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Homogenisation for anisotropic kinetic random
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Abstract

We introduce a class of kinetic and anisotropic random motions (zf, v{ )¢+>0 on the unit
tangent bundle 7' M of a general Riemannian manifold (M, g), where o is a positive
parameter quantifying the amount of noise affecting the dynamics. As the latter goes
to infinity, we then show that the time rescaled process (z72,):>0 converges in law to
an explicit anisotropic Brownian motion on M. Our approach is essentially based on
the strong mixing properties of the underlying velocity process and on rough paths
techniques, allowing us to reduce the general case to its Euclidean analogue. Using
these methods, we are able to recover a range of classical results.
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1 Introduction

We consider a class of anisotropic and kinetic random motions on the unit tangent
space of a general Riemannian manifold (M, ¢g) of dimension d > 2. In the simplest
case when the base manifold is the Euclidean space R?, the typical process we have in
mind can be described as follows: let o > 0 be a positive parameter and let (B;);>o be
a Brownian motion in R? with (non identity) covariance matrix ¥ = A* A. We construct
an anisotropic diffusion process (v;)¢>0 = (v{)¢>0 on the Euclidean sphere $¢~ C R? by
solving the Stratonovich differential equation

dv, = UHvtL odBy, (1.1)
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where HU# denotes the projection on the orthogonal of v;. We then integrate the velocity
process (v;):>o to obtain a process (z;)i>0 = (27 );>0 with values in R¢

t
Ty 1= Xg +/ v.ds. (1.2)
0

The process (z¢,v;);>0 is thus a diffusion process with values in the unit tangent space
T'R? = R? x $9-1. The first projection (z;);>0 is a C' curve in R¢, which inherits the
anisotropy of the velocity process (v;);>0, and the positive parameter o allows one to
slow or speed up the clock of the latter. The next figure shows an approximation of a
sample path of the resulting process.

Figure 1: A sample path of the velocity process (v;)o<i<10 On 82 (left) and the correspond-
ing (z1)o<t<10 in R? (right) for the choice of covariance matrix ¥ = diag(1,1.1,1.2).

On a general Riemannian manifold (M, g), an analogue process (z;,v;):>0 with values
in the unit tangent bundle 7' M can be constructed starting from the above Euclidean
process and using the classical stochastic development/parallel transport machinery.
Namely, the process (x;, v;);>0 in T!' M is characterised by the fact that the image of
vy € T}, M in the fixed unit tangent space T M ~ $9~1 by the inverse stochastic parallel
transport along (zs)o<s<: solves equation (1.1) above.

The isotropic analogue of the process, i.e. the process associated with ¥ = Id,
was introduced in [26], where its was shown, under geometric constraints on the base
manifold M, that as the parameter o goes from zero to infinity, then the sample paths of
the process (z,2;):>0 interpolates in a precise sense between geodesics and Brownian
paths. In [1], it was given the name kinetic Brownian motion, and convergence was
proved in all generality. The authors also fully determined, for a fixed intensity parameter
o, the Poisson boundary of the process if the base manifold is rotationally invariant. It is
easy to prove that, as ¢ tends to 0, the generalised anisotropic motion converges to the
geodesic equations as well; in this work, we intend to describe the limit ¢ — oo.

The motivation to introduce anisotropy in this context is twofold. From an applied
point of view, the kinetic Brownian motion is a simple, yet very reasonable model for
the dynamics of a mesoscopic spherical particle with bounded velocity in an isotropic
heat bath. Compared to the standard Langevin dynamics where the velocities are
Gaussian, the fact that the velocities are here of unit norm is perfectly consistent with
special relativity theory. The homogenisation phenomena shown in [1] illustrates the
fact that the scaling limit of the process, i.e. the macroscopic behaviour of the particle is
nevertheless diffusive, as anticipated. Now, if the geometry of the mesoscopic particle
under consideration is not spherical, or if the heat bath is anisotropic, the dynamics of
the velocity process has to be anisotropic, see e.g. [19, 11, 24] and the references therein.
In that context, the velocity evolution given by the stochastic differential equation (1.1)
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with ¥ # 1Id is very natural. As we will see below and with this applied point of view, the
main result of this article guarantees that the macroscopic behaviour of the particle is
still diffusive, with an explicit anisotropy matrix.

From a more theoretical point of view, the introduction of anisotropy is also unavoid-
able if one wants to generalise the results of [1] to an infinite dimensional setting, say to
an infinite dimensional Hilbert space. Indeed, doing so, one quickly faces the problem of
defining spherical Brownian motion in this context. Looking at equation (1.1), the orthog-
onal projection makes perfect sense in a Hilbert setting but we have to give meaning to
the driving Brownian motion B. This can naturally be done using the notion of abstract
Wiener space, see e.g. [17, 18] or [34, Chapter 8]. Roughly speaking, in that framework
the driving process in (1.1) has to belong to the image of a radonifying injection, hence
introducing a Hilbert-Schmidt covariance operator. In a finite dimensional setting, the
action of this Hilbert-Schmidt operator amounts to replacing the standard Brownian
motion B by a Brownian motion with covariance ¥ # Id, i.e. to replace the isotropic
noise driving kinetic Brownian motion by an anisotropic noise; this justifies our choice of
dynamics for the velocity process.

Our goal in this paper is to exhibit the asymptotics of the time rescaled process
(279,,,v72,)¢>0 as the intensity parameter o goes to infinity. More precisely, we show
that in both Euclidean and Riemannian contexts, its first projection converges to an
anisotropic Brownian motion. The presence of anisotropy drastically complexifies the
approach and computations compared to the isotropic framework. Namely, in the
isotropic Euclidean setting considered in Section 2.2 of [1] and which is the core of
the proof when associated with rough paths techniques, the homogenisation of kinetic
Brownian motion was proved using It6 calculus and standard martingale techniques. As
it will be clear in Section 2 below, the Doob-Meyer decomposition of the velocity process
given by equation (1.1) gets more involved here, its invariant measure is not likely to
be easy to describe, and martingale techniques need explicit solutions of the Poisson
equation which seems hopeless in this context. In fact, guessing a formula for the
invariant measure of the v on the sphere before reading the statement of Proposition
1.1 does not seem obvious.

For this reason, we adopt a different approach and point of view here. Our proof
of homogenisation for the time rescaled version of the process (z7,v{):>o is indeed
essentially based on quantitative mixing properties of the velocity process. We show in
particular that

Proposition 1.1 (Lemma 2.1 and Proposition 2.4 below). The process v{ solution of (1.1)
is ergodic in $%~! with an explicit invariant measure y whose density with respect to the
uniform measure df on the sphere is given by

dj( ) ||A_19||1_d

a9~ " e, [ATTO)=d6"

In particular, the invariant measure p are well as the trajectories are invariant under all
the coordinate reflections

@Y, ,0% 0% = (B, =0, 0T, 1<i<d. (1.3)

Moreover, there exists a positive constant T such that, if 7|, denotes the c-algebra
generated by the unit speed (¢ = 1) velocity process vy, for a < t < b, then for any
0 < s < t and any bounded measurable real-valued random variables P and F' that are
Flo,s) and Fi; o)-measurable, respectively, we have

[EulPF] ~ E,[PIB[F]| S [Plac|Flac e™¢~/7. (1.4)
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The above strong mixing and symmetry properties of the velocity process are the
key ingredients to establish the homogenisation of the anisotropic version of kinetic
Brownian motion in the Euclidean setting. Indeed, we have the following result.

Theorem A (Theorem 3.6 below). Let (x7,v{);>¢ with values in T*R? be the solution
of equation (1.1) and (1.2), starting from (xo,vg) where z, is fixed and vy chosen at
random according to . Then as o goes to infinity, the time rescaled process (J:ggt)te[o’l]
converges in law to a Brownian motion in the Euclidean space R¢, with covariance matrix
diag(cy, -+ ,cq) where
—+oo
ci = 2/ E,[vjv]dt, 1<i<d.
0

Our strategy of proof in the manifold setting consists in establishing that the rough
path lift of (x7,,);>0 converges to the Stratonovich rough path lift of a Brownian motion
with the above covariance. To do so, we use again the strong mixing properties of
the velocity process, associated with a Lamperti-type criterion to ensure the tightness
of the lift in rough path topology — see Lemmas 3.1 and 3.2 below. We then identify
the limit process by showing that it has to be a stationary process with independent
Gaussian increments on the nilpotent group associated with the rough path structure,
see Theorem 3.6.

Using the fact that the notion of stochastic development amounts to solving a stochas-
tic differential equation and that the It6 map is continuous with respect to the rough
paths topology, one can conclude that the previous Euclidean statement actually holds
in that more general setting. Anisotropic Brownian motion on M is defined as the
stochastic development of an anisotropic Brownian motion in 75, M.

Theorem B (See section 3.3 below). Let (M, g) be a complete and stochastically com-
plete Riemannian manifold and let (z7,v{);>o be the process with values in T* M char-
acterised by the fact that the image of v; € T;t/\/l in the fixed unit tangent space
T;OM ~ gd-1 by the inverse stochastic parallel transport along (zs)o<s<¢ Solves equation
(1.1) in TQUM. Then as o goes to infinity, the time rescaled process (x7,)¢c[0,1] converges
in law to an anisotropic Brownian motion on the base manifold M.

The use of rough paths is not a mere commodity. Indeed, on a general manifold, the
arguments of the proof of Theorem A will fail, and we have to rely on other methods to
make our way up to Riemannian manifolds. As we discuss in more details in example
4.2.1, one can actually prove that for kinetic motions such that property (1.3) does not
hold, it is possible that the manifold-valued behaviour be non-Brownian in the limit, a
phenomenon not present in the euclidean setting. The rough path theoretic approach
provides us with a framework to deal with these subtleties; in fact the limit in the rough
equivalent of Theorem A (see Theorem 3.6) is the canonical (Stratonovich) Brownian
rough path under condition (1.3), but could be other lifts of the Brownian motion for
other kinetic processes.

As will be clear from the proof of Theorem A, the homogenisation phenomenon
holds as soon as the mixing properties of the velocity process and the symmetry of the
trajectories described in Proposition 1.1 hold. In other words, the conclusion of Theorem
B is valid as soon as the process (z{, vy );>o we consider is the stochastic development of
a velocity process satisfying the conclusions of Proposition 1.1. In particular, our proof
actually applies even if (v;);>0 = (v7)¢>0 is an ergodic Markov process with jumps on
$9-1 as soon as the conditions (1.3) and (1.4) are fulfilled.

Theorem C (Theorem 4.1 below). Let (M, g) be a complete and stochastically complete
Riemannian manifold and let (x, vy );>o be the process with values in T M characterised
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by the fact that the image of v; € T,, M in the fixed tangent space T,, M ~ R% by the
inverse stochastic parallel transport along (xs)o<s<; satisfies the conditions (1.3) and
(1.4). Then as o goes to infinity, the time rescaled process (x7.,).c[0,1] converges in law
to an anisotropic Brownian motion on the base manifold M.

See Theorem 4.1 for a precise statement. In this level of generality, in Section
4.2 we recover classical results, amongst which Pinsky’s so-called random flight [33]
and time-dependent variations of it; the anisotropic Langevin diffusion, where v is an
anisotropic Ornstein-Uhlenbeck process; and linear interpolation of symmetric random
walks as in [8]. It is unclear whether or not the methods of X.M. Li [27, 28] or Herzog,
Hottovy and Volpe [20] can get back such a result. In a somewhat independent direction,
the interesting work [10] of Chevyrev and coauthors studies this kind of convergence in
deterministic systems.

The outline of the article is the following. In the next Section 2, we study the
velocity process solution of equation (1.1). We characterise its invariant measure and
establish the mixing properties which are the key ingredients in our approach of the
homogenisation phenomenon. Section 3 is then devoted to the proofs of our main
Theorems A and B. More precisely, in Section 3.1, we show the tightness of the rough
path lift of the process in the Euclidean setting. In Section 3.2, we then identify the limit
as a Brownian motion on the underlying two-step nilpotent Lie group. This completes
the proof of Theorem A in the Euclidean setting. Finally, in Section 3.3, we use the
continuity of the It6 map to extend the proof of homogenisation to an arbitrary complete
stochastically complete Riemannian manifold. The last section consists in developments,
including Theorem C and comments in Section 4.1, and various examples in Section 4.2.

2 Mixing properties of the velocity process

Let (By;)¢>0 be a Euclidean Brownian motion in R? with non degenerate covariance
matrix Y. Without loss of generality, up to an appropriate choice of coordinate system,
we can assume that the matrix ¥ is diagonal, with square root A, namely

E:diag(a%u"'va?i)a A:diag(a17"'7ad)'

Let us recall that, by definition, the anisotropic velocity process (v;) = (v}, -+ ,v{) with
values in $%~! € R? and with intensity ¢ > 0 is the solution of the Stratonovich stochastic
differential equation

dv, = O’Hv# odBy,
where 11,1 denotes the projection on the orthogonal of v;. Equivalently, there exist a

t
standard Euclidean Brownian motion (W;),;>¢ such that v, satisfies the It6 stochastic
differential equation

2
dv, = oL, AdW, — % (S + te(2)1d — 2(vy, Sv,)Td) v, dt,

or even more explicitly in Euclidean coordinates, for 1 <i: <d

2 d d d
dv; = —?vz af+zla572'zla?\vf|2 dt+o aithlfvzzlajvgth] .20
Jj= j= i=

In the following, d and ¥ are fixed, and we write f < g for some quantities f and g
whenever f < Cg for a constant C' > 0 independent of any other parameter.
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2.1 Invariant measure

The object of this section is to establish that the velocity process (v;);>¢ is ergodic
in $¢-1 and to write down its invariant measure explicitly. From equation (2.1), it is
not difficult to express the infinitesimal generator L of the process and try to solve
the equation L*p = 0. Nevertheless, since we are working on the sphere, integrations
by parts and computations are quite unpleasant, and we prefer to introduce a natural
Euclidean lift of the velocity process. Namely, if || - || denotes the standard Euclidean norm,
consider the R¢-valued process (u;);>o starting from ug # 0 such that vg = ug/||uol, and
solution of the stochastic differential equation system

0.2

dul = 5 (—upllwe||? + afuy) dt + oag|jug|dW), 1 <i<d.

Equivalently, it is the solution to the Stratonovich stochastic differential equation
2
g 2
dut = —7||Ut|| Ut dt + O'”Ut” o dBt

Then, a direct application of It6’s formula shows that the projection w;/|u|| on $¢*
satisfies equation (2.1). To show that u; is ergodic and find an explicit expression
for its invariant measure, let us now perform the simple linear change of variable
y = Ay, = ©71/2,. By Itd’s formula we get

2
dy; = < (= AwlP*y; + afy;) At + ol| Ay, [[d W,

Setting Va(y) := —log | Ay| + [ly|

2, the infinitesimal generator L, of y; is given by

2
L, = %||Ay||2Lo, where L= (~VV4 -V +A).

The diffusion process with generator L is naturally ergodic with invariant measure
proportional to e~ so that (y¢)e>0 is also ergodic with invariant measure

v(dy) i= Ca || Ay te~I¥I" qy,

where Cy is a normalizing constant. In other words, the Euclidean lift (u);>0 of (v¢)1>0
is ergodic in R¢ and its invariant measure is proportional to | - || ! times the centred
Gaussian measure with covariance ¥. One can then compute the invariant measure of
the velocity process as the image measure of the latter with respect to the projection on
the sphere.

Lemma 2.1. The velocity process (v;):;>¢ is ergodic in $9—1 and its invariant measure [
is absolutely continuous with respect to the uniform measure df on the sphere, with a
density given by

iy A0
o’ fsd,l [|A—10]|1—4dg"

In particular, the invariant measure j of the velocity process is invariant under all the
coordinate reflections (01, -+ ,0;,- -+ ,04) — (01,--- ,—0;,--- ,04), for 1 <i <d.
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Proof. For any bounded measurable test function f on $~!, we have

14y e"%”yﬂz
f@u(dv) =C / f() e v 4y
/s Juldv) = Ca | T\ TAT) Tl
_ U 1 - ity _du
o [, 1 () e det A

Foo 2 —19)12
= C’A/ / F(0)r~tema 1470 41,40
0 gd—1

_ Js FOIAT 0 a0
Jsor TA-TO[T=7d0

The next figures illustrate the relation between the covariance matrix ¥, the sample
paths of the velocity process (v;) and its invariant measure u. The colour map on the
sphere is chosen according to the value of the density of the invariant measure: small
values of |A~10|'~¢ are represented in light grey whereas large values are represented
in dark grey.

Figure 2: From left to right, sample paths of the velocity process and colour map
of the invariant probability measure for ¥ = diag(1,1.1,1.2), ¥ = diag(1,4,9), and
¥ = diag(1, 100, 100).

Remark 2.2. Let us emphasise here that the invariant measure p of the velocity process
actually differs from the projected Gaussian measure with covariance ., also known as
angular Gaussian distribution, which, at first sight, could seem like a natural candidate
for the velocity’s equilibrium measure. Namely, if f is a bounded measurable test
function on the sphere, and if X is a Gaussian variable in R? with law A/ (0,%), we have
indeed

~ Jgaa F(O)|A10) a6
Blr ()] = ngd,l [A=t0]|~ddg

In other words, the invariant measure ; admits a density proportional to ||A~'6]|| with
respect to the standard projected Gaussian measure of covariance .

Remark 2.3. Going back to the modelisation point of view mentioned in the introduction,
where (v;)¢>0 is thought as the velocity of a mesoscopic particle in an anisotropic heat
bath, the invariant measure p also differs from the standard choices for equilibrium
measure in directional statistics, such as the Von Mises-Fisher distribution, Fisher-
Bingham distribution or wrapped Brownian distributions, see Sections 9.3 and 9.4 of
[32] and the references therein. We emphasise here the fact that the dynamics governed
by equation (1.1) is fully intrinsic so that the measure y is a simple and natural candidate
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to model anisotropic data; it also has natural interpretation in terms of projection of the
invariant measure of the Euclidean lift (u;);>0.

2.2 Mixing properties

Let us now establish the strong mixing properties of the velocity process that will be
our main tool in the proof of the homogenisation result, Theorem A. To avoid changes
in the time scale, we fix 0 = 1, from here to the end of the section. We also introduce a
few additional notations. If A is a probability distribution on $?~*, let IP, be a probability
measure under which the velocity (v;);>o solves equation (1.1) with initial condition
vo ~ A, and Ej its associated expectation. We denote by (P;);>( the semigroup associated
to v, acting on continuous functions f : $~! — R, and by (P;);>¢ its dual, acting on
probability measures on $¢~!. In other words,

Pif(z) :=Es, [f(ve)] and PIX = Lvg|vg ~ N),

for any such f and \.

To get to the second part of Proposition 1.1, we use the well-known fact that since
the velocity process (v;);>o is an elliptic diffusion in a compact Riemannian manifold,
here the unit sphere, with invariant probability measure u, we have the estimate

[PFA = pllry S exp(—t/T) (2.2)

for any probability A on $¢~!, for some positive constant 7. Given an interval [a,b) of
[0,00), define Fla,b) @s the o-algebra generated by the unit speed velocity process v;, for
a <t <b. We write A € F,) to say that a random variable is F|, ;) -measurable.

Proposition 2.4. For any 0 < s < t and any bounded measurable real-valued random
variables P € Fy s and F' € F; ), we have

|[EL[PF] - E,[P]E,[F]| S |Ploc| Floc e™ (/7.
Proof. Since
[Eu[PF) = B, [PIE,[F)| < [PlocEy| [ [FIFo,q] — EulF]]].
by the Markov property, it suffices to prove that one has
[Ep:A[G] — EL[G]] < |Gloce™/, (2.3)

for any probability measure \ on $¢~! and any real-valued measurable functional G. By
a monotone class argument, it suffices to prove estimate (2.3) for elementary functionals

of the form G = g(vy,, ..., v, ), for some bounded continuous real-valued function g on
(IRd)’“ and times t; < --- < t;. But since the diffusion has the Feller property, the function
g(vo) := Ey, [g(vt,, ..., vy, )] is continuous on the sphere, so we get (2.3) in that case by
applying (2.2) to g. O

The remainder of the section is devoted to the proof of the technical Lemma 2.6,
that states an estimate about iterated integrals involving the covariances between the
coordinates of the unit speed velocity process. Given a collection of positive times
S1,- .., 5n, €t A = maxi<k<n(sk A Sg+1). We denote by kg € [1,n — 1] an index where
this maximum is attained.

Proposition 2.5. Under P = P,, and for any indices 1 < ji,...,j, < d and times
S1,° ,Sn ZO/

‘E[Ug "'US1+---+sn] Se .
EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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Proof. For1 <i<n,sett; :=s;+---+s;, and define the bounded quantities
Voimolloul0 Vo=l V=l
Note that V) is centred. Applying Proposition 2.4 twice, this decomposition gives
[Efol ol | = [BV-VoVe] — BIV BV B[V )
< |EV_VoVy] = B[V_EVOVi]| + [V-|w [E[VoVy] — E[VO]E[V4]]
S IV loo VoV oo™ 0/ T 4 [V || Voo [V oo™ 041/ 7
<e AT, O

Lemma 2.6. Suppose P = P,,. Given a positive integer n, we have

/ B, [oit - viz ]| d .. dtan S T
0<t1 <+ <t2n <T

for any indices 1 < iq,--- 42, < d.

Proof. The idea is to apply Proposition 2.5 with the largest A possible for each tuple
(t1,- -+ ,to,). Write first

i1, 020
/ |E[Ut1 Uth]
0<t1<--<ton—1

Fix now the tuple (s, , s2,,), and set

dty...dto, < / |E[’U211 e U?l’fi_m_i_srzn] | dsy...dsay,.
[O’T]2n

A(s) ==  ax (Sk A Sk+1)
so the integrand in the right hand side above is bounded above by a constant multiple of
e 2()/7 from Proposition 2.5.

The rest is combinatorics. We first sort the indices k£ of the gaps s; according to
the value of s, with respect to A = A(s). Set a := min{k € [1,2n] : s, = A}. Then,
note that there are at most n gaps s, of size larger than A: otherwise, two of them
would be consecutive, and A would not be optimal. This is the same as saying that
there are at least n small gaps s; < A, including s,. Define 1 < b; < --- < b1 < 2n
as the first (n — 1) indices different from a corresponding to gaps of size at most A. In
other words, if s < A, then either k = b, forsome 1 < i <n, k =a, ork > a,b,_1.
Finally, denote by 1 < ¢; < --- < ¢, < 2n the other indices, so that we have a partition of
{1,---,2n} in three sets A(s) := {a}, B(s) := {b1, -+ ,bp—1} and C(s) := {c1, - ,c,} of
fixed sizes. Now, given a fixed partition («, 8,7) of [1, 2n] with & = {«g} of size 1, and
the set 8 = {f1,...,Bn_1} of size n — 1, we have

A0/,

B0l - 02 ]| La(s),B(e).0) =(B.7) IR ING

<
~

—Sa /T
Se oo 1S/il,~~,8[en,1 <Saqg’

from which we get

JI L G E .

L(A(5),B(s),C(s))=(,8,y) 451 - - - dsan
T
/S Tn/ efs/‘rsnfldS Sn "
0

and the result of the lemma, by summing over the set of all partitions («, 8, v) of [1,2n]
with the above size. O
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3 Proof of the main result

Let us now describe how the mixing properties of the velocity process derived in
Section 2.2 imply the homogenisation for the time rescaled position process (22.,);>0, as
o goes to infinity, in both Euclidean and Riemannian framework. As mentioned in the
introduction, we will actually work with a rough path lift of the kinetic process. We refer
the reader to [15, 5] for gentle introductions to rough paths theory, and given v € (0, 1),
we denote by RP() = RP?(]0, 1], R¢) the set of weak geometric y-Holder rough paths.

The strategy is a classical Prokhorov argument: we first show that the family of laws
of the rescaled processes is tight, then identify a unique candidate for the limit.

Notations We are interested in the stationary case P := IP,,, where p is the invariant
measure of the velocity, as described in Lemma 2.1. Define X7 : t — z7,,, so that we
are interested in the limiting behaviour of (X7 );>¢. To make good use of the mixing
properties of v such as Proposition 2.4 without having to change the time scale, from
now on (v)¢>o will always stand for (v{);>o with o = 1. With this convention, we can
express the increments of X7 as

1 o”t
Xy — X, = —2/ v du.
o ots

The process X being C!, it admits a canonical rough path lift X° = (X7, X°), where X°
is defined by

t ot u
1
X, = / (X7 - X7) ®dXT = 7/ / v, ® vudz du.
s g ots Jois

Our proof relies on the algebraic properties of rough paths. Namely, that in the 2-step
nilpotent group G C R @ R¢ @ (R%)®2, the process x7 : t — (1, X7,X%) has increments

(Xg)_lxg = (LX{I —Xg,XgS),

S

which, using the above expressions, are measurable with respect to a((vu)g45§u<g4t).

Recall that we write f < g for some quantities f and g when there exists a positive
constant C' > 0 depending on ¥ alone such that f < Cg. If C is allowed to depend on a
parameter, say p, we write f <, g.

3.1 Tightness in rough paths space

We first establish that the family of processes (X{) and their rough paths lifts are
tight for the corresponding topology. To do so, we use a standard Lamperti criterion,
namely we have the following lemma.

Lemma 3.1. Foreverya > 1,

sup BJ|X7 — X7|*] Sa |t —s|*/2.
a>0

Proof. Given any positive time 7" and any positive integer n, we show that one has

T
/ V¢ dt
0

for some positive constant C',, depending only on n. The inequality of the lemma follows
as a consequence since for any positive integer n such that 2n > a, we have

2n

E <C,T" (3.1)

on a/2n

< Ol (t— )2,

- O-2a

o (t—s)
E[X7 - X7*] =E[X7.J] <+ E | / v du
0
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Given T' > 0 and n € IN*, we have

T 2n T 2
/ v dt =K Z / vy dt
0 15i2d \/0

_ il ’il in, in
= E E[vtl% . -Ut2"71’()t2n} dty - - - dtgy,,
[O T]Zn

1<iy,in<d

E

with the following estimate for each individual term on the right hand side. Fix 1 < j, < d,
for 1 < k < 2n. For any permutation ¢ € G5, we have from Lemma 2.6

/ E{Uﬁ : ngzj| Liyay<orr<tian A :/ E[vif“) ‘ '”gjfn)] dty -+ diay,
(0, 7] 0<t1 <+ <ton <T

S T,
from which the result of the Lemma follows by summation over ¢ and j. O

We use the Hilbert-Schmidt norm | - | on R% @ R% ~ L(R%) ~ R%; it coincides with
the Euclidean norm on RY".
Lemma 3.2. For everya > 0,

t — s|%

Sa |

sup B[|X7,|*]
o>0

Proof. As above, the inequality of the statement follows from an inequality of the form

/ Vs ® vy dsdt
0<s<t<T

for some positive constant C,, depending only on n. Fix T" > 0 and n € IN*, and set for
¢ e [1,d)*™

Lan—
I I:/ / E[”tellvﬁf v Z“”}dmdtl -dsopdtay,
0<s1<t1 <T 0<s2p <t2n <T

2n

E < C,17",

so we have
T t 2n n
E / / Vs ® vy dsdt = (/ / vzvfdsdt>
0 Jo 1<i,5<d
= > L
i,je[L,d]"
with @ x j = (41, 71,%1,J1," " » %k, Jks ik, Jk)- As in Lemma 3.1, estimating each I;.; using
Lemma 2.6 does the job. O

One can then apply the Kolmogorov-Lamperti tightness criterion for rough paths
stated in Corollary A.12 of [16] to get the following result from Lemma 3.1 and Lemma
3.2.

Corollary 3.3. Pick vy < 1/2. The family {£(X?)}, ., of distributions on RP(y) is tight.

Remark 3.4. Note that the usual rough path space RP(~) actually involves more iterated
integrals as v — 0. For instance, one has to consider the quantity

t U
/ / (X, — X5) ®dX, ®dX,

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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for rough differential equations to be well-posed whenever 1/4 < v < 1/3. However,
there is a canonical continuous injection from RP(~) to RP(y') for 0 < 4/ < +, constructed
in much the same way as the Riemann integral from the limit Riemann sum. Accordingly,
the convergence in RP(v), v > 1/3 is sufficient to prove it for smaller +/; this is what we
do in what follows.

Remark also that, for v > 1/2, we have RP(y) ~ C([0,1],R?), from which the
existence of canonical lift of C” paths follows in this range of regularity.

3.2 Brownian limit

The family of processes (X7 ) and their lifts being tight for the rough paths topology,
in order to establish its convergence, we are left to identify the possible limit process.
Our strategy here is to prove that the latter is necessarily a stationary process with
independent Gaussian increments on the underlying nilpotent group, and therefore is a
Brownian motion. Let us set

i = 2/ Elvivi] dt.
0

Proposition 3.5. For every v < 1/2, the processes X° converge in law in C”([0; 1], R%)
to the Brownian motion on R? with covariance matrix diag(ci,--- ,cq), as o goes to cc.

Proof. Stationarity and independence. We first show that any R%valued process X
whose law P is a limit point of (£(X?))y=0 in C7([0;1], R¢) as o tends to oo has stationary
independent increments.

Indeed, since vy has distribution the invariant measure of the diffusion v, the incre-
ments of X7 are stationary for every o, so the increments of X are stationary as well.
Fixnow 0 < s; <t; <--- < s, < t, < 1, and bounded continuous functions F; : R —» R,
for 1 <¢ < n. Fix ¢ > 0 small enough. From a repetitive use of Proposition 2.4, as used
in Proposition 2.5, we have

4
E| ] F(&X7_. - — I BFE(XF_. = X)]| So [Filpe -+ | Folo~ e 7 </7
1<i<n 1<i<n
for some positive constant 7, and we see that
E| [] FX-—-—X)| = [] BF(X,--— X)),
1<i<n 1<i<n

sending o to co along a proper subsequence. Using the boundedness and continuity of

the functions F; and the continuity of the process X, we can send ¢ to 0 and see that X

has independent increments. So X is a Brownian motion; it has null mean since every

X7 has null mean, and its covariance is given by the limit of the covariances of the X7.
Covariance formula. First, it follows from the identity

that different components of X; have null covariance since this is the case for different
components of X7. Now, for 1 <: < d, we have

E[((Xf)‘)z} = / / [vivi]dsdt = / / [vivi]dsdt
/ / 1 u<or Blvfvf]dudt = 2/0 (1 - §)+ E[v}vj)du

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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with (-); the positive part. According to Proposition 2.4, the integrand is smaller than a
constant multiple of exp(—u/7), uniformly on o. It is integrable, so we see from Lebesgue
dominated convergence theorem that the above variance tends to 7;. O

Theorem 3.6 (Main Theorem A). Pick v < 1/2. The processes X° converge in law in
RP(v) to the Brownian rough path on R? with covariance matrix diag(v1,--- ,74), as o
goes to oo.

Here, the rough path lift of the Brownian motion is understood in the Stratonovich
sense: for W a Brownian motion with fixed covariance (or any semimartingale for that
matter), it is defined as w = (W, W) with W, := j: W, ® dW,, where the integral is the
Stratonovich one.

Proof. GG-valued Lévy process. As above, we first notice that any limit measure of the laws
of (X?),~¢ turns the canonical process on RP(y) into a random process with stationary
independent increments, in the free nilpotent Lie group of step 2, as a consequence
of the corresponding property for X?. The canonical process on the free nilpotent Lie
group of step 2 is thus a continuous Lévy process under any limit law, so, according to
Hunt’s theorem, we can identify the former from its generator. More specifically, the law
of such a process Y is characterised by the action

i lim SEF(Y) — f(e)] € R

of its generator on smooth functions f : G — R with compact support, where e is the
unit of G; see [2, Theorem 5.3.3] or [29, Theorem 1.1].

Generator. Let P be any limit point of the laws of X on RP(v), and denote by
X = (X,X) its canonical variable. We know from Proposition 3.5 that X is a Brow-
nian motion W; denote by W = (W, W) its canonical Stratonovich rough path lift,
also defined on the space (RP(v),P). Since the velocity process v = (v!,...,v%) and
(vh, ..., v, —vf vt v?) have the same law for every 1 < i < d, for v, distributed
according to the invariant measure x, the antisymmetric part A%, = (X, — 'Xy,) is
centred for any 0 < s < ¢t < 1. We also know from the uniform estimates proved in
Lemmas 3.1 and 3.2 that

E[|X.)?] <t, E[A%)?] S E[IXwl?] St (3.2)

uniformly in ¢ € [0, 1].

A last piece of notation. Since the set of antisymmetric matrices lies in the tangent
space to the free nilpotent Lie group G of step 2, at any point z € G, any smooth
real-valued function f defined on G, with compact support, has a well-defined partial
differential d4 f(z) in the direction of antisymmetric matrices, defined by the identity

d

Oaf(2)(A) = 1o

f(z +¢(0,0, A)),

for any z = (1, Z,Z) € G and any antisymmetric matrix A. Setting z := (1, Z, (Z + 'Z)),
we further have

|f(2) = f(2) — (0af)@)(A")] <f |AZP?,

since f has compact support. Denote by e the unit of the group G. Denote by AW the
antisymmetric part of W and set X, := (1, X;, 1 X*?) € G, so that X; = X, + (0,0, AX)

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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and W; = X; + (0,0, AW). We have, for some fixed f smooth with compact support,

‘11@[]‘(Xt) —f(e)] - %IAE[f(Wt) - f(e)]‘

—_

= S[B[/(% + 0.0,45) - £(X, +(0.0,47))] |

<s 1 [B(0aN (X)) — @a)0)) (8% - AW)] | +
+ 2 (BlAP) + B[AYP))

Sy () +(2)+6).

HB[0n) () A% — Y]]

We show that each term vanishes as ¢ goes to 0, which implies that the two Markov
processes X and W have the same generator, hence the same distribution. We have first
from estimates (3.2) the upper bound

(1) < 5 B[VE0n 1) (R0 — @an) (@) ] + 5B 2| - ]
<5 %Eﬂxt —e?] + %E“A’fﬂ + ﬁ]@“&‘{" ‘]
< VR

We also have (2) = 0, since AX and AW are centred and 04 f(e) is linear. Finally, we have
(3) <t from the upper bounds (3.2). We thus have the upper bound

%l@[f(Xt) — fle)] - %E[f(wt) - f(e)]‘ TRV

from which the result follows. O

3.3 From Euclidean space to Riemannian manifolds

Let (M, g) be a Riemannian manifold of dimension d, without boundary. From Theo-
rem A, the remainder of this section shows how to deduce the homogenisation property
described in Theorem B, in the manifold setting. We emphasised in the introduction that
anisotropic Brownian motion describes the random motion of a non-point-like object,
with its own notion of local orientation. Such an object is represented by a point in the
orthonormal frame bundle OM of M, where its dynamics is described by a stochastic
differential equation. We refer to Hsu’s book [21] for a reference textbook on stochastic
differential geometry.

In this subsection, we use Einstein summation convention: indices appearing twice
are implicitly summed.

3.3.1 The orthonormal frame bundle

Denote by z = (g, e) a generic point of the orthonormal frame bundle OM of M, with
q € Mand e : RY - T, M, an orthonormal frame of T, M; we write 7 : OM — M for
the canonical projection map. The Levi-Civita connection on 7'M induces a notion of
horizontal vectors on T'"M or OM. Let H stand for the horizontal lift operator, meaning
the map OM x R? — TOM uniquely characterised by the property that H. (u) € T.OM
is horizontal and

dr. (H.(u)) = e(u),

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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for any u € R and z = (g,¢) € OM. Letting (e1,...,€q) be the canonical basis of R¢,
local coordinates ¢ on M induce canonical coordinates on OM by writing

Denoting by Ffj the Christoffel symbols of the Levi-Civita connection associated with the
above coordinates, the vector fields H(u) have the following expression.

0
- Ffj (q)eaeg a k

H.(en) = aef'

3.3.2 Cartan’s development map and anisotropic kinetic Brownian motion

Roughly speaking, Cartan’s development map associates in its simplest form a C! path
in M, started from ¢y € M, to any C' path in the Euclidean space R?. Technically,
given a C! path (7;)¢>0 in R, and zy = (go, e0) € OM, the Cartan development of (z;);>0
on M is defined as the projection (q;)o<t<7 on M of the horizontal O.M-valued path
(z¢) =t (g4, et)o<t<T solution of the ordinary differential equation

dZt = Hzt (dxt), i.e. Zt = Hz(xt) (33)

started from ¢q, possibly up to some explosion time 7'. Note that the choice of x : t — tu
for some u € R? leads to ¢ being a geodesic with initial condition ¢y = eo(u); in particular,
the development of X tends to a geodesic with random initial condition as ¢ — 0.

Classical stochastic analysis (in the Stratonovich sense) can be used to make sense of
the preceding equation for x a semimartingale, defining Cartan’s stochastic development
— refer to Hsu’s book [21] for a pedagogical account of the theory. For example, one of
the many equivalent constructions of Brownian motion on M started at ¢y consists in
developing a standard Euclidean Brownian motion. Accordingly, we define anisotropic
Brownian motion on M as the development of the Euclidean Brownian motion with
covariance diag(vy1, - ,7Va)-

Anisotropic kinetic Brownian motion (¢f )o<;<7 on M is the stochastic development
of the anisotropic kinetic Brownian motion (X7 );>o on R%; it is indexed by the speed
parameter o of its flat counterpart. This is a C! random path which depends on the
entire frame eg — its isotropic counterpart only depends in law on ¢y, from symmetry
properties of Wiener measure on R?. Although X7 converges in law to an anisotropic
Brownian motion B on R?, the poor regularity properties of the Itd solution map does
not allow to conclude that anisotropic Brownian motion = on M converges to projection
on M of the solution of the equation

dZt = H(Zt) 9] dBt

This is exactly the kind of conclusion that rough paths theory provides.

3.3.3 Rough paths and rough differential equations with values in manifolds

We discuss a few results of rough paths theory with values in manifolds. These results
are all classical, and their Euclidean counterparts can be found e.g. in [15] or [16]. Let
N be a manifold, and, for a collection A = (44,--- , A,) of smooth vector fields on N and
an initial condition p € N, consider the (deterministic) controlled differential equation

dzy = A(ze)dxy, 2z0=1p

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
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on N, where z is a driving curve with values in R”. The equation makes sense whenever
x is of class C! (dividing each side by d¢, one might say), and if moreover z is of class C?,
its solution is characterised by the fact that for any fixed ¢ > 0 and f : ' — R smooth
with compact support,

F(ze) = f(2s) + (Aif)(z0) (2p = 2) + O(|t = s[*)

as s — t. Now if X = (X, X)) is a rough path of Holder regularity 1/3 < v < 1/2, we
consider the following notion of solution: a continuous path z : [0,7) — A is a solution
of the rough differential equation

dzy = A(z)Xar, 20=0p (3.4)

if one can find some a > 1 such that any choice of ¢ > 0 and f : N' — R smooth with
compact support yields

Flz) = f(z0) + (Auf) (2 (X] = X0 + (Aid ) (20) X5+ O(Jt — s])

as s — t. This point of view is taken from [4, 5], in the mindset of [13]. We say that z
explodes as t — T if z leaves any compact set.

In a probabilistic mindset, the fundamental remark is that, for X the Stratonovich
rough path lift of some standard Brownian motion W, such a solution coincides almost
surely with the solution of the Stratonovich equation

dzy = A(z) odWy, 29 = p.

It is a striking feature of rough paths theory that not only does (3.4) admit a unique
solution z for any (deterministic) rough path X, in the above sense and up to some
explosion time 7" > 0, but also the It6-Lyons map X ~ z is continuous in the following
sense. Fix d a Riemannian distance on N. If 77 < T and ¢ > 0, there exists some § > 0
such that for any X’ at rough path distance at most ¢ from X, the solution 2z’ of

dzp = A(z) X4, 20 =p

is defined on [0,7”] and satisfies d(z;,7;,) < e forall0 <¢ < T".

This kind of continuity in enough to ensure convergence in law: namely, if (X"),,>¢ is
a family of random rough paths converging in law to X with respect to the rough path
topology, then in a sense, the (random) solution 2" of (3.4) driven by X" converges to the
solution of that driven by X. Let us make that point precise. Denote by N the one point
compactification of N/ (/\7 = N if NV is compact) and set C,, the space of continuous paths
z:10,1] — N starting at p such that z;;. = co whenever z; = co. Fix d a Riemannian
metric on AV such that d(p,p’) — oo as p’ — oo, and define on C), the smallest topology
containing, for any v € C}, and R, e > 0, the set of paths z € (), satisfying

max d(z, ) < e.

d(p,vt)<R

The topology does not depend on d, and a sequence 2" of curves in C,, converges to z* if
and only if for all R, the curves 27, .. stopped when they get at distance R of p converge
uniformly to 2%, .. We can now state what one might call a theorem of continuity in law,
in the following form.

Theorem 3.7. For some fixed 1/3 < v < 1/2, let (X"),>0 be a sequence of random
~-rough paths with values in R¢, whose distributions converge weakly to that of X>°.
These processes might be defined on different probability spaces.

EJP 25 (2020), paper 39. http://www.imstat.org/ejp/
Page 16/26


https://doi.org/10.1214/20-EJP439
http://www.imstat.org/ejp/

Homogenisation for anisotropic kinetic random motions

Then, for any 0 < n < oo, there exists a unique random variable 2" with values in C,
such that it solves the rough differential equation

dzf' = A(z) X4, 25 =p

almost surely up to explosion, and the distributions of z" converge to that of z*>° with
respect to the topology of C, described above.

3.3.4 The interpolation result

The proof of Theorem B then follows from the rough path convergence of the rough path
lift X of anisotropic kinetic Brownian motion X in R?, Theorem 3.6, and the continuity
properties of the It6-Lyons solution map to rough differential equations. As in [1], one
needs to use the stochastic and geodesic completeness of (M, g) to conclude that the
convergence of the O M-valued development of anisotropic kinetic Brownian in R? in not
only local, but that weak convergence holds true; see Proposition 2.4.3 and Lemma 2.4.4
in [1]. Stochastic completeness refers here to the isotropic Brownian motion on M. We
implicitly use here the fact that for a complete and stochastically complete Riemannian
manifold, the anisotropic Brownian motion on M is also stochastically complete.

4 A wider class of kinetic ergodic motions

In this section, we take a step back, and see what remains of Theorem B in a
higher level of generality. Unfortunately, it is difficult to state a general theorem on
kinetic ergodic motions without hiding the ideas under a layer of abstract machinery,
unnecessary in most applications. Instead, we chose in this last section to introduce
basic notations and state a prototypical result first, which is in essence a reformulation
of Theorem C in the introduction, and then to discuss its hypotheses through a variety of
examples, which we believe convey the versatility of the method.

4.1 From kinetic Brownian motion to kinetic ergodic processes

We introduce a few notations, which will be useful in the following section. Suppose
that (v{)¢>0 is of the form v{ = I(v,2;), with (;):>0 a cadlag Markov process with values
in some manifold W and I : W — R? bounded continuous — for instance, Theorem B
deals with the case I : W = §¢~! < R and © the anisotropic spherical Brownian motion
with time scale 1. Because the path (z):>¢ integrating the velocity is Lipschitz, its
development on a Riemannian manifold is well-defined, and the objects described in
Theorem C make sense. Note also that, because the velocity is locally bounded, the
rough path lift used in the proof is well-defined as well; see Remark 3.4.

This subsection is devoted to the proof of the following rewriting of Theorem C. We
discuss its hypotheses in the following Subsection 4.2.

Theorem 4.1 (Main Theorem C). Let (M, g) be a Riemannian manifold of dimension d,
and (¢7 )s>o0 a process on M whose velocity ¢7 € T,, M has image v{ € T,, M ~ R? under
the inverse stochastic parallel transport along q. Suppose that, for some cadlag Markov
process T on a manifold W, (v{):>¢ is the continuous image of (Ty2¢)i>0, i.€. v = I(Ty2y)
with I : W — T, M bounded continuous. Suppose that v admits an invariant measure i
such that under P =P,

1. equation (1.4) holds with F|, ;) the c-algebra generated by {I(v¢)}a<i<b;

2. for all 1 < i < d, the reflections (v',--- ,v"~!, —v’ v+l ... ) have the same
distribution as v = v’ = (v',--- ,v?%) for some, hence all, o > 0.
EJP 25 (2020), paper 39. http://www.imstat.org/ejp/

Page 17/26


https://doi.org/10.1214/20-EJP439
http://www.imstat.org/ejp/

Homogenisation for anisotropic kinetic random motions

Then as o — oo, the time rescaled process (qJ»,):c[o0,1] converges in law to an anisotropic
Brownian motion on M with covariance diag(v1,- - ,va4),

= /0 E [I(vo)"I(v¢)"] dt.
Remark 4.2. Throughout our study, we have worked at equilibrium, with P = IP,,.
Although it simplifies the proofs, it is merely a cosmetic concern in the case of kinetic
Brownian motion. In fact, under the assumption (2.2), Theorem 4.1 holds for any IP,: see
Proposition 4.3 below. For instance, it will be the case in examples 4.2.2 and, to some
extent, 4.2.6 below. It is not clear whether the result should hold without this additional
property.

To establish Theorem 4.1, let us review the ingredients of the proof of Theorem B.
The tightness results, more specifically Corollary 3.3, are essentially a consequence
of Lemma 2.6. It holds whenever (1.4) is satisfied (condition (1)), I(7y) is centred
(condition (2)) and I is bounded. On the other hand, the convergence towards Brownian
motion relies, in addition, on the symmetry property (condition (2)) and independence of
the increments. Equation (1.4) ensures the latter, so that the proof of Theorem 4.1 is
essentially that of Theorem B.

Proposition 4.3. Replace condition (1) in Theorem 4.1 by the following variant of (2.2).
There exists some mixing time T > 0 such that for allx € YW and t > 0,

1P 0 — pllrv < f(2) exp(—t/7) (4.1)

for some function f : W — R, integrable with respect to u. Let the initial distribution A
be any probability measure on W such that [ fd\ < occ.

Then under the measure Py, for (¢7);>o defined as in Theorem 4.1 above and as
o — oo, the time rescaled process (q7»,)c[0,1] also converges in law to an anisotropic
Brownian motion on M with the same covariance diag(v1,- - ,Va)-

Proof. It is enough to show the convergence of the Euclidean rough paths (X7),~0.

Tightness We claim that Proposition 2.4 holds for [Ey. Indeed, by the same arguments,
we see that
[Ep;s,[G] - ELG) < |Glo f(z) e/ 4.2)

holds in lieu of (2.3). From this we deduce

[Ep; 6. [G] = EpaalGl] < [Ep; 5, [G] = EL[G]] + [EL[G] — EpyA[G]]

< (f(m) +( / fdx) ~es/7) |Gloc ==/,

which is enough for rest of the proof to hold. It is then an easy exercise to adapt the
proof of Corollary 2.5, and from this point every idea leading to tightness is the same,
even if some care must be given to non-stationarity in the actual computations, e.g.
regarding equation (3.1).

Brownian limit Let ]P be the law of the Brownian rough path on RP( ), and P, a
limit point of the laws of X? under IP,. We only need to show that P A= IPM.
Define the translation operator 7, on RP () as

Th(Y, Y) = (Yh+. - Yh7Yh+~,h+-)-
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Now, for any continuous bounded map F : C([0, 1], G) — R and ¢ > 0, equation (4.2) gives
[BAF(T.X7)] — B, [F(TX7)]| < ()| Flaoe™ </,

which, taking limits along a proper subsequence, implies that

~ o~

EA\[F(T:X)] = E,[F(T-X)].

But 7.X — X in €°([0, 1], G) for fixed X, so the above equation holds for e = 0, and P, is
the law of the announced anisotropic Brownian motion. Note that 7.X has no reason to
converge to X in the rough path topology, so tightness had to be proved beforehand. O

4.2 Discussion of the hypotheses

Because we introduced Theorem 4.1 merely as a reformulation of Theorem B with
highlight on the key assumptions, there is much room for improvement. Below are a few
examples where the hypotheses can be weakened; in theory, none of these methods are
mutually exlusive, although the manipulations might get tedious when applied to actual
data.

4.2.1 Asymmetrical velocity — spinning motion

We show in this first example illustrates that the symmetry condition (2) in Theorem
4.1 above is indeed necessary. Assuming only that I(v) is centred, the existence and
Brownian behaviour of the Euclidean limit follows from the tightness result stated in
Corollary 3.3 and the characterisation of Proposition 3.5, whose proofs hold with no
change whatsoever; however, the limit rough path need not be Brownian, as is the case
in what follows.

Set I : W = R/27Z — C ~ R? the exponential v — e, and define ¥ as the spinning
motion

dv, =dt +dW;, ie. T =7v9+t+ W, (mod 27),

where W is a standard Brownian motion on R. Its dynamics is of course very simple:
it admits a unique invariant measure p(dv) = idv and satisfies equation (2.2), so all
hypotheses but condition (2) in Theorem 4.1 above are satisfied.

As described above, the laws of (X?),~( do converge to that of a Brownian process.
As of those of the lifts (X7),~0, however, some drift appears in the limit. Indeed, setting
A the antisymmetric part of X7,

1 ot s [eS) S|
(A2 = 357 / / sin(vs — Ty )dsdu = / / @1U+T§g4t SIn(Tyqr — Uy )dudr,
0 0 o Jo

so we get

. oo poo q . . 1 oo T . .
E[(A)"] :/0 /0 ﬁlu_wgggsm(r)e P2dudr = 5/0 (t— 9>+sm(7’)e 12dr

with (-)1 the positive part. The limit is a non-zero linear function of ¢, so the limit of the
lifts cannot be Brownian.

In particular, the homogenisation result does not hold for its manifold-valued coun-
terpart, and one should not consider this example as an isolated pathological case. In
the common ‘rolling without slipping’ analogy used to described stochastic development
of Brownian motion, one might think of the resulting non-Brownian effect as a force
rotating the paper around the contact point, so that the path on the manifold may have a
tendency to lean to one side.
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Such drift phenomena in the Lévy area have arisen and been studied in different
works recently, particularly in the context of random walks. See e.g. the articles [31, 30]
of Lopusanschi and Simon, and those of Ishiwata, Kawabi and Namba, [22, 23]. In
the continuous setting, it has been described by Friz, Gassiat and Lyons in [14] as the
small-mass limit of the behaviour of a charged particle in a magnetic field.

4.2.2 Velocity with jumps — random flight

The so-called random flight is perhaps the most elementary situation where the velocity
has jumps. Studied by Pinsky under the name of isotropic transport process in [33],
it is a piecewise-geodesic motion on a Riemannian manifold M where the direction is
sampled uniformly on the unit tangent sphere, and updated at exponential times. It is
shown in [33] to exhibit a limiting Brownian behaviour under suitable normalisation. In
terms of our I and 7, we describe it by setting I : W = $?~! < R? and 7 a pure jump
process, with rate 1 and uniform measure. In this case, the mixing property (1.4) is a
consequence of the stronger statement (2.2) that the dynamics converges exponentially
fast to equilibrium in total variation, in the same way we treated anisotropic Brownian
motion, so that our Theorem 4.1 applies readily and the limit is indeed Brownian. There
are no complications in dealing with jumps.

Because the velocity process is isotropic, the limit covariance diag(yi,- - ,7vq4) is
proportional to Id. Setting T the first jump time,

2

2 o9} 2 (9]
== | Emy-wldt== | PT<t)dt=>,
! d/o ot d/o T=0d=y

and we recover the result of [33].

4.2.3 Discrete time — Donsker invariance principle for random walks

In certain situations, the ergodic properties of the system are most easily described
in deterministic discrete time. An example, studied in [8] by Breuillard, Friz and
Huesmann, is that of random walks. If (Y} )x>0 is a sequence of independent bounded
random variables with values in R?, symmetric in the sense that their common law is
invariant with respect to the reflections as described in condition (2) in Theorem 4.1
above, we consider the piecewise linear process W that, on each interval [k, k + 1], is
affine and increases by Y. In other words, we express it as

Wit > Vit (t— [t])Ya
k<|t]

The classical invariance principle of Donsker states that the rescaled processes W :
t + W4, /0? converge in law to an anisotropic Brownian motion, with respect to the
uniform convergence on compact sets (in most expositions, the convergence is proved
for 0* = N, as N — o0). The result of [8] strengthens it to rough path convergence.

Let us translate this dynamics in our framework. Set W = R/Z x R%, I : (o, y) = v,
and define the dynamics of (7;);>0 = (as,¥)¢>0 as follows. Given initial conditions
(c0,%0) € [0,1) x RY, a grows continuously with rate 1, i.e. a; = ag +t (mod 1), whereas
y stays constant on time intervals of length 1, then jumps independently of the past
according to the law of Y, i.e. y; = Y|;_,,) with the convention Y_; = yo. Under the
initial condition §y ® L(Y}), we see that the law of X7 is exactly that of W°.

The process v is Markovian, although not Feller, and admits an invariant measure
Unif(R/Z) ® L(Y,). Because it is not ergodic, there is no hope for equation (2.2) to
hold. Maybe surprisingly, even if I kills the non-mixing coordinate, it is also false that
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condition (1) of Theorem 4.1 holds: in the case where Y has no atoms, take P to be the
first jump time in [0, 1], and F the first jump time in [n,n + 1]. However, it is true for any
Lo = 0o ® L(Yy), with constants independent of «: indeed, it is obvious that for ¢ > 1
and any probability law A on R¢,

P/ (0a ® A) = platt = P/ pa

holds in lieu of (2.2). Remarkably, nothing more than this is needed throughout the proof.
It should be clear that Proposition 2.5 holds for any pu,, and that tightness follows in the
same fashion. Independence of increments, as stated in Propositions 3.5 and Theorem
3.6, hides no difficulty either. It is true that one has to be careful about the limit variance
in Proposition 3.5, because the Markov property is used in a crucial way. In our case, for
any a € [0,1) and o > 1, we end up with

, 1 ot et o
B D)) =5 [ [ Bbiwasa

1 0’4 0’4 o
Z ;/ / 1n+o¢§s,t<n+1+aEua [yiyé] dsdt
0 0

n>—1

—a)?+ ot +a—1]+{ot +a—1}?
1

_ a2 (1

= E[j¥]?)- -
with {-} the fractional part. In the limit, the variance converges to E[|Y{|?], so the result
of Theorem B, and in particular the rough path strengthening of the Donsker invariance
principle, holds with covariance E[Y;Y{], in accordance with [8].

Surprisingly enough, the symmetry condition (2) is not mandatory here: see [8]. Intu-
itively, the increments would have to work together to spin in some privileged direction,
but this is prevented by independence. In particular, a drift in the antisymmetric part of
X9 that does not vanish in the limit, as mentioned in example 4.2.1 above, must come
from additional structure: in [31], the hidden Markov chain; in [30], the underlying
directed graph; etc.

Note that in the case of random walks, as a consequence of the work of Chevyrev, see
[9, Example 5.8], convergence of X7 as stated in Proposition 3.5 in enough to ensure
convergence of X to some random rough path. It is not clear from this approach,
however, that this limit is indeed Brownian.

4.2.4 Discrete time and correlation — Donsker invariance principle for Markov
chains

The reader may have noticed that in the above example 4.2.3, independence of the
variables (Yj)r>o is a bit much, and one could work with covariances vanishing exponen-
tially fast. Suppose for instance that (Y3)x>0 is a time-homogeneous Markov chain with
invariant measure p with compact support, whose correlations decrease as e */7, 7 > 0;
namely, letting @ be the transition kernel of Y,

16, QF — pllrv S e /™

for all y in the support of . Then, setting po := dg ® u, we get, for any probability
measure A with Supp A C Supp g,

< eft/‘r'

1Pf (50 @A) — P oy = H [, ~ mray
TV
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Again, this inequality can be substituted for equation (2.2) in the proof of Proposition
2.4, and under the same symmetry condition as above, the convergence result still holds
true.

Examples of such Markov chains are any aperiodic irreducible finite state Markov
chain; or any Markov chain with transition kernel Q(y, dy’) absolutely continuous with
respect to some measure v, and such that % is bounded below by a positive constant
m > 0, uniformly in y, y’. Note however that the symmetry condition (2) of Theorem 4.1
is a bit stronger than in the independent case, since we need the reflections to leave the

law of the whole sequence invariant.

4.2.5 Time-dependent randomness — time-dependent Brownian motion

The way we wrote our convergence theorems is ill-suited to treat time-dependent random-
ness, i.e. when the motion of the velocity is not homogeneous in time. However, there
are cases where randomness can be somewhat dissociated from the time dependence,
and our methods do in fact yield interesting convergence results. In the present example,
we set to recover, in the limit, the Brownian motion on a manifold M endowed with a
time-dependent metric ¢;, as introduced in [3] by Arnaudon, Coulibaly and Thalmaier.

Such an approach has already been set up in [25], in a similar fashion as the random
flight described in example 4.2.2 above. The idea is to freeze the metric in small time
intervals [t;,t,11], say of size 1/0%, over which the movement q is purely geodesic with
respect to the metric g;,, the initial condition being chosen uniformly at ¢; on the unit g;,-
sphere of the tangent space of M at ¢;,. Suitably renormalised, this process converges
to the time-dependent Brownian motion described above. We introduce a similar random
flight which lets the metric vary continuously, and may be considered more natural in
this respect, then prove its convergence to time-dependent Brownian motion.

We begin by describing time-dependent Brownian motion and its surroundings.
Suppose ¢; is smooth, as a function on Ry x TM @ TM. Let F'M be the frame bundle
over M, and choose a point gy € M together with a gg-orthonormal frame ey of T,;, M.
For a C' path ()0 in R?, we define the time-dependent development of z as the
solution (z;)¢>0 = (g, e¢)¢>0 of the following equation, whose terms we describe below.

10 y
dzy = Hy ,, (dzy) — 5%(utei,ut6j)\/2dt, 20 = (qo, €0)- (4.3)
We use Einstein notation. As in Section 3.3.1, (1, - - , ) is the canonical basis of R?, and

the H; .¢;, resp. V¥, are the canonical horizontal vector fields, resp. vertical vector fields.
Note that because the metric g is time-dependent, the associated horizontal vector fields
H must depend on ¢ as well. In coordinates,

i 0 k ; 4 O
Ht,z(ea) :eaaiqi - (]-—‘t(q))” eaegaiefv Vz =€

If we compare (4.3) to (3.3), the added vertical fields are there to ensure that e; is at all
times orthonormal for g;. We refer to [12] for an insight about why this definition is a
sensible choice.

In particular, the time-dependent geodesics are the solutions of the equation asso-
ciated to z; = tu for some fixed u € R%, and the time-dependent Brownian motion is
the solution driven by some standard Brownian motion W in the Stratonovich sense, or,
equivalently, by the standard Stratonovich rough path W in the rough sense.

Note that we did not discuss time-dependent rough differential equations in Section
3.3.3. In the case of an equation driven by a C! control z, the standard technique is of
course to consider ¢ — (t,z;) as the control. The same trick works with rough paths:
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associated to any rough path Y = (Y,Y) is a canonical lift Y of t (t,Y;) compatible
with Y. The solution of time-dependent rough differential equations is then well-defined.
In what follows, we will also use the fact that Y ~— Y is continuous in the rough path
topology, so X — X in law whenever X? — X in law.

We define a kind of interpolated random walk on M whose limit will be the Brownian
motion described above. Fix ¢ > 0, and define W successively on each interval
[s,t] = [Z, 2] as follows: &7 is chosen independently of all the rest according to the
uniform measure on the unit gs-sphere of Tyy- M, and W on [s,t] is a time-dependent
geodesic in the above sense, with initial condition WS‘T =deg.

As in the previous example, there is a direct equivalent of this dynamics in our
framework. Set W = R/Z x $¢ ' and I : (o, ) < V/dy, following the same dynamics
as in 4.2.3, with Yj uniformly distributed on $?~!. We choose the initial condition to be
S0 ® Unif($91); for the same reasons as in example 4.2.3 above, (X?),~o converges to
the Brownian rough path X with covariance d E[Y,Y;] = Id.

Everything described so far is essentially time-invariant — the time-dependence
appears when we use this family of rough paths to describe a motion on M. Fix ¢y € M,
and eg a go-orthonormal frame of T,, M. Define the solution (z;);>0 = (g, e:)r>0 (up to
explosion) on the frame bundle F'M of equation (4.3) driven by X, in the rough sense.

By definition, ¢; defined as above is the Brownian motion associated to the time-
dependent metric ¢g;, as described in [3]. If we set z7 = (¢%,u?) the solution of the
equation driven by X7, we get instead ¢° = W7 in law. The convergence of X, together
with the general theory of rough paths (see Theorem 3.7), ensures that ¢?, hence W?,
converges in law to the time-dependent Brownian motion q.

4.2.6 Velocity with unbounded support — Langevin process

We conclude with an example where the velocity v has unbounded support, which
goes against the implicit assumption that I be bounded. We consider the process with
anisotropic Ornstein-Uhlenbeck velocity, i.e. satisfying

dv, = —v,dt + dB;

for B an anisotropic Brownian motion of covariance ¥. In the isotropic case, it is a
simple scalar example of the hypoelliptic Laplacian of Bismut, and convergence towards
Brownian motion can be seen as a geometric analogue of the interpolation described
by the latter between the Laplace operator and the geodesic generator; see [7]. The
anisotropic convergence is also treated in [6].

When the parameter ¢ is introduced, we get a velocity v; satisfying

dv, = —cvdt + od By,

and we want to prove that the associated position process converges to Brownian motion,
as ¢ — oo and under suitable time change. Here, I : W = R? — R is simply the identity,
and hence does not quite fit the boundedness hypothesis of Theorem C. However, it is
well known that 7 admits as an invariant measure the Gaussian distribution p = A/(0, %E)
with covariance %Z. Using the coupling B; = — By, it is known, and not difficult to see,
that

P76, — ey S (1V [z]) e,

from whence, because 1V |z| is in L*(u), we derive Proposition 2.4; see Proposition 4.3.

In our proof, boundedness of the velocity is essentially used twice: for proving the
decorrelation of coordinates in Proposition 2.5, and to show that the variance of the limit
must be the limit of the variances in 3.5. Because u has moments of all order, the latter
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will add no difficulty — in fact, any moment of order > 2 would suffice. As for the former,
it is a bit trickier. We use the following variation of Proposition 2.5.

Proposition 4.4. Fix some ¢ > 0 and some positive integer n € IN*. There exists

7" = 7'(1,n,€) > 0 such that under P = P, and for any indices 1 < ji,--- ,j, < d and
times s1,--- ,8, > 0,
j jTL J j'll 7A !
‘]E[Uzi .'.U51+"'+Sn} S |U01|Ln+e "'|UO ‘Ln«i»ee /T .

We give only hints of the proof. In the spirit of the proof of Proposition 2.5, set

Vo= ] (u{; /|vix |Ln+5)

1<k<ko

and similarly for Vy and V. Write V., = W, + R, with W, := V.1 y,|>; for M = exp(nl)
with n > 0 small enough, the proof of Proposition 2.5 applied to W,, together with
a careful handling of the remainder R., are enough to get to the above result. It
automatically implies Lemma 2.6, since p has moments of all order, hence the conclusion
of Theorem B.

Note that the treatment of unboundedness is not specifically designed for the
Langevin process, so it can be applied to the above study of the random walk as well.
Moreover, it is not necessary for all moments to exist: moments of order a > 2/(1 — 2v)
are enough to ensure tightness in RP(7); this means « > 6 if one only cares about the
convergence of the development with respect to the uniform topology. Indeed, our proof,
enhanced by the above corollary, will hold with moments of order 2n > 2/(1 — 2v) for
any positive integer n; but adding an easy truncation argument at the beginning of the
proofs of Lemma 3.1 and 3.2 will strengthen the result to non even integral moments. In
this respect, our moment assumption is a bit weaker than that of [8], when we stay in
the symmetrical case.
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