), (&(t))o(q(t))). For the g-equation,

we use integration by parts for the term fOT (p(t),q(t)) dt and the fixed endpoint conditions
dq(0) = 0g(T) = 0. Then, corresponding to the variations dq, we obtain

@:p—gac@m»—@fmmnzo

Let ¢ = g—i. Now we calculate variations of

—A(ﬂwm@ﬁ+AKm®—ﬂMmW

for variations of the form §¢ = 7 + [, £], where 1(0) = n(T) = 0 and arbitrary variations in
. We have,

(= [ vangas [ we-ow)
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=/0T<M—J(q,p),77+[n,£]>dt+/0T<5u,€—C>dt
:_/0T</1—j(q,p),n>dt+/0T<u—J(q,P),adé?ﬁdtﬂL/oT(‘sﬂ’f_<>dt
:/OT<5H75_g>dt—/OT<u—J'(q,p)—adZ(u—J(q,p))m>dt,

where we have used integration by parts and 7(0) = n(T) = 0 to write (u — J(q,p),n) =
— <u — j(q,p), 7]>. Consequently, from 68" = 0, the remaining equations emerge:

of
7 b
fr = J(g,p) = adg(n — J (g, p)).
This completes the proof. |

Now we are ready to couple the p with J(q,p). We solve the equation

fo—J(q,p) = adi(n — J(q,p))

with the initial condition u(0) = J(¢(0),p(0)). Then, the solution is u(t) = J(q(t),p(t)).
Thus, the evolution of J can be identified with that of J; on T*G.

Remark 11.2.2. Suppose L is hyperregular and let h denote the Hamiltonian corresponding

to L. Then, since g—z = g—f and g—Z = _%7 we obtain the equations:
oh
. _ on
1= €o(q)
oh 0

where £ = 27{' Moreover, using the Collective Hamiltonian Theorem,

Erolap) = (5Q<q>> i §Q<q>>) = Xjorlap).

Therefore, letting z(t) = (¢(t), p(t)), we obtain
z :Xh(Z)+XfOJ(Z) :Xh+foj(z). (1123)

Moreover, if £ is G-invariant (and hence, h is G-invariant), we have the reconstruction
equation

. 0f

)= TR (60) = TR, (). a0 = (11.2.4)
corresponds to the phase added to the integral curve 2°(¢) of X}, while solving for Equation
(11.2.3)), that is, z(t) is a solution of Equation (11.2.3)) if 2(t) = g(t) - 2°(¢), where g(t) solves
Equation (|11.2.4)).
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11.3 Coupling to a Lie Group: The Stochastic Case
Now we extend the discussion in the previous section to the stochastic case. Let fi, -, fix €

C>(g*). Let Y, ---  Y* be semimartingales. On PQ x T*G consider the stochastic action
integral:

T
S(qta Uty Pt gtvpgt) = / [‘C(qta Ut)dt + <pt7 .th - Utdt>]
JO

TV
Hamilton-Pontryagin Principle on PQ

T
- / J(Qtapt) owfe dg:
0

T k
+/ <pgt7.dgt> _ZfioJL<gt7pgt).d}/:
0 i=1

(. /

~
coupling term

~
stochastic Hamilton’s principle in phase space for T*G

As in the deterministic case, the stochastic action integral is invariant under the action of G
on PQ x T*G, where G only acts on the T*G factor via cotangent lifts of right translations.
As before, using right invariance of Jp, we obtain a reduced stochastic action integral on
PQ x g x g*, given by

T

Sred(qt,vt,pt,ft,,ut) = / [C(Qt, Ut)dt + (pt, odg, — 'Utdt>]
0
T

J(qe, pe) @ d&;

T
+

J
J

k
(e, 0d&) = filpe) @AY
=1

where & = [ w® e dg,. The variations of the term fOT (111, ®d&;) can be calculated directly by
using the Maurer-Cartan equation

dwf(X,Y) = [w(X),w (V)]

for all vector fields X and Y on G, where dw” is the exterior derivative of w? viewed as a
Lie algebra valued 2-form. Indeed, let 1, = (w®(g;), 6g;). Then, we have

5§t—5/wRodgt
:/iégtdwR'th+77t—770

= /[Uu‘dft} + 1 — No-
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Thus, we get
od(5&;) = [y, odEs] + edn,.

Note that 7, vanishes at t = 0 and ¢t = T" if g, vanishes at t = 0 and ¢ = T". Then we have
the following theorem:

Theorem 11.3.1. Given a semimartingale (g, vy, pr, &, i) in PQ X g x g*, the following are
equivalent:

1. (qs,ve, i, &, e is a critical point of S™¢ for all variations
(0g(t), 0v(t), op(t), 6€(t), op(t))
such that gy = dgr = 0 and
0d(0&;) = ed; + [1, #d&],
where 7(t) is an arbitrary g-valued semimartingale such that n(0) = n(7") = 0.
2. (q¢,ve, D1, &4, uy) satisfies the following stochastic differential equations:
odq; = vidt + (8d&t)o(qt)
wdp, = S-[£(as, 0~ {p, (o48)qfa)]

dq
_oc
Pt = oo,
k
odfy =) g;’:t o dY}

=1

odj; — odJ (g, pr) = adfdg(ﬂt — J(qt,pt)).

Remark 11.3.2. Here (od&;)q is interpreted in the sense of Equation (8.1.3). Namely, using

the equation
k

odi =" (‘;{ e

1=1

we have

edfq () = i (g}i)Q (q) ® dY;.

=1

Proof. For simplicity, we proceed with formal analogy to the deterministic case. By noting
that

/0 (g pi) » d€, = / (1> (o€ (@)

the equations for ¢;, v; and p; can be derived exactly as in the case of the stochastic Hamilton-
Pontryagin principle. The equations for ¢; and v; follow directly, while the equation for p,
involves using integration by parts on the term ¢ (p;, ®dg;) and the fact that dgy = dgr = 0.
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For the remaining two equations, we need to consider the variation of the terms

—/OTJ(Qt7pt)'d§t+/0T

under arbitrary variations of p; and variations of & given by

(e, 0d&) Zfz )

edi&; = edn, + ad,, e d&;,

where 7, is a g-valued semimartingale that vanishes at t = 0 and t = T'. Let § = . From

arbitrary variations in p;, we get

6fz
Oput

k
ot oodgy = &, e dY, =0,

that is ed&, = Zf 1 gf’ e Y. Finally, for the remaining equation, for simplicity, we pro-
ceed by formally putting ed(d¢;) = d(ed&;). Using integration by parts and fixed endpoint
conditions in 7, this gives us

D <_ /OT J(q,pr) .d§t+/OT (ut,-d€t>)

T T
=—/ J(qt,pt)odnt+/ (adyge, (J(qe, pe) — 1), 7e)
0 0
T
+/ <5,Uta77t>
0

= /0 <.d(‘](Qt7pt) - Mt) - adfdgt(J(Qtapt) - ,Ut), 77t>,

which yields ed(u; — J(qe,pr)) = adige, (e — J(qi, pe)) after setting DS™! = 0. 1

Remark 11.3.3. The variation

p(_ /OT J(qt,pt)odft—i—/oT <ut,-d€t>)

can be computed more systematically using the methods of the previous chapter.

Similar to the deterministic setup, we can show that the evolution of the momentum
map J coincides with that of J; by setting po = J(qo, po)-

Remark 11.3.4 (Relation with stochastic collective Hamiltonian Systems). Suppose L is
hyperregular and let A denote the Hamiltonian corresponding to £. Then, after setting

to = J(qo, po), we have,

odq; = g—}idt + (odﬁ)Q(qt)
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oh LY > .
= —dt + ay;
apt i—1 (5/1% P«:J(Qtvpt) Q (Qt) * !
oh 0
odp = —a—qtdt "o (e, (0d€)(qr))
k

oh 0 5fi
= ——dt — — | =
0q: 121 O <pt (5,Ut

The Collective Hamiltonian Theorem gives us

(%)T*Q @.p) = ((g_i)cg (q>’_a% <p’ (?—DQ (Q)>> = Xj0s(¢.p)-

Therefore, letting I'y = (q¢, pr), we obtain the stochastic Hamiltonian system

o dY.
u:J(qt,pt))Q (Qt)> t

k
odl' = X,(T)dt + Y Xy0y(T) @ dY". (11.3.1)
=1

Moreover, if £ is G-invariant then so is h, and hence the stochastic reconstruction equation

k
odg =Y T.R, (ﬁ
i=1

op

)) odY', g(0)=e, (11.3.2)

p=J(T

corresponds to the stochastic phase for Equation (|11.3.1])).



Future Areas of Research

In this thesis we have explored the role of symmetries in both the Hamiltonian side and the
variational principle side of stochastic geometric mechanics by using the geometric nature of
the Stratonovich integral to develop analogues of deterministic conservation laws as well as
reduction techniques. Let us describe some ongoing and future areas of research connected
with this thesis.

1. Reduction and reconstruction of Schwartz operators and their use in stochas-
tic geometric mechanics: In Chapter 3, Section 3.5 we have carried out the reduc-
tion of stochastic differential equations given by Schwartz operators. This generalizes
the reduction for Stratonovich differential equations carried out Lazaro-Cami and Or-
tega [54]. Schwartz operators provide a unified framework that simultaneously encom-
passes both It6 and Stratonovich formulations within a single geometric setting, and
hence, we expect that the reduction techniques also carry over to symmetric Itd equa-
tions. The problems of reconstruction and skew-product decomposition for Schwartz
operators remain open. It is also interesting to explore whether Schwartz operators
can serve as a geometric framework that reconciles the two prevailing approaches to
stochastic geometric mechanics: one based on Stratonovich integration, which is based
on the change of coordinates formula but does not take martingales into account, and
the other based on interpreting semimartingale drifts as velocities, which naturally
accounts for martingales but is geometrically less straightforward.

2. Block regularization in stochastic celestial mechanics: In Chapter [5| we de-
scribed the Moser regularization of the angularly perturbed stochastic Kepler problem.
The key observation here was that the radial distance and the speeds agreed with the
deterministic Kepler problem, and hence, on the ‘dt’ part of the equations, we could
use Moser regularization methods.

Another important regularization method in celestial mechanics, which also depends
on radial distance and speed, is called block regularization. Block regularization was
developed by Conley and Easton [22] and used by McGehee [65] to show that among
potentials of the form V (r) = —T%, a > 0, the ones for which the flow can be extended
at least continuously over the collisional singularity, are those with & = 2 —2/n. More
recently, in Saha and Stoica [82], we show that the logarithm central force problem can
be block regularized.

182
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We believe that block regularization methods can also be applied to central force
problems with central force problems stochastically perturbed in the angular direction,
and moreover, the results should be similar to the corresponding deterministic case.

3. Non-holonomic Mechanics and Constrained Systems: While the mechanical
systems considered here are holonomic, it remains to study potential applications to
non-holonomic mechanics. In this regard, there has been some recent developments
in non-holonomic stochastic mechanics by Li, Gay-Balmaz, Shi, and Wang [50], [51],
with applications to stochastic thermodynamics by Vaquero del Pino, Gay-Balmaz,
Yoshimura, and Chew [31]. There are several research areas within this field that
could be explored, for instance, the ‘average’ effects of stochastic forces on a determin-
istic constrained system, applications to control theory, reduction and reconstruction
methods for stochastic constrained systems, and relations with thermodynamics.

4. The drift of stochastic Hamiltonian systems: The stochastic Euler-Poincaré re-
duction developed by Arnaudon, Chen and Cruzeiro [7] is useful for modelling systems
with viscous forces. By using the generalized derivative of semimartingales that ac-
counts for the drift of semimartingales, they are able to obtain deterministic equations
of motion on the Lie algebra of a Lie group from stochastic variational principles.
These equations resemble Euler-Poincaré equations with an additional forcing term.
The Lie-Poisson counterpart of this drift-based Euler-Poincaré reduction remains open.

5. Applications to Infinite Dimensional Systems: In this thesis, the focus has been
in the context of finite-dimensional systems. We believe that the ideas presented in this
thesis can be applied to infinite-dimensional systems as well, for instance, in fluids, and
image registration. Applications of the stochastic collective Hamiltonian framework to
image registration is already being considered in a joint work with Tanya Schmah and
Cristina Stoica. We also wish to suggest an infinite-dimensional mechanical setting for
stochastic collective Hamiltonian systems. In the deterministic case, a problem that
involves coupling to a Lie group is the attachment of a flexible linear elastic shear beam
to a rigid body such as a satellite. Here the phase space is s0(3)* x T*Q, where

Q= {o:[0,L] = R*| o is smooth},

and L is the maximum length of the attachment. If the rigid body evolves stochas-
tically, then the results in Chapter [7| imply that one obtains a stochastic collective
Hamiltonian system on 7*(Q) via the coupling mechanism. Moreover, it would be in-
teresting to extend this to the case where the flexible attachment is also subjected to
SO(3)-invariant noise.
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