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Small Mass Limit of a Langevin Equation
on a Manifold

Jeremiah Birrell, Scott Hottovy, Giovanni Volpe and Jan Wehr

Abstract. We study damped geodesic motion of a particle of mass m on
a Riemannian manifold, in the presence of an external force and noise.
Lifting the resulting stochastic differential equation to the orthogonal
frame bundle, we prove that, as m — 0, its solutions converge to solutions
of a limiting equation which includes a noise-induced drift term. A very
special case of the main result presents Brownian motion on the manifold
as a limit of inertial systems.

1. Introduction

Brownian motion (BM) plays a central role in many phenomena of scientific
and technological significance. It lies at the foundation of stochastic calculus
[1], which is applied to model a variety of phenomena, ranging from non-
equilibrium statistical mechanics to stock market fluctuations to population
dynamics. In particular, Brownian motion occurs naturally in systems where
microscopic and nanoscopic particles are present, as a consequence of ther-
mal agitation [2]. Brownian motion of micro- and nanoparticles occurring in
complex environments can often be represented as motion on two-dimensional
or one-dimensional manifolds embedded within a three-dimensional space. For
example, the motion of proteins on cellular membranes occurs effectively on
two-dimensional manifolds and is currently at the center of an intense experi-
mental activity [3]. The single file diffusion of particles in porous nanomaterials
occurs in an effectively one-dimensional environment and plays a crucial role in
many phenomena such as drug delivery, chemical catalysis and oil recovery [4].
Several interesting phenomena can emerge in these conditions, such as anom-
alous diffusion [5] and inhomogencous diffusion [6]. Similar phenomena also
occur when considering active matter systems, such as living matter, which
are characterized by being in a far-from-equilibrium state [7]; such systems
often interact with complex environments that can be effectively modeled by

® Birkhduser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00023-016-0508-3&domain=pdf

708 J. Birrell et al. Ann. Henri Poincaré

low-dimensional manifolds embedded in a three-dimensional space. To gain a
deeper understanding of these phenomena it is necessary to explore the prop-
erties of Brownian motion on manifolds.

The original motivation for this paper is to present Brownian motion on
a manifold as the zero-mass limit of an inertial system. Our main result is sig-
nificantly more general and contains a rigorous version of the above statement
as a special case. In this section, we will first outline this motivating problem
and then discuss some earlier work on similar questions. For the sake of clarity,
we do not spell out all technical assumptions and the arguments presented in
the introduction are heuristic.

Brownian motion on an n-dimensional Riemannian manifold (M, g) can
be introduced as a mathematical object—a Markov process z; on M with
the generator expressed in terms of the Riemannian metric g, which uniquely
determines its law. In this form, it has been a subject of an immense amount
of study, both for its own sake and beauty, and for applications to analysis
and geometry. The reader is referred to [8,9] and references therein. In local
coordinates, the components of BM satisfy the stochastic differential equation
(SDE):

1

ngkr;.k dt+ ol W, (1.1)

a=1

dr! =
where o is the positive-definite square root of the inverse metric tensor g~ !,
in the sense that Y., ol ck = g’ see p. 87 of [8]. From the applied point
of view, BM on a manifold is an idealized probabilistic description of diffusive
motion performed by a particle constrained to M. This can be justified at
various levels, depending on what one is willing to assume. Let us mention
in particular the work of van Kampen [10] which studies the conditions on
the constraints, restricting motion of a diffusing particle to a manifold, under
which its effective motion becomes Brownian.
Here, as our point of departure, we take equations describing inertial
motion of a particle of mass m, in the presence of two forces: damping and
noise. The equations of motion in local coordinates are

da! = vl dt, (1.2)

n
mdv! = —mFékvaf dt — 'y;-v{ dt + Z ol dWe, (1.3)
a=1

where F; i are the Christoffel’s symbols of the metric g,y denotes the damping
tensor and the vector fields o,,a = 1,...n, couple the particle to n standard
Wiener processes, acting as noise sources. The summation convention is used
here and throughout the paper. The reason the sum over « here is written
explicitly is that it does not play the role of a covariant index.

For the purposes of this motivating discussion, we assume that the damp-
ing and noise satisfy a fluctuation—dissipation relation known from non-equili-
brium statistical mechanics [11]; this assumption will not be needed in the
more general theorem that will be presented later. Note that the covariance of
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the noise is equal to Y of,0% and is thus a tensor of type (3) (a contravariant
tensor of rank two). We want to relate it to a quantity of the same type. Since
the damping tensor %i' has type (i), we raise its lower index using the metric
and state the fluctuation—dissipation relation as:

Za ol =287 gikAL, (1.4)

where 87! = kpT, kp is the Boltzmann constant and T denotes the tempera-
ture. In particular, if damping is isotropic, v;, = 7yd},, we get

Y ohol =28""g" (1.5)
and Eq. (1.3) becomes

mdv! = —ml’”kvtvt dt — yvidt + ZO’ dw, (1.6)

with o?, satisfying the relation Eq. (1.5). The problem motivating this work
can now be stated as follows. Consider the solutions of Eqs. (1.2) and (1.6)
with the initial conditions (") (0) = z¢,v™)(0) = vo. We want to show that,
as m — 0, 2™ converges to the solution of the SDE
, 1 . 1 .
dat = fWgﬂkr;k dt + S 2 ol dWy (1.7)
with the same initial condition. Since this equation describes (a rescaled) BM
on the manifold M in local coordinates, this will realize our original goal.
Related results in the physics content are reported in [12].
We now present a sketch of the argument. The remarks that follow it
explain its relation to the actual proof in later sections. Our guiding principle
is that the kinetic energy of the particle is of order 1, so that the components

of the velocity (in a fixed coordinate chart) behave as \} in the limit m — 0.

Solving for v} dt in Eq. (1.6), we obtain

d} = v} dt = — 2 dof — —F’kvtvt dt+ - Za awe. (18)
v

In the limit m — 0, we expect no contribution from the first term, since
v is constant and thus % dv! is the differential of the expression %mvg which
vanishes in the limit. We do expect a nonzero limit from the quadratic term.
This is again based on the analogy with [13], where such a term appears as
a result of integration by parts. In the case discussed here, it is present in
the equation from the start, reflecting the manifold geometry. In the limit, we
expect the fast velocity variable to average, giving rise to an x-dependent drift
term. To calculate this term, we use the method of [13], together with the
heuristics that v should be of order m~2. Consider the differential (vanishing
in the m — 0 limit):
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d(mv!moF) = d(mo! ymoF + mo! d(moF) + d(mo?) d(mol)

= < mFllvtvt dt — vl dt + Z ol AW > moy

—&-mvg (— Irolvl dt — yof dt—l—Za dwg ) +Za]a dt.
(1.9)

Based on our assumption about the order of magnitude of v?, in the limit
we get

— 2myvloF dt + ZJJU dt = 0. (1.10)

Substituting this into Eq. (1.8) and leaving out the terms which vanish
in the limit, we obtain

7 1 7 a
dai = gkl dt + ;%:aa dwe, (1.11)

1
Bt
which describes a rescaled BM on the manifold.

The limiting process x; satisfies an equation driven by the same Wiener
processes, W, that drove the equations for the original processes z(™), and is
thus defined on the same probability space. The processes (") will be proven
to converge to x in the sense that the LP-norm (in the w variable) of the
uniform distance on [0, T] between the realizations of x and z(™) goes to zero
for every T'. This is much stronger than convergence in law on compact time
intervals.

Zero-mass limits of diffusive systems have been studied in numerous
works, starting from [14]. See [2] for a masterly review of the early history.
The analysis of such models have been extended in many directions. For ex-
ample [15] studies the limit of a particle system driven by a fluid model that is
coupled to noise. The extension of diffusion processes to the relativistic setting
has been studied in, for example [16,17]. Other related works study random
perturbations of the geodesic flow on a Riemannian manifold. In [18], con-
vergence of the transition semigroups of a family of transport processes on a
manifold to that of Brownian motion was shown. See also the paper [19] where
homogenization of the velocity variable for equations on manifolds is studied.
Families of Ornstein—Uhlenbeck processes on manifolds were studied in [20,21].
Two interesting recent papers are [22] and [23]. They prove convergence in law
to Brownian motion in appropriate limits. We remark that in the special case
of constant damping (as considered in this introduction), the generator of the
process defined by Eqs. (1.2)—(1.3) is the hypoelliptic Laplacian, introduced
in [24]—an important analytical object, encoding geometric properties of the
manifold. In this case [24] proves a convergence-in-law result. This has been
extended to cover the convergence of kernels and their derivatives [25].

More recently, several authors address the case when a general position-
dependent forcing is included and the damping and /or noise coefficients depend
on the state of the system. In particular, they study the associated phenomenon
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of the noise-induced drift that arises in the limit. See references in the recent
paper [13], where a formula for the noise-induced drift has been established
for a large class of systems in Euclidean space of an arbitrary dimension. See
also [26], where some of the assumptions made in [13] are relaxed.

The analysis applied here is most similar to that of [13], with two im-
portant differences. First, we prove the fundamental momentum (or kinetic
energy) bound in a different way, which would also lead to an alternative
proof of the main result of [13]. Second, in this paper we pose the problem on
a compact Riemannian manifold. This leads to complications of a geometric
nature that are absent in Euclidean space: to control the quadratic terms in
the geodesic equation more efficiently, we lift the equations to the orthogo-
nal frame bundle. Another, equally important, consequence of lifting to the
orthogonal frame bundle is that the equations of motion, including the noise
term, can be formulated geometrically, without reference to local coordinate
charts. While this increases the number of variables and makes the equations
more complicated, it simplifies the analytical aspects of the problem. Frame
bundle techniques similar to this have been used by many other authors, see
for example [8,17,20-22].

As our main result, we derive the equation satisfied by an inertial system
in the limit m — 0. In the case of constant damping and noise (and thus satisfy-
ing the fluctuation—dissipation relation) with zero forcing, we obtain Brownian
motion, as suggested by the informal derivation leading to Eq. (1.11). Vari-
ous formulations that cover this classical case have been studied by previous
authors [21,24]. Forcing terms were also considered in [21]. The theorem pre-
sented here is general enough to include the classical case, as well as cover
position-dependent forcing, damping and noise, including a derivation of the
formula for the noise-induced drift. In addition, the damping and the noise co-
efficients are not required to satisfy a fluctuation—dissipation relation (unlike
in the motivating discussion above), which leads to a fully general formula for
the resulting noise-induced drift in the small mass limit. Physically, this result
is particularly relevant when considering active matter and systems far from
thermodynamic equilibrium [27].

1.1. Summary of the Main Result

In this section, we summarize the main result of this paper, including the
required assumptions. Motivation for the equations under consideration, fur-
ther detail on the notation, and a proof of the result will follow in subsequent
sections.

Let (M, g) be a compact, connected n-dimensional Riemannian manifold
without boundary, Fo(M) be its frame bundle with canonical projection 7
(see Sect. 3), and N = Fp(M) x R™. For each m > 0 (representing the particle
mass), we will consider the following SDE on N for fixed, non-random initial
condition (ug,vg) € N:

t
uf® = ug +/ Hym (ug")ds, (1.12)
to



712 J. Birrell et al. Ann. Henri Poincaré

t t
vt =g + e [F(ul') = y(ul)vlt]ds + e o(ul*)dWs. (1.13)
m Jy, m Ji,

Here, H,(u) are the canonical horizontal vector fields on Fo(M) (see
Lemma 3.2), F(z) is a smooth vector field on M (the forcing), v(z) is a smooth
(1) tensor field on M (the damping), the noise coefficients are given by a R"*k-
valued function, o(u), on Fo(M), W; is a RF-valued Wiener process, and we
define F(u) = u='F(n(u)) and v(u) = v~ 1y(7(u))u.

Let (u}”,v]") be a family of solutions to Eqs. (1.12)—(1.13), corresponding
to mass values m > 0. To study the m — 0 limit of u;*, we assume that
the symmetric part of v,v® = %(’y +~7T), has eigenvalues bounded below by
a positive constant. This coercivity assumption is crucial to our results, as
it provides the damping necessary to ensure that the momentum degrees of
freedom, p}* = mo}*, become negligible in the limit (see Sect. 5).

Under the assumptions stated above, the main result (Theorem 7.1) gives
the limiting behavior of uj* as m — 0. More specifically, we prove the following:

Fix T > 0 and a Riemannian metric tensor field on Fo(M). Let d be the
associated metric on the connected component of Fp(M) that contains wg.
Then for any ¢ > 0 and any 0 < k < ¢/2, we have

E l sup d(ui”,ug)?| = O(m”™) as m — 0, (1.14)

t€[0,T]

where u; solve the following SDE on Fp (M) with initial condition ug:
du; = H(—Y—lp)(ut)(ut)dt + S(ut)dt + H(ﬂ{—lg)(ut)(ut) o dW;. (115)

The additional drift vector field, S(u), on Fo (M) that arises in the limit, given
by Egs. (6.32)—(6.33), will be called the noise-induced drift.

2. Forced Geodesic Motion on the Tangent Bundle

We now begin the task of making the results outlined in the introduction and
summary precise. Let (M, g) be an n-dimensional smooth connected Riemann-
ian manifold with tangent bundle (T'M, 7), where 7 is the natural projection.
Let V : TM — TM be smooth and m o V = =, i.e., V maps each fiber into
itself. The deterministic dynamical system that we eventually want to couple
to noise is defined by the equation

Vi =V (), (21)

where V is the Levi—Civita connection. In this section and the next, we focus on
the non-random system. The coupling to noise will be discussed in Sect. 4. We
refer to the system Eq. (2.1) as the geodesic equation with (velocity-dependent)
forcing V. Note that & is an element of 7'M, and so it contains both position
and velocity information. In particular, Eq. (2.1) contains the special case
where V' is independent of the velocity degrees of freedom, i.e., V is a vector
field on M.
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Equation (2.1) is more general than the system outlined in the introduc-
tion. In particular, it contains a deterministic forcing, other than the drag. The
process that we will eventually find in the small mass limit will, therefore, be
more general than Brownian motion on M, but will include Brownian motion
as a special case.

We now interpret Eq. (2.1) as an ordinary differential equation (ODE)
on the tangent bundle TM. With V = 0 it is the standard geodesic equation.
Below we give some facts, starting from this case in points 1-4 and then, in
points 5 and 6, we add forcing. These facts will not be used in our subsequent
analysis, but they give one an idea of how forced geodesic motion on manifold,
Eq. (2.1), can be reformulated as a flow on a larger space. We will build on
this idea in the next section.

1. Forwv e TM, let x, be the geodesic with velocity v at ¢ = 0. Define the
geodesic vector field G : TM — T(T'M) by G(v) = & (d&y)i—o, ie., the
tangent vector to the curve &, : I — TM at t = 0. G is a smooth vector
field on TM and x : I — M is a geodesic iff & (interpreted as a curve in
TM) is an integral curve of G.

2. If nis an integral curve of G then x = won is a geodesic on M and = = 7.

The flow of G is (t,v) — @y (%).

4. In achart 2% for M and induced coordinates (z*,v%) on TM, G takes the
form

©w

G(z,v) = V'O, | (20) — Fék(m)vjvkavi (z,0)> (2.2)

where F;k are the Christoffel symbols of the Levi-Civita connection in

the coordinate system z?.

5. Using V we can define a vector field V : TM — T(TM) given in an
induced chart on TM by V = Vi9,: (we will let context dictate whether
we consider V' as mapping into TM or T(TM)). This produces a well-
defined smooth vector field on TM that is independent of the choice of
charts.

6. We let

Y=G+V. (2.3)
If 7 is an integral curve of Y, then x = wo 7 satisfies Eq. (2.1) and 7 = &.
Conversely, if = satisfies Eq. (2.1) then & is an integral curve of Y.

This last point implies that the equation of interest, Eq. (2.1), defines a smooth
dynamical system on the tangent bundle of M and the vector field of this
dynamical system is Y.

3. Forced Geodesic Motion on the Frame Bundle

The metric tensor g on M defines a reduction of the structure group of 7'M to
the orthogonal group, O(R™) [28], with local trivializations induced by local
orthonormal (o.n.) frames on M (i.e., collections of local vector fields that form
an o.n. basis at each point of their domain). In turn, this lets one construct the
orthogonal frame bundle, (Fo (M), ) (we will let context distinguish between
the various projections 7). By reformulating Eq. (2.1) as a dynamical system
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using the orthogonal frame bundle of M, in a similar manner to the procedure
outlined in the previous section, we will arrive at equations that are more
amenable to being coupled to noise.

Our expanded system will be defined via a vector field on the manifold
N = Fo(M) x R™.

3.1. Coordinate-Independent Definition

Fix (u,v) € N. We will define a vector X(, ) € T(y,,)N as follows. Let x(t)
be the solution to

Vii = V(&), 2(0)=n(u), (0)=u(v), (3.1)

i.e., the integral curve of Y, defined in Eq. (2.3), starting at w(v) € Ty, M.

Let U, (t) be the parallel translates of u(ey) along x(t) (e, is the standard
basis for R™), i.e.,

ViUa =0, Ua(0) =uleq). (3.2)

Parallel transport via the Levi-Civita connection preserves inner products, so
7(t) defined by 7(t)eq = Uq(t) is a smooth section of Fo(M) along z(t). Define
the smooth curve in R™, v(t) = 7(t)~Li(t).

With these definitions, n(t) = (7(t), v(t)) is a smooth curve in N starting
at (u,v). Define the vector field X by

3.2. Coordinate Expression

We now derive a formula for X in a coordinate system defined below and
thereby prove it is a smooth vector field on N.

Let (U, ¢) be a coordinate chart on M and E, be an o.n. frame on U. We
will let Roman indices denote quantities in the coordinate frame and Greek
indices denote quantities in the local o.n. frame. The connection coefficients in
the o.n. frame, A, , are defined by Vg, E, = Aj E,. The coordinate frame,
0;, and the o.n. frame, F,, are related by an invertible matrix-valued smooth
function A$ on U,

0; = A E,. (3.4)

Let 9 be the local section of Fp(M) induced by E,, ie., ¥(z)v =
v*E,(x). We have the diffeomorphism @ : 7= 1(U) — ¢(U) x O(R"),u —
(¢(m(w)), h), where h is uniquely defined by u = (7 (u))h. In turn, this gives
a diffeomorphism ® x id on 7= *(U) x R"® C N.

Lemma 3.1. The pushforward of the vector field X to ¢p(U) x O(R™) x R™ by
the diffeomorphism ® X id is given by
(@ % i) X)) = (A~ VA (r ()RS0, — B AL, (m(u) E0SD)
+H(hFVP (u(v)) Dy (3.5)
where u = ®~1 (¢~ (x), h),V? are the components of V in the o.n. frame Eg
(not the coordinate frame 0;), v® are the standard coordinates on R™, and eg

are the standard coordinates on R™*™. In particular, X is a smooth vector
field.
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Proof. Using

T(t) = Y(x(t)h(t) = u(t), o(t)=7""(t)a(t) (3.6)
we obtain
u(t) = h (O~ (@) (1)0; = &' () AT (x(E)h™ ()Y~ (2(t)) Bal(t))
= @' (A7 (2(8))h (t)ea = &' (1) AT (x(1)) (A~ 1)2(t)es. 3.7)
Solving for &(t) we find
&7 (t) = (A7) (x(0)hg (v (). (3-8)

This proves that the first term of Eq. (3.5) is correct.
Vi:Us = 0 implies

0 = Vit (w(®)h(t)ea = Vbl (1) Eala(t))
OB ) + K0 0T
= WO Eg(w(t) + W0 (OAY()V &, By
= (W8(0) + h3(BF* (DAL @) A, (2(1)) Bs(w(®).  (3.9)

Therefore,
ha(t) = =hE (AT, (@) AL ()" (1) (3.10)
Using Eq. (3.8), we get
B(t) = =hl (A, (() A (2(£) (A1) 5 (@(8) R (1) (1))
= —h3(8)AF, (2(£)hE(t)o" (¢). (3.11)
This proves that the second term in Eq. (3.5) is correct.

Differentiating Eq. (3.7) (and dropping the time dependence in our no-
tation) we find

0% = (A NGRS (R EASE + ()5 E E + (hhFATE . (3.12)
From V;i = V, we obtain ' + T, i/i" = V' where V' are the com-

ponents of V' in the coordinate frame 0; (not to be confused with V¢, the
components in the o.n. frame E,). We need to convert from I': i b0 AG,,

I.0; = Vo,0k = Vo, AR Eq = 0;A{Eq + A7V 5, E,
= 0 A Eq + AfA]V 5, E
= (0;A% + AJATAG ) Eo = (0;A% + AJAJAS (AL, (3.13)

Using this we obtain
0% = —(h™)GhE (WIS + (RGN e’ + (R )GA (V- T a7a™)
= — (R )R (W IAYE + (h)gaIAT !
+ (W HGA] (V= (9;A, + AS, AS AL ) (A™1)i a7 a™)
= (W HGAPV — (YR (WY IAE + (R ) 59A] 3l
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— (W50 A0, + A AS AL )id ™
= (W HGAIVT — (W HGhE (R 2ASE + (b~ 1)5oA] 3l d
— (W50 A7 E™ — (h)GAT ASAL 395 (3.14)

The third and fourth terms cancel. Using Eq. (3.10), the second can be
written

TS = () (AR AT (A

ont i
= (h)§AL ASATi'37 (3.15)
Therefore,
0 (t) = (W HGATVE + (B HGAL ATASE 37 — (W™ 1) AL ATAS, 39 5™
= (WA V' = (h )5V 7. (3.16)

Note that we have converted from the components in the coordinate basis,
V', to the coordinates in the o.n. basis, V7, in the last line. This proves that
the final term of Eq. (3.5) is correct.

Note that the equation for v(t) can also be written as

o(t) = 7LV (T(t)v(t)). (3.17)
O

The cancelation of the Christoffel terms in the equation for ¥ is not
unexpected. In the absence of forcing V, z(t) is a geodesic and hence its tangent
vector is parallel transported along itself. Therefore , v?, the components of
the tangent vector in the parallel-transported frame, U,, must be constants
when V' vanishes. This is in contrast to the geodesic equation in an arbitrary
coordinate system, in which the equation for i’ is non-trivial even in the
absence of forcing. This fact simplifies the analysis when we study the small
mass limit of the noisy system and is one of the advantages of the orthogonal
frame bundle formulation.

Using the above lemma, we can write the equation for the integral curves
of X, Eq. (3.3), in coordinates.

Corollary 3.1. In a coordinate system defined as in Lemma 3.1, an integral
curve of X, (2*(t), h?(t), v*(t)), satisfies

@7 (t) = (A1 (z())hg ()" (2), (3.18)
hi(t) = —hj () Ag, ((t) 5 (£)° (1), (3.19)
0(t) = (W HFOVP (@ (1), (3.20)

)
where from Eq. (3.6), we see that &(t) = v§(t)h (t)Ey(z(t)). Recall that VP

are the components of V in the o.n. basis Fg.

In the process of proving Lemma 3.1, we have also characterized the
relation between integral curves of X, Eq. (3.3), and integral curves of Y,
Eq. (2.3), as expressed by the following corollaries.
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Corollary 3.2. Let x(t) be the solution to
Vit =V(z), x(0)=n(), x(0)=u(v), (3.21)

i.e., the integral curve of Y, defined in Eq. (2.3), starting at u(v) € Ty, M.
Let Uy (t) be the parallel translates of u(eq) along x(t) (eq is the standard
basis for R™), i.e.,
ViUs =0, U,(0) =u(ey). (3.22)

Parallel transport preserves inner products, so 7(t) defined by 7(t)eq = Uy(t)
is a smooth section of Fo(M) along x(t). Define the smooth curve in R™ v(t) =
T(t) " Li(t).

Define the smooth curve in N,n(t) = (7(t),v(t)). This is an integral curve
of X starting at (u,v).

Conversely, uniqueness of integral curves gives us the following.

Corollary 3.3. Let (7(t),v(t)) be an integral curve of X starting at (u,v).
Define x(t) = w(7(t)) and Uy(t) = 7(t)eq. Then x(t) is a solution to

Vit =V(x), x(0)=n(u), x(0)=u(v), (3.23)
the U, are parallel along x(t), and v(t) = 771 (t)(t).

3.3. A Second Coordinate-Independent Formulation

In this section, we introduce a natural set of horizontal vector fields on the
orthogonal frame bundle and, using the coordinate expression for X, Eq. (3.5),
we show that these vector fields can be used to characterize the dynamical sys-
tem Eq. (2.1), yielding another coordinate-independent formulation. This will
also show the relationship between the Eqgs. (3.18)—(3.20) and the equations in
[22]. The formulation we give in this section will be utilized for the remainder
of the paper, as it has several advantages over our previous characterizations
of the system Eq. (2.1). These advantages will be made clear as we progress.

Lemma 3.2. On an n-dimensional Riemannian manifold, there exists a canon-
ical linear map from R™ to horizontal vector fields on Fo (M) defined as follows
(see [8,22]).

For each v € R™ and uw € Fo(M), define H,(u) € T, Fo(M) by H,(u) =
(u(v)", i.e., the horizontal lift of u(v) € TyryM to TyFo(M).

This is a smooth horizontal vector field on Fo(M). Pushing forward to
UxO(R™) via a local trivialization (U, ®) of Fo (M) about u with corresponding
o.n. frame E,,, as in Sect. 3.1, they have the form

H,(u) = v*h2 Eg(r(u)) — vo‘hgth%n(ﬂ'(u))aeg, (3.24)

where ®(u) = (7(u),h), Vi, Es = Al 3E,,v* are the components of v in the
standard basis for R, and €2 are the standard coordinates on R™*™. Note
that the second term defines a vector field on R™ ™, but it is in fact tangent
to O(R™). Our expression Eq. (3.24) differs slightly from the one found in [8],
as we have written it in an o.n. frame rather than a coordinate frame.
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If e, is the standard basis for R™ we will let H, = H.,. Therefore,
H, =v*H, for any v € R", where we employ the summation convention.
Under right multiplication by g € O(R™), these vector fields satisfy

(Rg)+(Hy(u)) = Hy-1(ug). (3.25)

Remark 1. The implied summations in v"‘hg, v*H,, etc., are summations over
components in the standard basis for R™. The a’s here are not tensor indices
on M, TM, or Fo(M) and do not transform under change of coordinates or
frame. This is in contrast with the index 3 in hg, which does transform under
a change of the o.n. frame FEg. We will occasionally revisit this point going
forward for emphasis.

The horizontal vector fields Eq. (3.24) can be used to relate geodesic
motion and parallel transport on M to a flow on the frame bundle.

Lemma 3.3. Let u € Fo(M) and v € R"™. Let 7 be the integral curve of H,
starting at w. Then x = moT is the geodesic starting at w(u) with initial velocity
u(v) and for any w € R™, 7(t)w is parallel transported along x(t).

Proof. 7 is a horizontal curve in Fo (M) iff 7(w) is horizontal in TM for any
w € R™. In a vector bundle, horizontal and parallel transported are synony-
mous. Hence, 7(t)w is parallel transported along & = wo7. Therefore, to prove

x(t) is the claimed geodesic it suffices to show & = 7(v).
In a local trivialization ®, ®(7(t)) = (z(t), h(t)). Hence, using Eq. (3.24),

we have

i(t) = v*h2(t)Es(m(7(t))) = 7(t)v. (3.26)
O

Uniqueness of geodesics, parallel transport, and integral curves then gives
the following.

Lemma 3.4. Let x € M, u be a frame at x, and v € R™. Let x(t) be the geodesic
starting at x with initial velocity u(v). Let e, be the standard basis for R™ and
Ua be the parallel translates of u(eq) along x(t). Let 7(t) be the corresponding
section of Fo(M), i.e., T(t)eq = Uqy(t). Then T is the integral curve of H,
starting at u.

We can also use the H'’s to lift vector fields from M to the frame bundle.

Lemma 3.5. Let b be a smooth vector field on M and b" be the horizontal lift
of b to Fo(M). Recall that this is a smooth vector field on Fo(M). We have

bh(u) = Hu—lb(ﬂ(u))(u). (3.27)
If R, denotes right multiplication by g € O(R™) then (R,).b" = b".
Proof. To prove the first assertion, by the definition of H,

Hyp(m(uy) (0) = (u(u™ b(m(u)))" = (b(m(u)))" = b"(u). (3.28)
As for the second,

T ((Rg) ") (w)) = (7 0 Ry)ub"(ug™) = b(m(ug™)) = b(m(w)).  (3.29)
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(Ry)« preserves the horizontal subspaces, hence (R,).b" is the horizontal lift
of b. O

Lemma 3.6. Let b be a smooth vector field on M. If T is an integral curve of
b" starting at u then x = 7o T is an integral curve of b starting at ©(u) and
for any v € R™, 7(t)v is the parallel translate of u(v) along z(t).

Conversely, if x(t) is an integral curve of b starting at w(u) and Uy (t) are
the parallel translates of u(ey) along x(t) then 7(t) defined by 7(t)eq = Uq(t)
is the integral curve of b starting at .

Proof. Suppose T is an integral curve of b" starting at u. Then
&= = mb" () = b(x). (3.30)
So z(t) is an integral curve of b. 7 has horizontal tangent vector for all ¢,
hence 7(t)v is parallel in TM.
Conversely, if z(t) is an integral curve of b starting at 7(u) and U,(t)

are the parallel translates of u(e,) then 7(t) defined by 7(t)eq = Ua(t) is a
smooth horizontal curve in Fpo (M) and 7(tg) = u. We have

Tt =& = b(x). (3.31)

7 is horizontal, so
7= (b(z))" = b (7). (3.32)
O

The prior lemmas show that geodesic motion, parallel transport, and
flows on M can all be related to flows on Fo(M). Therefore, it should not
come as a surprise that the vector field X, Eq. (3.3), whose integral curves
characterize the trajectories of our deterministic system, can be written in
terms of the H,’s and the forcing, V.

Proposition 3.1. Let N = Fo(M) x R™ and (u,v) € N. Then X(,.), defined
by Eq. (3.3), is given by
Xuw) = (Hv(u),u_lV(u(v))) (3.33)
where we have identified TR™ with R™.
Proof. In a local trivialization induced by an o.n. frame E,, Eq. (3.5) implies
that
_ pa,B _ B AB 5,8 —lyay/B

X (z,hw) = h3v" Eq () haAén(x)hfv 5eg + (A )5V (u(v))Ope.  (3.34)
The proposition then follows from Eq. (3.24). O

The geometric significance of the H,’s will make Eq. (3.33) simpler to
work with than our initial definition of the vector field X, Eq. (3.3).

Proposition 3.1 implies that the deterministic dynamics of the system of
interest, Eq. (2.1), lifted to N = Fo(M) x R™, are given by

= H,(u), ©v=u"V(u®), (uto),v(te)) = (uo,vo). (3.35)

We want to emphasize that v is defined in terms of the dynamical frame

u, and not in reference to any choice of coordinates on M or Fp(M). In other
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words, the components v of v in the standard basis for R™ are the components
of the particle’s velocity in its own parallel-transported frame. They are not
tied to a particular coordinate system on M or Fo(M) and do not transform
under coordinate changes on either space.

4. Randomly Perturbed Geodesic Flow With Forcing

In this section, we will show how we couple noise to the system Eq. (3.35) to
obtain a stochastic differential equation on N.

4.1. Stochastic Differential Equations on Manifolds

First, we recall the definition and some basic properties of semimartingales and
stochastic differential equations on manifolds. The definition and lemmas in
this section are adapted from [8], but we repeat them here for completeness.
The general theory outlined in this section does not require a Riemannian
metric on M.

Definition 1. Let M be an n-dimensional smooth manifold, (2, F, F;, P) be
a filtered probability space satisfying the usual conditions [1], and X; be a
continuous adapted M-valued process. X is called an M-valued continuous
semimartingale if f o X; is an R-valued semimartingale for all f € C*°(M).
We will only deal with continuous semimartingales, so we drop the adjective
continuous from now on.

Note that, by Ito’s formula, if M = R™ then this agrees with the usual
definition.

Definition 2. Let V' be a k-dimensional vector space and Z; be a V-valued
semimartingale, called the driving process. Let M be a smooth manifold, X,
be an M-valued semimartingale, and o be a smooth section of TM @ V*. We
say that X; is a solution to the SDE

X, = Xy, + /ta(Xs) 0dZ, (4.1)
if
F(X0) = F(Xu) + / o (X)) 0 dZ, (4.2)

P-as. for all f € C(M), where [---o0dZ, denotes the stochastic integral
in the Stratonovich sense. We use the notation Y|[f] to denote the smooth
function one obtains by operating with some vector field, Y, on a smooth
function, f, and in the stochastic integral we contract over the V* and V
factors in o[f] and Z, respectively. We will equivalently write the SDE (4.1)
in differential notation

dX, = 0(X,) 0 dZ,. (4.3)



Vol. 18 (2017) Small Mass Limit of a Langevin Equation on a Manifold 721

Note that when M is a finite dimensional vector space, this definition
agrees with the usual one (in the Stratonovich sense). Using a basis for V'
and the dual basis for V* to write the contraction in Eq. (4.2) as a sum over
components in these bases, we arrive at a formula analogous to the definition in
[8] (page 21). However, we find it useful to use the above formulation in terms
of a vector space and its dual to justify use of the summation convention over
contracted indices.

The Stratonovich integral is used in Eq. (4.2) to make the definition
diffeomorphism invariant, as captured by the following Stratonovich calculus
variant of the It6 change-of-variables formula (see [8, pp. 20-21]).

Lemma 4.1. Let X; be an M -valued semimartingale that satisfies the SDE

t
Xt = Xto +/ O'(XS) o dZS, (44)

to
N be another smooth manifold, and ® : M — N be a diffeomorphism. Then
X =®o X is an N-valued semimartingale and satisfies the SDE

t

X, = X + / (®.0)(X,) 0 dZ, (4.5)
to

where @, denotes the pushforward.

Definition 4.2 can be restated in terms of the Ito integral as follows,
similar to p.23 of [8].

Lemma 4.2. X; is a solution to the SDE

X, =X, + /t o(X,) 0dZ, (4.6)
uf
FO6) = 1) + [ o()IAAZ,+ 5 [ oa(Xloslfldze, 2% (@)

for all f € C™(M) where the summation convention is employed and the
sum is over the components in any pair of dual bases for V. and V*. This is
another manifestation of the Ito formula for the stochastic differential of the
composition of a smooth function with a semimartingale.

4.2. Coupling to Noise

For the remainder of this paper, we will assume M is compact, connected, and
without boundary. Note that this also implies Fp (M) is compact and without
boundary. In this section, we describe the coupling of the dynamical system
Eq. (3.35) to noise, and hence we must also assume M is equipped with a
Riemannian metric.

Let W be an R*-valued Wiener process and o : Fo(M) — R"™* be
smooth. We are interested in the following SDE for (u,v) € N = Fo(M) xR™,

t
U = U —|—/ H,, (us)ds, (4.8)
to
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t t
vy = v + e u; 'V (usvy)ds + e o(us) o dWs. (4.9)
m Jy, m Jy,
Note that we have replaced V in Eq. (3.35) with LV (where now V is inde-
pendent of m), making the dependence on particle mass, m, explicit.

To connect with Definition 2, one must view H,(u), 2u~'V(uv), and
Lo(u) as sections of TN @(RF)* (identifying T\, )N with T,,Fo (M)
R™), and use the driving R*+!-valued semimartingale Z; = (t, W;). Alterna-
tively, one could view the above objects as k+ 1 vector fields on N and include
sums over indices, as done in [8], but for economy of notation, we wish to avoid
employing indices and explicit summations when possible.

Because the Wiener process only couples to the equation for v, which is a
process with values in the second factor of the product space N = Fo (M) xR"™,
a solution of the SDE (4.8)—(4.9) on the manifold N in the sense of Eq. (4.2)
is equivalent to the existence of an N-valued semimartingale, (u,v), such that
the first component is pathwise C'' and pathwise satisfies the ODE

Uy = Hvt (ut)a u(tO) = Uo (410)
and the second component satisfies the SDE on R"
vi=wo+ — [ u;'V(ugvs)ds + — [ o(ug)dWs. (4.11)
m Jt, m Jto

Note that u has locally bounded variation, so the choice of stochastic integral
in the second equation is not significant. We use the Itd6 notation here. We
emphasize that while the machinery of Sect. 4.1 is not needed to formulate the
above system, it will be required when we pass to the limit m — 0.

For the remainder of the paper, we will make the following assumption.

Assumption 1. We will assume that the deterministic vector field V' is the sum
of a position-dependent force term and a position-dependent linear drag term

V(w) =F(z) —v(zx)w, weT,M, z=mn(w)eM, (4.12)

where F' is a smooth vector field on M and ~ is a smooth (}) tensor field on

M. We will not assume that the force field F' comes from a potential.

As stated in Sect. 1.1, we will also assume that the symmetric part of
v,7° = %('y ++T), has eigenvalues bounded below by a constant v, > 0 on all
of M. We again emphasize that this coercivity assumption will be crucial for
the momentum decay estimates of Sect. 5.

In the following it will be useful to denote u~'F(n(u)) by F(u) and
u”y(r(u))u by ~(u), letting the context distinguish between the different
notations. These are smooth R™- and R™*"-valued functions on Fp (M), re-
spectively. With these definitions, the SDE (4.8)—(4.9) becomes

¢
Uy = Ug +/ H,, (us)ds, (4.13)
¢
10 ¢ ¢
v=vo+ — [ [Flus) —y(us)vslds + — [ o(us)dWs. (4.14)
£ =Y+ . m )y,
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Given k vector fields, o,(x), on M, these induce corresponding noise coeffi-
cients on the frame bundle, o(u), given by

o(u)eq = u tog(n(u)). (4.15)
Additionally, one is often interested in the case where k = n and o(u)

comes from a (})—tensor field on a M, denoted o(z), in the same manner as
~¥(u), i.e.,

o(u) =u to(r(u))u. (4.16)

For most of this work, we keep the discussion general and deal only with

o(u).

The following lemmas will be useful.

Lemma 4.3. Let v° denote the symmetric part of v. Then

7¥ () = uy (r(w)Ju (4.17)
Proof. We are done if we can show
v () = u™ty T (m(u))u. (4.18)

Letting - be the Euclidean inner product on R™, for z,y € R"™ we have
y-y (W = (y(w)y) -z = (u y(r(u))uy) -z = g(y(r(v))uy, uz)
= gluy,v" ((uw))uz) =y - (w57 (n(u))uz). (4.19)
This holds for all x,y and so the proof is complete. 0

Corollary 4.1. The eigenvalues of v*(u) and v*(w(u)) are the same. In par-
ticular, by Assumption 1, the eigenvalues of v*(u) are also bounded below by
v >0 for allu € Fo(M).

This also implies that the real parts of the eigenvalues of v(u) are bounded
below by v1 for all u € Fo(M). In addition,

e (W] < et He*tv(U)T” <emt (4.20)
for any u € Fo(M) and any t > 0 (see, for example, p. 86 of [29]).

Lemma 4.4. For each (ug,vg) € N there exists a unique globally defined so-
lution (us,vt),t € [0,00) to the SDE (4.13)—(4.14) that pathwise satisfies the
initial conditions. It can be chosen so that pathwise, t — u; is C' and satisfies
the ODE (4.10). We emphasize that the global-in-time existence relies on the
compactness of M.

Proof. The diffusion term for the SDE is independent of v and the drift is
an affine function of v, so compactness of Fo(M) implies that the drift and
diffusion are linearly bounded in v, uniformly in u. Therefore, by embedding
Fo (M) compactly in some R!, one can use the results on global existence and
uniqueness of solutions to a vector-valued SDE with linearly bounded coef-
ficients (see for example [1, Theorem 5.2.9]) to prove existence of a unique
globally defined solution to the SDE that pathwise satisfies the initial condi-
tions. One can modify the result on a measure zero set to ensure that the u
component is also a C'-function of ¢ and satisfies the ODE (4.10) everywhere,
not just a.s. O
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Often one is only interested in the evolution of the position, x; = 7(uy),
and velocity, @, degrees of freedom. The SDE (4.13) implies that &; = uv,
and, pathwise, u(t) is horizontal. In particular, for any w € R™, u(t)w is parallel
transported along x(t), the same as for the deterministic system. The following
lemma captures the dependence of the solution on the choice of an initial frame
in the case where o is given by Eq. (4.16).

Lemma 4.5. Let h € O(R™) and (us,v¢) be the solution to Egs. (4.13)—(4.14)
corresponding to the initial condition (ug,v). Suppose o(u) is obtained from
o(x) as in Eq. (4.16). Then

(ﬂt, f}t) = (Uth, h_l’l)t) (421)
is the solution to Egs. (4.13)~(4.14) with the initial condition (uoh, h='vg) and
the Wiener process Wy replaced by the Wiener process Wy = h™ W,
Proof. (i, ;) is a semimartingale starting at (ugh, h~'vg). The map

®(u,v) = (uh, h~v) (4.22)
is a diffeomorphism of N and, therefore, Lemma 4.1 implies

da, = (Rh)*(Hv(t) (Ut))dta

1
m
where R and L denote right and left multiplication, respectively. Using the
definitions of F'(u),vy(u) and o(u) this simplifies to

doy = —(Lp-1)«(F(ug) — v(ug)ve)dt + %(thl)*U(us)dVV‘9 (4.23)

1 1 ~
dﬂt = H{, (ﬂt)dt, d@t = a(F(at) — ’Y(ﬂt)ﬁt)dt + EO’(ﬂt)th (424)
O

5. Rate of Decay of the Momentum

We now begin our investigation of the properties of the solutions of the SDE
(4.13)—(4.14) in the small mass limit by proving that the momentum process,
pr = muy, converges to zero in several senses as m — 0. To this end, we
will introduce a superscript to the solutions, (u}",v}"), of Eqgs. (4.13)—(4.14) to
denote the corresponding value of the mass. The non-random initial conditions,
ug, Vg, wWill be fixed independently of m.

More specifically, the momentum process will be shown to converge to
zero at a rate dependent on powers of m. This convergence is shown with
respect to the uniform LP-metric on continuous paths (Proposition 5.1), L
metric (Proposition 5.2), and as a stochastic integral with respect to the mo-
mentum (Proposition 5.3). To prove these propositions, the equation for v},
Eq. (4.14), is solved in terms of u}*. Estimates are made on the Lebesgue
integrals much like in the ordinary differential equation case. The stochastic
integral term is rewritten to mirror the ODE case as closely as possible and
then broken into small intervals which can be controlled using the Burkholder—
Davis—Gundy inequalities.
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First we give some useful lemmas.

5.1. Some Lemmas

Lemma 5.1. Let X; = Xo + M; + A; be a continuous RF-valued semimartin-
gale on (Q, F, Fy, P) with local martingale component M, and locally bounded
variation component A;. Let V € L} (A) N LE (M) be R™**-valued and let
B(t) be a continuous R™*"™-valued adapted process. Let ®(t) be the adapted

R™*"_yalued C process that pathwise solves the initial value problem (IVP)
(t) = B(t)®(t), ®(0)=1I. (5.1)

Then we have the P-a.s. equalities

(1) /Ot & (s)Vad X, = /Ot VadX, + ®(1) /Ot o1 (s)B(s) (/O vrdxr) ds

(5.2)

/ Ved X, —<I>(t)/ (s)B(s) </t VTdXT) ds

(5.3)

for all t.
If the eigenvalues of the symmetric part of B,B* = (B + BT), are
bounded above by —a for some a > 0 then for every T > § > 0 we have the

t t
X [ e sup / / V,dX,
te[o, 7] 1/0 ko
(5.4)

where N = max{k € Z : k6 < T}. Here and in the following, we use the (*
norm on every R¥.

P-a.s. bound
t 4
sup ||(t) / o (s)Vs L+~ sup |B(s)|
t€[0,T) 0 @ selo,T]

max sup
k=0,....N—1te(ks,(k+2)s]

Proof. Using integration by parts, together with the fact that @ is a process of
locally bounded variation and ®(t) = B(t)®(t), we obtain the P-a.s. equality

@()/ O (s)Vod X, /VdX +/ B(s / O (r)V,dX,ds (5.5)

for all ¢.
Fix an w € Q for Wthh the above equality holds and con81der the result-

ing continuous functions r(t fo VodX, and y(t fo 5)V,dX,.
Eq. (5.5) implies that these satlsfy the integral equatlon
t
0+ / B(s)y(s)ds, y(0) = 0. (5.6)
0

The unique solution to this equation is [30]

y(t) = r(t) + B(¢) /0 1(5)B(s)r(s)ds. (5.7)
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This proves the first equality in Eq. (5.2). For the second, we compute

ot >/OtVdX ()/t@%s)B( >(/:vrdxr) as
o o o .- o))
:@(t)/o o 1(s)B(s) (/0 VdX)ds
+a() (I—/tqﬂ() was) [ vax,
:@@/t (/ o) o
(- 2 o)

- @(t)/o ®1(s)B(s) </0 V,dX, ) ds +/O V,dX,, (5.8)
where we have used the formula
%qu(s) = — 0 (s5)D(s)D (). (5.9)

To obtain the bound Eq. (5.4) we start from Eq. (5.3) and take the norm

to find
v [ "o 1 oyvax|| < e | t
+ [ oo @l [
(5.10)

For t > s, the fundamental solution ®(¢)®~!(s) satisfies the bound
@)D (s)] < els Amax(rdr (5.11)

where Apax(r) is the largest eigenvalue of B*(r) (see, for example, p. 86 of
[29]). Therefore, assuming Apax < —a < 0 gives

H<I>(t)/0t(1>_1(s) g /tVdX

4+ sup |B(s ||/ ali=s)

s€[0,t]

-1l ds.

e—ozt

ds.

[

(5.12)
For any T' > 6 > 0 we have the P-a.s. bounds

t
/ V,dX, / V.dX,
0

sup e~

te[0,T

< sup +e 0

te[0,6]

sup
tels,T]

t
| v
0

(5.13)
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[
l
ds) : (5.14)

and

sup | sup [ B(s)] / —a(t=9)
te[0,T] \ s€(0,t]
t
< sup 1B sup / emet=9)
s€[0,T t€(0,6] JO

t t
+ sup / e—alt=s) /Vrer
te[s,T] J0O s

The first term can be bounded as follows:

t t
sup / e—a(t—s) /
t€[0,6] JO s

t
= sup / e (t=9)
t€[0,6] JO

t
< sup / e~ =9)2 sup
t€(0,8] JO 0<7<6§

I ds

ds < — sup
Q 0<t<s

15)

In the second term, we can split the integral to obtain

t t
sup / e o(t=9) / -
tels, 7] J0 s
t—6 t t
= sup / eo(t=9) / r ds+/ e—alt=s)
te[s, 7] \Jo s t—5
t
S e sup

t
/VdX + sup/ e (t=9)
te[0,T] te[s,T) Jt—6

Let N = max{k € Z : k6 < T}. Then P-a.s.

sup / a(t—s)
te[6,T]

t
<  max sup /efa(tfs)
k=0,....N=1¢c[(k+1)65,(k+2)5] J ks

-l ds

[

ds>

-+l ds. (5.16)

[

t t s
= max sup / ea(t=9) / V,dX, — »d X, || ds
k=0,....N=1 ¢ [(k41)5,(k+2)8] J ko ks ks
t
< — max sup / (5.17)
Q k=0,....N—14¢ks,(k+2)d]
Combining Egs. (5.15) and (5.17) and using the inequality
t t
sup / max sup 5.18
tef0,5] 1 /o k=0,....N=1 tc ks, (k+2)d] ( )
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gives the P-a.s. bound

d(t) /Ot O (s)V,d X,

sup
te[0,T7]
t t
< sup / VdX,|| + e sup / Ved X,
te(0,0] 0 tels,T) 0
9 t t
+ — sup ||B(s)|| | sup /Vrer +e 0 sup /VTdXT
@ 5¢[0,T] t€[0,8] [1Jo tefo,7] [1Jo
t
+  max sup / V,.dX,
k=0,....N—1 e ks,(k+2)6] ||/ ks

/ Vdx,
0
) (5.19)

as claimed. O

4
< |1+ — sup [|B(s)] e” 0 sup
Q s¢l0,T) t€[0,T]

t
Vrd X,
ké

+ max sup
k=0,.... N=1 ye[ks,(k+2)6]

It will also be useful to recall the following (see [1]).

Lemma 5.2. If M € M®°¢ V € L2 (M), and E[f:o V2d[M]s] < oo for all t
then fti) VidM, is a martingale.

5.2. Limit of the Momentum Process

In this section, we show three propositions about convergence of the momen-
tum process p;* = mwv;" to zero as m — 0.

Proposition 5.1. For any p > 0,7 >0, and 0 < 3 < p/2 we have

E| sup ||p*|P| = O(m®) asm — 0. (5.20)

te[0,T)

Proof. The strategy here is to first rewrite the equation for p;” so that the

stochastic integral term has the same form as the left-hand side of Eq. (5.2).

Using the bound Eq. (5.4), we will then be able to show that both terms decay

as m — 0. The first term will decay exponentially, and the second term will

decay because the stochastic integrals will be taken over “small” time intervals.
The momentum solves the SDE

1
= (PO = ) e+ o), (5.21)

This is a linear SDE on R™ where F(u}"), —-=~(uf"), and o(uj") are
pathwise continuous adapted vector- or matrix-valued processes, and so its
unique solution can be written in terms of u}’

P = (1) (p? + [ B () F(ug)ds + / t <I>1<s>o<u;">dws) (5.22)
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where ®(t) is the adapted C* process that pathwise solves the IVP
. 1 m
o(t) = ——(w") (), 2(0)=1. (5.23)

This technique of utilizing the explicit solution of a linear SDE to ob-
tain estimates is used in [31], where the case of constant, scalar drag on flat
Euclidean space is studied.

By Assumption 1, the symmetric part of —%v(u) has eigenvalues
bounded above by —v1/m < 0 with the bound uniform in u. Therefore, using
Eq. (5.11), for s < t,

@)D~ (5)]] < e l=2)/m (5.24)
and hence for every T > 0,p > 1,

sup I[P < sup 3P (e-wt/%pnvoup
te[0,T] te[0,T]

t p
w ([ ememips)
0

+ H(D(t) /Oti)_l(s)a(u;”)dWs ,,)

@(t)/o O 1(s)o(u™)dW,

_ mP
< g1 <mp||vo|p + PR,
1

+ sup
te[0,7]

p) , (5.25)

where ||F||oo denotes the supremum of ||F(u)|| over u and we have employed
the inequality

N p N
(Z ai> <SNPEY af (5.26)
1=1 i=1

for every p > 1, N € N.
Taking the pth power of Eq. (5.4), for any 6 with 0 < § < T we have the
P-a.s. bound

t P
sup |6(t) [ @ (o),
te[0,T] 0
4 P t p
S e N O B G / o (uy)dW,
Y1 selo,T t€[0,T) 0
t p
I max sup / o u;n dWr 5.27
k=0,....N=1 e ks, (k+2)5] || ks ) | )

where N = max{k € Z : k6 < T'}.
We now return to bounding the momentum using Eq. (5.25). As was done
in Eq. (5.25), the supremum of a quantity ||A(u)| will be denoted by || A co
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for an arbitrary matrix- or vector-valued function A (rather than by the more
precise but less readable ||| A[loo)-

1 mP 1 4 P
sup |[[p}"[|” <3770 mPlwoll” + — 11 + 27 (1 + ||w|oo>
t€[0,T7] 7 !

p

N-1 pa\ 1/4
(;_o te[kd,(k+2)9) )

where we used Eq. (5.27) and the fact that the supremum norm on R¥ is
bounded by the ¢7 norm for any ¢ > 1. We will take ¢ > 1.

Taking the expected value and then using Holder’s inequality on the
expectations, we get

x [ e PM/™ sup
te[0,7)

t
/ o(u®)dW,
0

t
/ o(ut)dW,
k

5

E

_ mP
sup IPTIP] <3P mP|lwolP + —5 |1 F 1%
te[0,T) M

sup
t€[0,T)

t
/ o(u*)dW,
0

1/q
P ra
4 or—1 <1 + 4||7|OO> e~ Pon/mp ]

st

N—-1 pq 1/q
- <Z E D : (5.29)
k=0

The Burkholder-Davis—Gundy inequalities (see for example Theorem 3.28
in [1]), for d > 1 imply the existence of a constant Cy, > 0 such that

sup
te[ks,(k+2)8)

t
/ o(u)dW,
k

1

. J - /2
Bl sw | [ omaw,| | <ok ( / ||a(u;n)||%dr> (5.30)
0<s<T||Jo 0
where || - || denotes the Frobenius (or Hilbert—Schmidt) norm.

Therefore, letting § = m!'~" for 0 < k < 1, we find

m||p p—1 P P m? p p—111/q 4 !
E | sup |[]p/"[P] <3 mPllvg||” + — 1 FlI5 + 2P Cpif ( 1+ —[17lloo
t€[0,7] T !
T pa/2] M4
x | emmim*E ( / |o<u:">||%dr>
0
N-1 (k+2)5 pq/2) /4
(e ( / ||a<u;“>||%dr>
k=0 ko
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s [mpw 17+ m*pHFHp +2P71 0 o)
= 0 e e

pa,n
4 Pl L) 2 2\ /4
x [ 14+ —|7]loo e~P/m /2 4 9p/ (N(;pq/ ) ,
T
(5.31)
where we define ||o||p 00 = sup,, |lo(u)||F.
N < T, hence
N§P/2 < pgpa/2=1 — i, (1=r)(pg/2-1) (5.32)
Therefore,
E | sup [pf"[[?| = O(m == p/2=1/a)), (5.33)
te[0,T

For any 0 < 8 < p/2 we can choose 0 < k < 1 and ¢ > 1 so that
(1 -=k)(p/2 —1/q) = B, thereby proving the claim for p > 1.

For any 0 < p < 1 and 0 < 3 < p/2, take ¢ > 1. Then Bq/p < ¢q/2 so,
using Hélder’s inequality, we find

<E ( sup IIPTP>
t€[0,T)

If we do not take the supremum over ¢ inside the expectation, we can
prove a stronger decay result.

q/p P/
E

sup ||p;"{|” o(m”). (5.34)

t€[0,T]

O

Proposition 5.2. For any g > 0 and any mo > 0 there exists a C > 0 such that

sup  E[lpi"]|] < Cm?/? (5.35)

te[0,00

for all 0 < m < my.

Proof. Let v1 > o > 0 and define the process z;" = et/ M. By Itd’s formula
t o t 1
= [ Zerass [ (P - Sawrr) ds
o m 0 m
t
+ / e/ M (u™)dW, (5.36)
0
o1
i [ |- = @ e )] ds
0 m
t
+ / e/ Mo (u)dW. (5.37)
0

This holds for any «, but we will need 0 < a < 71 later.
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Now, applying the It6 formula again to ||2/||? = (2/*)T 2 we find
¢
1 5/ m
I = g 2 [ T (=) - @)+ e/ mE ) as
¢
- eaS/M<z?>To<u?>dWs)
0

+Z Z/O eas/m 2 dWJ Z/ as/m z dWJ
i J

t

(5.38)
The quadratic variation term is
Z/ eas/m 7, dW] Z/ as/m z de
7o ,
t
= [ e ot s (5.39)

Therefore,
) t t
1 = g = o [T ) = )sds 2 [ el TR s

¢ t
_|_/ eQaS/m||0(u;n)H%d$+2/ eaS/m(Z:z)TU(uT)dWs. (5.40)
0 0

First we will show the result for ¢ = 2p with p a positive integer. Using
1t6’s formula one more time, we obtain

I = 12 = 2 [l G ) — o)
#2 [ plp POt (G R as
t
+ [ pll et s
_ t
# P20 [ po2igeesim ot o)z s

t
+2/ pll2 2P/ (2 g (u™) AW, (5.41)

By Assumption 1, we have yy(u)y > v1||y||? for all u € Fo(M),y € R™.
Hence, defining € = v1 —a > 0, we deduce from here the following upper bound
on the norm of pj”.

2 t
I < e et = 2B [ et m g
0

t
bap [ e 0D ) T R s
0
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t
b [ e P o ) s
0
t
b 2plp = 1) [ e I 2T (s
0
t
bap [ e PO G o (.42
0
Using Lemma 5.2, the following computation shows that

S

t
M= [y D ) o u)aw, (5:43)
0
is a martingale.

t
B | [ 1m0 o Pas
0

< etratim |2 1B

sup p;”ll‘*“] < 00, (5.44)
€[0,t]

S

where in the last step, the expectation is finite by Proposition 5.1. Using this
and taking the expected value of Eq. (5.42) we find, for any a > 0,

o R A P e / ¢=2palt=9)/m ]| pm 2P ds
t
+2p / ¢=2palt=3)/m || pm | 20— 1) ()T ()] ds
0
t
+p / e=20at=9)/m B[] 2D | (™) 2] ds
0

t
+op(p - 1) / =2t m | 202 o ()i 2]
(5.45)

t
< et/ 2 [ e m gy s
m-Jo

t
+p/0 e 2B pl P (@ (|ps )P + || 3 /a*)]ds

t
- llo 3 + 20(0 — Dllo]2) / ¢~ 2pat=9)/m B pm 20 D]ds

— ot/ m m 26 ! - x(t—s)/m m
=g - p (2 a2 ) [ e m gy las
(5.46)

t
+pHF||go/02/ e_2pa(t—5)/mE[||pgl||2(p—1)]d8
0

t
+ (pllol 7,00 +2p(p — l)l\al\io)/o e el p[||p PP D] ds,
(5.47)
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Letting a® = 2¢/m yields

m — (0% m m pm
E[||p"]|?7] < e~ 2Pot/™|pm |2 + (;IIFllio +pllollF 00 + 2p(p — l)llallio)
t
X / e~ 2palt=s)/m py||pm | 2(p= 1)) s, (5.48)
0

For p = 1, this becomes

E[||m2< 2 —2at/m 2 m—QFQ m. 2 5.49
PR < mPe 2 w2+ T FIE 4 S ol (5.49)
Hence,
2
Epr 12 < m2|vel? + ——||F|2, + —=|lo]f2.o, < C 5.50
e 2E* IIF] < m7fwoll” + = l1Flls + 5 lollmee < Om- (5.50)

for all 0 < m < myg. So the claim holds for p = 1.
Now suppose it holds for p — 1. Then

pm
sup E[|pf" 7] < m2 oo [ + (21 FIZ + pllol} o + 20(p = Do)
t€[0,00) €

t
< sup [ et m bl (5.51)
te[0,00) JO

pm
< m? ol + (B2 112 + pllol} + 200 = Do]1%.)
t
X sup /e_2pa(t_5)/mds sup  E[|[pr?P~Y] (5.52)
t€[0,00) J O t€[0,00)

< m? vy 2P + cmp—l%%

Py 2 _Dlel2
< (B IEI + pllo o0 + 2000 = 1)o]12 )
CmP (5.53)

IN

for all 0 < m < mg. This proves the claim for all positive integers p by
induction.

Finally, let ¢ > 0 be arbitrary. Take p € N with 2p > ¢. Using Holder’s
inequality we find

t€[0,00)

€[0,00)

a/(2p)
sup E[[|p"[|] < <t sup E[||p§"||2p]> < (CmP)1CP) = Cm?/?

(5.54)
for all 0 < m < mg. Therefore, the result holds for any ¢ > 0. g

We can use the above decay results to prove that certain integrals with
respect to the momentum process also vanish in the limit.
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Proposition 5.3. For any smooth function f on Fo(M), anyT > 0,p > 0, and
any o, 3 =1,...,n we have

/f e ()P

where «, B refer to the components of the momentum process in the standard
basis for R™.

Proof. First assume p > 1. Integrating by parts, and using the fact that u™ is
pathwise C!, we get

/ flu ) (pM)?) = f) ) v = fug) wg)* (v5")”

p

sup = O(mP’?) as m — 0, (5.55)

0<t<T

t
d
*/ (PT)“(pT)ﬁdff(uT)ds. (5.56)
0 5
From the original SDE, Eq. (4.13), u™ satisfies the ODE @ = H,(u), so
d my 1 m
/W) = — Hpp (u)[S]- (5.57)

Fo(M) is compact, hence f is bounded. Therefore, decomposing the vector
py' in the standard basis e, of R™ and using the notation H, introduced in
Lemma 3.2, we have

sup
0<t<T

/f P )|
<o (8] s IO G| + B (L) 08) 0p)

)
<o (71 [ sup 150717 + 712 ool )

R

+E | sup

0<t<T

JREARCA T ATA

E

+ sup / (5™)* ()P (o) H, (u) [ f]ds

mp 0<t<T

p] . (5.58)

We have assumed p > 1, so we can use Holder’s inequality with exponents
p and p/(p—1) to estimate the last term. Using boundedness of H,[f] (implied
by compactness of Fo(M)), this gives
p]

T P
( / |<p:”>a<p;”>ﬂ<p;”>”m<u;">[f]ds> ]

/0 (p?>a<p:”>ﬂ<p?>”Hy<u?>[fnpds]

E | sup

0<t<T

/0 (P ) (o) H, (™) fds

<E

<7TPr'p
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T . T
/O I *rds | = cTr! / E [ %7] ds

< CT? sup E[||pl|°"] (5.59)
0<s<T

pl

< CTP'E

for some C' > 0.
By Proposition 5.1, for any 0 < k < p we obtain

/ P () (o))

sup
0<t<T
o 3p—toTr
<O(m®) +=——— sup E[|p}"*] . (5.60)
m 0<s<T

Applying Proposition 5.2 to the second term we get

/ S (™) ™))

sup
0<t<T

p]
p—1 D
< O(m*) + ﬂcmi’»pﬂ
mP

< O(m") + O(m?P/?). (5.61)

Taking x = p/2 gives the result for all p > 1. The result for arbitrary p > 0
then follows by an application of Holder’s inequality, as in Propositions 5.1
and 5.2. 0

6. Calculation of the Limiting SDE

We now manipulate the SDE, Eqgs. (4.13)—(4.14), for (u}*,v]") to extract the
terms that survive when m — 0 and thereby a candidate for the limiting SDE.
The actual convergence proof will be given in Sect. 7.

To express the equations in terms of Lebesgue and It6 integrals on some
R!, we consider the composition of a function f € C*°(Fp(M)) with u/. The
following equations are then satisfied on R and R", respectively,

df(u;") = Hop (ug")[f]de, (6.1)
1 1
dv* = = (F(u}") — y(u)vi")dt + —o(u)dWy. (6.2)
m m
We know that the momentum, p}*, converges to zero (in various senses)
and our objective will be to separate out such terms. We begin by solving

for vj*dt in the equation for dv]™. Note that, by assumption, v*(u) is positive
definite for all u, and hence 7(u) is invertible for every u. Therefore,

vftdt = =y (g )dp)" + T (u) F(uyt)dt + 7 (ui)o(upt)dWe. (6.3)
Using the linearity of H, in v, the first equation can be written

df (") = (vf")" Hy (u]")[f]dt, (6.4)
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where we are again using the notation H, introduced in Lemma 3.2 and com-
ponents of the R"-valued process v;" will always refer to the standard basis.
For any n x [ matrix A, we will let H4(u) denote the element of (R!)* with
action w +— Ha,,(u). For any R!-valued semimartingale, X, we will also write
H(u)dX as a shorthand for the contraction Ha, (u)dX".

With these notations, after substituting Eq. (6.3) into Eq. (6.4) we obtain

df (u") = =H, (u)[F) (v~ ) (u)d(pi")"
+ Hy ()10 (") B (u)dt
+ H, (u) (v () (uy) dwy!
= —Hymrupy (w)[f1d(0r") + Hy -1 pyupey (ui") [ fld2
+ Hiy10y ) (ui) [f1AW. (6.5)

—
/\/‘\A

Remark 2. Here and in the following, components of matrix- or R™-valued
functions on the frame bundle, such as y(u) or F(u), as well as the implied sums
over repeated indices, will always refer to the standard basis. We emphasize
that these components are unrelated to local coordinates on M or Fo(M) and
do not in any way imply that the statements have a local character. Rather, by
lifting a tensor or vector field from M to a matrix- or vector-valued function on
Fo(M), we are able to speak about its components in each frame in a globally
defined manner.

The second and third terms in Eq. (6.5) are independent of the momen-
tum, so we focus on the first term. Integrating by parts and using the fact that
uf™ is pathwise C1 and satisfies the ODE (4.13) we get

Hvﬂ(u;")(ufl)[f]d(p?”)

= Ay (D) — ) O 1 e, () )
= AH g (1) — ) S e, (o)
= (s t(umm) (o0")" Hoge () (e HL )

= (s e D) — (o) ("R (6.6)

by Eq. (6.4), where we define

KJo(u) = He(u)[(v )51 Hu(w)[f] + ()b (w) He (w) [Hu[ ] (6.7)
The equation for f(u}*) then becomes

df (i) = —d(Hy=1 pyppe () [f]) + m(of)” (v ) K, (uf)dt

+ H(y—lp)(uyb)( ¢OUf1dE + Hy=10) ) (ug") [f]AWe. (6.8)
To simplify m(vj™)” (vi")*dt, we follow [13] and compute
d(m(v")"m(vi")") = m(vf")"d(m(v;")") + m(v;")*d(m(vi")")
+d([m(v")", m(v")"])
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= m(v;")"d(m(vy ))+m( ¢ )" d(m(vi")”)
+Zaé ug" oy (uy)dt, (6.9)

where we have used the SDE for (vj™)”, Eq. (6.2). Defining
S () =Y of (u)of (u) (6.10)

0

and using the SDE for (vj")” again, we get
d(m(vf") m(vf")*) = m(of)” (F*(uf") — 7§ (uf®) (vf")*)dt

+m(vt )" o (uf AWy
m(o Y (F (uf) — ¢ (uf”) (v]")*)dt
m(vy ) oy (ug" ) AW, + B (uy")dt. (6.11)

Therefore,
m(of )¢ (uf) (o) *dt + m(v" )¢ (uf") (vf")  dt
= —d(m(vf")"m(vi")"*) + ((p")" F* (uf") + (p}")" F* (ug")) dt
+ (o) ol (ug) + (") oy (uf)) AW + B9 () dt. (6.12)
i)

For scalar «, one can immediately solve for m(vj®)"(vi*)*dt. To handle
the general case, we utilize the technique developed in [13]. First we rewrite
Eq. (6.12) in integral notation:

[ (e e + me g o)) s

= —m(v{")"m(vi" )" +m(vo)”m(vo)"
" / (™) P (™) + ()P F* () ds
+ / () o () + (PP (u)) AW + / S (u)ds.  (6.13)

The formula for the left-hand side implies that the right-hand side, which
we denote by CI", is C! P-a.s. and so we can differentiate both sides with
respect to t to obtain

m(uf) g (uy) (o) + m(of" g (u) (v = CF". (6.14)

Define the matrix V;"* = m(v™)” (v{*)*. The above equation can be writ-
ten in matrix form

WV + VAT =C. (6.15)
This is a Lyapunov equation, where —+v has eigenvalues with real parts
bounded above by —v;. Hence, we can solve uniquely for V,

o0
V:/ eV Ce ¥ dy, (6.16)
0
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see for example Theorem 6.4.2 in [32]. Integrating with respect to ¢, we get

/m Hds—/ / eV (e ) Edy(C,) s, (6.17)

Define the functions G,¢(u) = fooo(e‘yV(“))Z(e_W(“))gdy. Using the
dominated convergence theorem, along with the formula for the derivative
of the matrix exponential found in [33], one can prove that G is a smooth
function of u. Therefore, the Gn§ (uf") are semimartingales and

m s = ‘ ﬁaum py o ‘ 5aum MV (T [
A ras= [ @gswnace = - [ Gienawry ey
+ GRS ) () FH (uf) + (0 ) F (u)) ds

A Gl (ud") (P& oy (ul) + (") oy (ul)) AW

t
+ / GOo(u) 2" (ul")ds. (6.18)
0
Note that if we define
JP(u) = Gﬁﬁ (u) X" (u) (6.19)
then J is symmetric and is the unique solution to the Lyapunov equation
vJ 4+ JyT =% (6.20)

Using Eq. (6.18) we find that f(u}") satisfies
Af(uy™) = Heyor gy (ug) [F1dE + T5 (uf) K () dt
+ Hy-10) iy (ui") [ AW
— d(Hys e () [f]) = K (u) G () d((0F) (97)*)
+Kfa(ut )Glp (u) ((p")" F”(ut )+ () (")) dt
+ Kb (uf) G (up) (7)o (uf) + (}")” oty (uf™)) AW (6.21)

Based on the results of Sect. 5, we expect that terms involving pj* will
converge to zero as m — 0. Therefore, if it exists, we would expect the limiting
process u; to satisfy

Af (u) = Hiy-1 ) () (1At + T () K f (we)dt + Hy1) gy () [ 1AW
(6.22)
for every f € C*®°(Fo(M)). Note that by Lemma 3.5, the first term is the
horizontal lift of the vector field (y~1F)(x) on M to Fo(M),

Hey sy (0) = (7 F)* (u). (6.23)

To express Eq. (6.22) as an SDE on the manifold Fp(M) we need to
rewrite it using the Stratonovich integral. This is accomplished by the following
lemma.
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Lemma 6.1. An Fo(M)-valued semimartingale uy satisfies the SDE

du, = (7_1F>h(ut)dt + Hy-10)(uy) () 0 dW;

- % DO et (ue) (v ()5 Hy (ue) (o] He (ur )t

87

- (™ ) )R (ue) vy (ue) = T (ur)) Hyp(ue) (7)) He (ue)t

2
ST ) (™ )3y F) ) (6.24)
i
df (ue) = Hy=1pyu,) (ue) [f]dE + Jﬁ“(ut)Kéa(ut)dt + Hiy-10) () () [f1dWr
(6.25)

for every f € C®(Fo(M)). The sum over o in Eq. (6.24) is taken over the
standard basis for RF.

Proof. By Lemma 4.2, u; satisfies the SDE (6.24) iff
df (u) = Hiy=1 ) () () [f1dE + Hy=10) () () 1AW,

-y (gt () Hy ) ()0 He [ F) A WP,

2
- %(7’1(Ut))ZUZ(Ut)(Tl(Ut))ﬁHn(Ut)[GE]Hg[f](Ut)fsaﬁdt
- % (O e BT X (ue) vy (ue) = T (ur)) Hy (ue) (7)) He (ue) [ fdt

- %Jg”(uze)(v’l(Ut))Z[Hn,Hs](m)[f]dt (6.26)

for all f € C>°(Fo(M)).

The Lyapunov equation, Eq. (6.20), implies v~ !S(y~HT = A71J
+ J(y~1)T. Together with the symmetry of J and X, this yields the following
for any Fo(M)-valued semimartingale u; and any f € C(Fp(M)).

SO ) ot () o) (s Hel Sdlw™, W),
= SO @) (ue) (o) (1o () He () [

() ) s 5] e 1) + (3 ) ) o () [F[£])) 6%

(6.27)
= 5 ) () Hly ) (5] e () [l
3O ) ) oy ) () o] e ) )6t
3O @) () (0 (), (o (s (L) + HeCw) [ 7] - (6.28)
= SO ) () Hy ) [ ()5 e () e
o )t e) () Ho () o5 e ] )57l
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T () (o () ([Hy, Hel () ]+ 2He () [y 1)) (6.20)

= J (w) K [ (ur)dt + %(771(Ut))ZUQL(ut)(fl(Ut))ﬁHn(Ut)[UE]Hs[f](ut)éo‘ﬁdt

+ % (7w =" (we) = 2J™ (ue)) Hy (un)[(v~)5] He (ur) [f]d2
+ %Ji”(m)(fl(ui))ﬁ[ffmHs](m)[f]dt- (6.30)

Using the Lyapunov equation, Eq. (6.20), one more time gives

IS 27 =47yt — (6.31)
Therefore, combining the result of Eq. (6.27) with Eq. (6.26) yields
Eq. (6.25). O

The proposed limiting SDE, Eq. (6.24), includes a drift term generated
by the vector field S(u) = S”(u) + S (u), where

S"(u) =~ lz:(v’l(Ut))ZUZ(Ut)(Tl(Ut))'iHn(Ut)[cfé]Hg(Ut)

2
5 (O T ) — T ) Hy () (S ),
(6.32)
§° () = = 5T () (™ ()31, Hel (). (6.3

This is on top of the horizontal lift of the deterministic force to the frame
bundle, (y~'F)"(u). S"(u) is a linear combination of the H,(u)s, hence is
a horizontal vector field on Fo(M). It corresponds to an additional “force”
on the particle’s position, which we call the noise-induced drift. A nonzero
noise-induced drift requires either a non-trivial state dependence of the noise
coeflicients, ¢, or non-trivial state dependence of the drag, together with
v~ 1J4T # J, but it does not require any deterministic forcing, F, to be present
in the original system. An analogous phenomenon was derived in Euclidean
space of arbitrary dimension in [13]. See [34] for a recent review of noise-
induced drift in systems with multiplicative noise.

For a torsion-free connection on M, such as the Levi-Civita connection
employed here, the [H,, He] are vertical vector fields on Fp(M) that can be
expressed in terms of the curvature tensor [8]. Therefore, the SV is a vertical
vector field on Fo (M) that results in an additional rotational “force” on the
particle’s frame.

Note that if v is a scalar then 7 and J commute, hence the second term
of S vanishes. SV also vanishes in this case, due to the symmetry of .J&7
combined with the antisymmetry of [H,, He].

6.1. Some Special Cases

Before we prove convergence to the proposed limiting equation, Eq. (6.24), we
will study its form in several cases of interest. For all these cases, we make the
assumption that k = n and o comes from a G)—tensor field, o(z), on M, as
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in Eq. (4.16). The following lemma will allow us to obtain a geometric formula
for the noise-induced drift in this case. A similar study could be done in the
case of Eq. (4.15), but we do not pursue this here.

Lemma 6.2. Let 0,7, k, be (}) -tensor fields on M and define the matriz-valued

functions o (u), 7(u), k(u) as done in Eq. (4.16), i.e., o(u) = u~to(n(u))u and
similarly for 7, k. Let Y be the vector field on M defined by

YX(x) = g"° (2)7) (2)r (2)(V 3oy ) (). (6.34)
The horizontal lift of Y is given by
Z TV [o5]k¥ (u) Hy (w). (6.35)

Proof. We work in the domain of a coordinate chart and local o.n. frame F,
and use the notation defined in Sect. 3.2. Let ¢#(x) be the components of o
in the frame F,. Therefore,

o¢ (u) = (W)l (x)hg (6.36)
and similarly for 7, k. Using Sect. 3.2 and the fact that h € O(R™), we obtain

YT wH (w)og] =Y (wh] (A7) (2)0io% (w) — kAR ()04 0% (u))
=D @hy (A)s(@)di((h 5o (x)hh)
— iy A (2)0ps (W™ 150X (2) 7)) (6.37)

7 (x) (Z hph (A1) () (A 1)50:(0)) ()

—Zh"hmﬁﬁ )O3 (1)) x (x)hs,

- Z hiphty A%, () ()50 ) (2)Dhs (h§)> (6.38)

7 (x) (5””(/\I)E(x)(hl)i&(di,‘)(x)

= 0P hyy A (@) (= 0s (M)A )5)o X ()

- Z he i A, (z)(h™ 1) o X (2)856L (6.39)
=7, (x>6””((A D) (hH)58i(0)) (@)
+ hEAS (@) (B )50, (D) () Yo X (@)

— A% (2)(h 5o (2) (6.40)
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=7 ()8 (A~ H)(2) (h™1)3 (o)) (@)
+ B A (@) (D5 () yoX ()

—A‘Zap( )(h™1)5o5 (2)) (6.41)
7 (2)8"7 (A1) 5(2)9 (o)) (x)
+AXK( Yoy (x) = A, (@)o3 (x)) (h ™15 (6.42)

In the last line, the terms in parentheses are the components of the co-
variant derivative of o in the direction Eg; therefore,

YT H, (w)og] = 7 (2)8" (Vo)X (@) (h ™15 (6.43)

All tensor components are taken in the o.n. frame E,, hence g*” = §**.
Therefore,

YT H, (w)of]rE (wex=u" (g7 7] (@) (V50)j (2) k() E,) = u™ 'Y ().

(6.44)

This proves
> (W Hy (w)of)rg (u) Hy(w) = Hy-ry(n(y) = Y (w). (6.45)
O

Several applications of the above lemma can be used to show that, for
tensor o, the noise-induced drift is a horizontal lift.

Corollary 6.1. Define the smooth tensor fields on M,

S (x) = o8 (2)g*” () (), (6.46)
T () = /0 (@) () (e @)y, (6.47)
L (z) = /OOO(7_1(33)6_1”(”))Zzaﬁ(ﬂf)(7($)6_y7(w))2dy~ (6.48)

Then the noise-induced drift vector field, S", is the horizontal lift of the
vector field, Y, on M defined by
1., _ _ 1 _
VX = =g (y )0 )y V0h — S (1P = IP)Ta( Y. (6.49)

An important special case is when the drag and noise satisfy the fluc-
tuation—dissipation relation.

Corollary 6.2. (A particle satisfying the fluctuation—dissipation relation) Sup-
pose the fluctuation—dissipation relation is satisfied,

V@) = sk (w)g (@) )gn, (o), (6.50)
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where T is the temperature and kg is the Boltzmann constant. Then y¥(u) =
ﬁgﬂm(u)éaw JH = EgTé", SY =0, and S™ is the horizontal lift of

VX = —kpTg (o) (v 1) V0. (6.51)

Next, we specialize to scalar drag.
Corollary 6.3. (A particle with scalar drag) If v¥(x) = v(z)o¥ for some v €
C>°(M) then S* =0 and
1

Sh = 7(7*21/)’1, YX = g"PolV goX. (6.52)

The proposed limiting SDE is then
1
duy = ('y_lF)h(ut)dt— 5('y_QY)h'(ut)dt+'y_1(7r(ut))HJ(ut)(ut)oth. (6.53)

Next, we consider the case where both v and o are scalars.
Corollary 6.4. (A particle with scalar drag and noise) Specializing further to
v (z) = ~y(x)d* and ot (x) = o(x)d¥ for some v,0 € C°(M) we obtain
SY =0,

1

Sh = 75(7720V0)h, (6.54)

and hence the proposed limiting SDFE is
1
duy = (v 1F) (ug)dt — 5(’}/_2JVU)h(ut)dt + (v o) (m(ug)) H (ug) o dW;.
(6.55)
In particular, if o is a constant then the noise-induced drift vanishes.
Finally, we arrive at the case that leads to Brownian motion in the limit.
Corollary 6.5. (Brownian motion) If v = o are constant scalars and F = 0
then the proposed limiting SDE is
dut = H(ut) 9 th, (656)
whose solution is the lift of a Brownian motion on M to the frame bundle [8].
Once we prove convergence in the next section, this last corollary will
complete the objective set forth in the introduction, namely deriving Brownian
motion on the manifold as the small mass limit of a noisy inertial system with
drag.
6.2. Behavior Under Change of Frame

The transformation properties of the proposed limiting equation Eq. (6.24)
under right multiplication by an orthogonal matrix are given by the following
lemma.

Lemma 6.3. Let h € O(R™) and u; be the solution to Eq. (6.24) corresponding
to the initial condition ug. Suppose o is of the form Eq. (4.16). Then

is the solution to Eq. (6.24) corresponding to the initial condition ugh with the
Wiener process Wy replaced by the Wiener process Wy = h™'W,.
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Proof. 1, is a semimartingale with initial condition ugh. Right multiplication
by h is a diffeomorphism, and hence by Lemma 4.1, @; is a solution to

diie=((Rn)« (v " F)" 4+ (Rp)oS™ + (Rp)+S") ()t + (Rp)« (Hoy-1,) (@) o d Wy

(6.58)

By Lemma 3.5, horizontal lifts are invariant under right translation. The
vertical term is also right invariant by the following computation:

((Bn)«5°)(ar) = (Bp)« (5" (ur))

= —%ﬁ”(un(v*(ut)m(Rh)*Hm (Rn )« He] (i)

1 -
= —g(hfl)gﬁy(Ut)(fl(Ut))Z(hfl)%[HmHﬁ](ut)- (6.59)
Using the definition of v(u) along with Eq. (6.19), one can show that
()T () (v~ e )RR )y = 7 (@) (v (i) (6.60)
and hence
((Rp)«S") (1) = S (). (6.61)
The last term in Eq. (6.58) is
(Rh)*(H,y—lo-)(’l’lt) = Hh—l(,y—lo-)(ut)(ﬂt) = H(Tlg)(ﬂt)hq(ﬂt). (662)
Hence, we have
diiy = (v F)" () + S () + S° (@) + (Hy-1,) (@) o AW, (6.63)
as claimed. 0

We end this section by showing that if one is only interested in the statis-
tics of the position process, then the vertical drift term, SV, can be neglected.

Proposition 6.1. Let u; be the solution to the proposed limiting SDE, Eq. (6.24).
Suppose o is of the form Eq. (4.16). Then there exists an O(R™)-valued semi-
martingale, hy, with hg = I, the identity matriz, such that u; = uihy s a
solution to the limiting SDE, minus the vertical component of the drift, i.e., a
solution to

dity = (Y F)" () dt + H(y-10)(a,) (@) 0 AW,

5 S ) () Ho ) o Hi )

5 (7 B e i) = T () Hy )5 i),
(6.64)

where the Wiener process W, = fot hyYdWy is used in the Stratonovich integral.

In particular, since ughy and uy have the same position process and unique-
ness in law holds for an SDE on a compact manifold (as can be seen by em-
ploying a smooth embedding in some R' along with the corresponding result in
[1]), the distribution of the position process is unchanged by the vertical com-
ponent of the drift, even if one does not make a change to the Wiener process

Wre.



746 J. Birrell et al. Ann. Henri Poincaré

Proof. Note that for any O(R™)-valued semimartingale, h;, the process W, =
fot h;1dW; is a continuous R"™-valued local martingale with quadratic covari-
ation

t
[W“,Vvﬁ]t:/o (hy Mg (hyh)Es5%ds = 6. (6.65)

Hence, W, is a Wiener process by Lévy’s theorem [1].

We will show more generally that given a vector field, Y (z), on M, a
(})—tensor field, 7(z), on M, and a vertical vector field, V(u), on Fo(M) (not
to be confused with the forcing, Eq. (4.12)) one can go from a solution of the
SDE

duy = (Y)"(ug)dt + V (ug)dt + Hy () (ug) o dW; (6.66)
to a solution of
diy = (Y)"(i)dt + H,(a,) (i) o AW, (6.67)
with the same initial condition in the manner described above.

Let ¢ : Fo(M) x O(R™) — Fp(M) be the right action and, for u €
Fo(M), define ¢,,(h) = ¢(u, h). These are both smooth maps. For each A €
o(R™), the Lie algebra of O(R™), we obtain a smooth vertical vector field V4
on Fo(M) defined by

Va(u) = (¢u)+A. (6.68)

If we let A; be a basis for o(R™) then V;(u) = Va4, (u) form a basis for the
vertical subspace at each u [8]. Therefore, we can write V (u) = V¢(u)V;(u) for
some smooth functions V¢ on Fo(M).

Let X; be the smooth right-invariant vector fields on O(R™) defined by
Xi(h) = (Rp)+A;. Consider the SDE on the compact manifold Fo (M) xO(R™),

duy = (Y )h(ut)dt + V(ug)dt 4+ Hr () (ug) o dWs, (6.69)

By compactness, a unique solution, (u, k), corresponding to the initial

condition (ug,I) exists for all ¢ > 0. Note that the first component, wu;, is a
solution to Eq. (6.66) with the initial condition wy.

Next we see how the vector fields of this SDE behave under the pushfor-
ward.

G (V)" (u) + V (u), =V (u) X;(R))
= (Rn)«((Y)"(u) + V() = (6u)« (V' (u) X;(h))
= (V)" (uh) + (Rp)«(V(u)) = V' (u)(du 0 Rn).A;
= (V)" (uh) + (Rp).V (u) = V' (u)(Rn).Vi(u)
(V)" (uh) (6.71)

~

and

o (HT(U)ea (u) ) (Rh) T(u)eq (u)
= Hh—lr(u)ea (U'h) = (h’_l)gH’f‘(uh)Cg <Uh) (672)
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Using Egs. (6.71) and (6.72), we can derive the SDE satisfied by the
semimartingale 4y = urhy = ¢(us, hy). For any f € C®°(Fo(M)),f = fopisa
smooth function on Fo (M) x O(R™), hence

S () :f(uo,1)+/0 (V)" (us) + V(us), =V*(us) Xi(hs))[f)ds

t
+ i H. () (us)[f] 0 AW (6.73)

= fluo) + [ ¢((Y)"(us) + V(us), =V (us) X;(hs))[ flds
+ o (ZS*HT(ug)(us)[f] o dW; (674)

=f(uo)+/ (Y)h(ﬂs)[ﬂdsﬂLA H.(a,)e, () [f](h H)a 0 WS

=f(uU)+/0 (Y)h(ﬁs)[f}ds+/0 H.(a,)(is)[f] o AW, (6.75)

where we used the fact that h; has locally bounded variation, and hence
t t
/ hylodW, = / htdW, = W;. (6.76)
0 0

Therefore, @; solves the SDE (6.67) with the initial condition wg, as
claimed. Applying this result to the proposed limiting SDE, Eq. (6.24), com-
pletes the proof. O

7. Existence of the Zero-Mass Limit

We are now in a position to prove convergence of the solutions of the SDE
with mass, Eqs. (4.13)—(4.14), to the solution of the proposed limiting SDE,
Eq. (6.24), as m — 0. First we need a pair of lemmas that relate metric dis-
tance on Fp(M) to smooth functions. These lemmas will allow us to prove
convergence globally on the manifold Fp (M), without explicitly patching to-
gether computations in local coordinates. Both lemmas make important use
of compactness of the manifold in question.

Lemma 7.1. Let (M,g) be a compact, connected Riemannian manifold and d
be the metric on M induced by g. For any f € C°(M) there exists a C > 0
such that

|f(z) = f(y)| < Cd(z,y) (7.1)
for all x,y € M.

Proof. The result follows from writing
1

)~ fla) = / inlfldt = / 00 (i V )t (7.2)

for any piecewise smooth curve n from z to y, taking the absolute value, and
using the definition of d together with compactness of M. O
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Lemma 7.2. Let (M,g) be a compact, connected Riemannian manifold with
metric d. For any p > 0 there exist finitely many smooth functions f; such
that

xy”<2|fz fiy)lP. (7.3)

Proof. For each x € M there exists a coordinate chart (U, ¢,) about = and
a constant C,, such that for y,z € U, we have d(y,z) < Cyl|¢z(y) — ¢z (2)]|
where the right-hand side is the Euclidean norm (see [35,36]). Shrinking the
charts if necessary, we can assume that ¢, extends smoothly to all of M.

Take another open set, V.., containing x, with V,, having compact closure
in U,. By compactness of M there exists a finite subcover V; = V,,, and there
also exists R > 0 such that d(y,z) < R for all y,z € M. For each i let ¢; be
a smooth function equal to R on V; with compact support in U; = U,, and
define C; = Cy;, i = ¢q,-

Take y,z € M. y € V; for some i. If z € U; then

dy,2)* < CPllgily) = i)II* = D_(Ciol(y) = Cig} (2))%. (T4)
Otherwise, z ¢ U;, hence
d(y,2)* < R* = (¢ily) — i(2))>. (7.5)

So taking the collection of functions Ci(bg ,1; gives the result for p = 2.
For p > 0, if we let N be the number of functions we obtained when p = 2
then raising the p = 2 result to the power p/2 gives

p/2
d(z,y)? < (Zlfz fiy)l ) < N””ZIE(%‘) — i)l
= Zlgz 9i(y)[ (7.6)

where g; = N2 ;. O
With these two lemmas, we can now prove the convergence result.

Theorem 7.1. Fiz (ug,v9) € N. Let (uj*,v]") be the unique solution to
Eqgs. (4.13)—(4.14) with initial condition (ug,vo) and let uy be the unique solu-
tion to Eq. (6.24) with initial condition ug. Fiz T > 0 and a Riemannian metric
tensor field on Fo(M). Let d be the associated metric on the connected com-
ponent of Fo(M) that contains ug. Then for any ¢ > 0 and any 0 < K < q/2
we have

E | sup d(uf*, u)?

te[0,T]

=0(m") asm — 0. (7.7)

We emphasize that this result is heavily reliant on Assumption 1; the
existence of a positive lower bound on the eigenvalues of the symmetric part of
the damping tensor 7.
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Proof. As discussed in Lemma 4.4, a unique solution (uy®,v}") is defined for
all £ > 0. Since Eq. (6.24) is an SDE on the compact manifold Fp (M), it also
has a unique solution, u;, defined for all ¢ > 0. Both u}* and u; are continuous,
so they stay in the same connected component as ug.

For f € C™(Fp(M)), define

M7 (w) = Hy-1 gy gy (W) [ f] + Jﬁ“(U)Kéa(U), Qf(u) = Hiy-10)(wpe, (U)([f] |
7.8

where K/ and .J were defined in Egs. (6.7) and (6.19), respectively. M/ and
Qf, are smooth functions of w.

Remark 3. We again emphasize that the indices appearing in Eq. (7.8) and in
the subsequent computations represent the components in the standard basis
of functions on Fp (M) that are valued in the product of some R's. Though we
employ the summation convention, these expressions do not represent (con-
tractions of) tensors on M or Fp(M). In particular, the following convergence
proof is global in nature and does not directly utilize any computations in local
coordinates on the base manifold or its frame bundle.

Using Egs. (6.21) and (6.25) and rearranging we obtain
¢
F) = fla) = [ (7 ) = 2 () ds
0

+ / (QI(u™) — Qf (ua)) AWY + RI(1),  (7.9)

where we have grouped the momentum-dependent terms in the quantity
= [ K G 6
[ RGP + G ) as

[ RGPyt + 62 o))
= Horupype (") [F] 4+ Hy =1 (ug)po (w0) [f]- (7.10)

For now, restrict to ¢ = 2p with p > 1. For any ¢t < T,

([ 1ar7 ) = 217 ajas ]
-

2p
0<s<t

+E [ sup |Rf(s)2p]) . (7.11)

0<s<t

0<s<t

E [ sup |f(um) - f(ugﬂ < g1 <E

/ QF (u™) — Q1 (ur) AW
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Applying the Holder’s inequality with exponents 2p and 2p/(2p — 1) to
the first term and the Burkholder—Davis—Gundy inequality to the second we
get

B[ 1) - stuoe] <3t (1 [ [t - aeforas|

0<s<t

+CE ( / S Q) - Q,é(us)Fds) ]
+E Li‘i‘; |Rf(s)2”]) . (7.12)

We have assumed p > 1, so we can use Holder’s inequality with indices p and
p/(p — 1) on the second term.

( / Z|Q5<uT>—Q£<us>|2ds> ]
/O <Z|Q£<u;”)—c2£(us>|2> ds]. (7.13)

E

< 7P 'R

Therefore,

E [ sup [f(ul") ~ f(uSVP] < g0t (TE [ / I ()~ Mf<us>|2pds]

0<s<t

+CORT)P 'Y E [/Ot Q4 (ul) — Qi(us)lz”dS}

+E [ sup |Rf(s)2p]> (7.14)
0<s<t
where k is the number of terms in the sum over 7.
The integrands of the terms involving M/ and Q{; are of the form |g(ul")—
g(us)|?P for some smooth functions g, depending on f. Therefore, for a fixed
f, by Lemma 7.1 there exists Cy > 0 such that

E { sup |f(ul') — f(us)|2p] < 3171 4 oRPTPY) O,

0<s<t

t
X / E[d(u]", us)*]ds +3*7'E { sup Rf(s)|2p} . (7.15)
0 0<s<t
Fo(M) is compact and we have equipped it with a Riemannian metric
tensor. Therefore, by Lemma 7.2, there exist finitely many smooth functions,
fi, such that for any wui,us in the connected component of Fp (M) containing
ug we have

d(ur,up)*P < Z | fiur) = filu2)?P. (7.16)
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Hence, applying Eq. (7.15) to each of the functions f;, we obtain
B| s dt | < 3B | s 50 - fitw)|
0<s<t Z 0<s<t
t
< ZCi/ E [d(u;”,us)Qp] ds

p 0

+32-1\ " [ sup |R' 2?} 7.17
S| [RE@] (D)

for some constants C;. Therefore, there exists a C' > 0 such that

t
E { sup d(u;”,us)zp} < C’/ E { sup d(u;n,uT)Qp] ds
0

0<s<t 0<r<s

+3%~ 1ZE[ sup |R%i (s )|2p} (7.18)

0<s<T

for all 0 <t <T. We apply Gronwall’s inequality to obtain

E{ sup d(u”, ug)? } < 3%~ 1ZE{ sup |RTi(s )|2p} T, (7.19)

0<s<T 0<s<T

Fix 0 < £ < p. The sum in Eq. (7.19) has finitely many terms, so, if we
can prove that

E [ sup |Rf(s)2p] =0(m") asm—0 (7.20)
0<s<T

for every smooth f, then the claim will follow for ¢ = 2p,p > 1.
Fix f € C*(Fo(M)) and compute

E | sup |R'(t)]*

0<t<T ]

2p
< 5Pt sup
0<t<T

( / KL () GBS () () FF () + () FY (™) |ds) ]

[ Kb oy o)

+E

t
+E| sup / K ()G (™) () ob (u) + (0ol (ul™)) AW

o<t<T |Jo

.

+E {ku(,)p.)(uo)[f]%]) (121

+E

2p
sup ‘Hw,l(u;n)p;n(u;")[f]‘
0<t<T

We will consider each term individually. Proposition 5.3 implies that

2p

sup = O(mP). (7.22)

0<t<T

[ ez e o
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Using Holder’s inequality, boundedness of continuous functions on the
compact manifold Fo(M), and Proposition 5.2, the second term can be
bounded as follows:

E (/0 | I h o (ul) G () () P () + (") F (ul') |d8>

T 2p
< || (kG + (Gt ) e[ as

< CT? sup E[||pl'[|*’] = O(m?). (7.23)
0<s<T
The third term can be bounded using the Burkholder—Davis—Gundy in-

equality, similarly to the way the second term in Eq. (7.14) was estimated,
together with Proposition 5.2.

t 2p
B s | [ K m)Gis ) () ot + (o) aws ]
0<t<T |JO
T
<y LB [ (Kot e
n

R (W) G () () ()"

2p ds} (7.24)

T
<crrt [ B[P as <CT7 s B[] = 0. (7.25)
0 0<s<T

Compactness of Fp(M) and Proposition 5.1 imply a bound on the fourth
term:

E |: sup |H’y_1(u?)p§"(u;n)[f]2p:| = E|: sup |H'y—1(u§”)eu(u;n)[f](p;tn)qu

0<t<T 0<t<T
<cB | sw [017] =0, (120)
0<t<T

Finally, the last term is
B[ Hy 1 (uoypo (w0)[f1[*P] = m*P E[| Hy 1 (ugyo (w0) [f1] = O(m?P).  (7.27)

This completes the proof for ¢ = 2p,p > 1. Similarly to Proposition 5.2, an
application of Holder’s inequality gives the result for all ¢ > 0. O

As a corollary, we get convergence in probability and in law on compact
time intervals.

Corollary 7.1. For any T > 0, the mass-dependent process restricted to the
compact time interval [0, T],u™|(o, ), converges in probability (and hence also
in law) to ulj, ) as m — 0.

Convergence in probability on the path space C([0,T), Fh(M)), where
Fi (M) is a connected component of Fo(M), is defined through the metric
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dp(u,7) = sup d(u(t),7(t)) (7.28)
t€[0,T]
where d is the metric on Fi (M) induced by a choice of Riemannian metric
tensor on Fo(M).
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