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When do skew-products exist?*
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Abstract

The classical skew-product decomposition of planar Brownian motion represents
the process in polar coordinates as an autonomously Markovian radial part and an
angular part that is an independent Brownian motion on the unit circle time-changed
according to the radial part. Theorem 4 of [10] gives a broad generalization of this
fact to a setting where there is a diffusion on a manifold X with a distribution that is
equivariant under the smooth action of a Lie group K. Under appropriate conditions,
there is a decomposition into an autonomously Markovian “radial” part that lives
on the space of orbits of K and an “angular” part that is an independent Brownian
motion on the homogeneous space K/M, where M is the isotropy subgroup of a point
of x, that is time-changed with a time-change that is adapted to the filtration of the
radial part. We present two apparent counterexamples to [10, Theorem 4]. In the
first counterexample the angular part is not a time-change of any Brownian motion
on K /M, whereas in the second counterexample the angular part is the time-change
of a Brownian motion on K /M but this Brownian motion is not independent of the
radial part. In both of these examples K/M has dimension 1. The statement and
proof of [10, Theorem 4] remain valid when K /M has dimension greater than 1. Our
examples raise the question of what conditions lead to the usual sort of skew-product
decomposition when K /M has dimension 1 and what conditions lead to there being
no decomposition at all or one in which the angular part is a time-changed Brownian
motion but this Brownian motion is not independent of the radial part.
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1 Introduction

The archetypal skew-product decomposition of a Markov process is the decomposition
of a Brownian motion in the plane (B;);>¢ into its radial and angular part

Bt = |Bt\exp(u9f) (11)

Here the radial part (|B,|):>0 is a two-dimensional Bessel process and 6; = y,,, where
(y¢)t>0 is a one-dimensional Brownian motion that is independent of the radial part
(|Bt])e>0 and 7 is a time-change that is adapted to the filtration generated by the process
|B|. Specifically, 7+ = fot ﬁds. See Corollary 18.7 from [8] for more details.
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When do skew-products exist?

The most obvious generalization of this result is obtained in [5]. The process con-
sidered is any time-homogeneous diffusion (z:):>o with state space R? that satisfies
the additional assumptions that almost surely every path does not pass through the
origin at positive times and that (z;);>¢ is isotropic in the sense that the law of (x;)¢>0
is equivariant under the group of orthogonal transformations; that is, if we consider a
point (r,0) € R? in spherical coordinates, where r € R, is the radial coordinate and 0 is
a point on the unit sphere S2, and if we take k € O(3), the orthogonal group on R?, then

P 1) (kA) = P9y (A)

for any Borel set A in path space C(R,,R?). Here P,(A) is the probability a path
started at x belongs to the Borel set A [5, (2.2)]. Theorem 1.2 of [5] states that we can
decompose (z;);>0 as z; = r0; where the radial motion (r;);>¢ is a time-homogeneous
Markov process on R, and the angular process (6;);>o can be written as 6, = B,
with (B:):>0 a spherical Brownian motion independent of the radial part and with the
time-change (7;);>¢ adapted to the filtration generated by the radial part.

More generally, one can consider a group G acting on R” and (z;);>0 a Markov
process on R™ such that the distribution of (z:):>¢ satisfies the equivariance condition

Pya(9A) = Pu(A)

for any Borel set A in path space. The existence of a skew-product decomposition for this
setting is explored in [2] when (z;);>¢ is @ Dunkl process and G is the group of distance
preserving transformations of R".

The paper [11] investigates the skew-product decomposition of a Brownian motion
on a C* Riemannian manifold (M, g) which can be written as a product of a radial
manifold R and an angular manifold ©, both of which are assumed to be smooth and
connected. Provided the Riemannian metric respects the product structure of the
manifold in a suitable manner, [11, Theorem 4] establishes the existence of a skew-
product decomposition such that the radial motion is a Brownian motion with drift on R
and the angular motion is a time-change of a Brownian motion on © that is independent
of the radial motion.

A broadly applicable skew-product decomposition result is obtained in [10] for a
general continuous Markov process (z;):>o with state space a smooth manifold X and
distribution that is equivariant under the smooth action of a Lie group K on X. Here
the decomposition of (x;);>¢ is into a radial part (y;);>o that is a Markov process on
the submanifold Y which is transversal to the orbits of K and an angular part (2;):>0
that is a process on a general K-orbit which can be identified with the homogeneous
space K/M, where M is the isotropy subgroup of K that is assumed to be the same
for all elements z € X. Theorem 4 of [10] asserts that under suitable conditions the
process (z¢):>o has the same distribution as (B(a:)y:):>0, where the radial part (y;)¢>0 is
a diffusion on Y, (B;);>0 is a Brownian motion on K /M that is independent of (x¢);>0,
and (a;);>0 a time-change that is adapted to the filtration generated by (y;):>o0.

The present paper was motivated by our desire to understand better the structural
features that give rise to skew-product decompositions of diffusions that are equivariant
under the action of a group and what it is about the absence of these features which cause
such a decomposition not to hold. In attempting to do so, we read the paper [10]. We
found an apparent counterexample to the main result, Theorem 4 of that paper in which
there is a decomposition of the process into an autonomously Markov radial process
on Y and an angular part that is a Brownian motion on K/M time-changed according
to the radial process, but this Brownian motion is not, contrary to the claim of [10],
independent of the radial process, see Section 4 for an exposition of the counterexample.
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This seeming contradiction appears because the assumption from [10] that K/M is
irreducible is not strong enough to ensure the nonexistence of a nonzero M-invariant
tangent vector in the special case when, as in our construction, K/M has dimension 1.
It is the nonexistence of such a tangent vector that is used in the proof in [10] to deduce
the independence of the radial process and the Brownian motion. Professor Liao pointed
out to us that [10, Theorem 4] holds under the conditions in [10] for dim(K /M) > 1 and
that result also holds when K/M has dimension 1 if we further assume that there is no
M -invariant tangent vector.

An anonymous referee pointed out an even simpler counterexample to [10, Theorem 4]
which we present in Section 3. Namely, one takes

U
o (i)

where <‘U/t) is a planar Brownian motion and ©; € SO(2) is the matrix that represents

t
rotation about the origin through an angle t. We show that in this case that there is no
skew-product decomposition for a somewhat different (and perhaps less interesting)
reason: the angular part of (x;);>o cannot be written as a time-changed Brownian motion
on the unit circle in the plane. The apparent contradiction to [10, Theorem 4]is again
due to the irreducibility of K/M being inadequate to ensure the non-existence of an M
invariant tangent vector when K/M has dimension 1.

We present both of these counterexamples here because they illustrate two rather
different ways in which things can go wrong. The latter counterexample shows that under
what look like reasonable conditions one might fail to have a skew-product decomposition
because the angular part can’t be time-changed to be Brownian, whereas the former
counterexample does involve an angular part that is a time-changed Brownian motion,
but it is just that this Brownian motion isn’t independent of the radial process. We hope
that by presenting these two examples we will prompt further investigation into what
general conditions lead to the subtle failure of the usual skew-product decomposition
in the first counterexample and what ones lead to the grosser failure in the second
counterexample.

The outline of the remainder of the paper is the following.

In Section 2 we check that the classical skew-product decomposition of planar Brow-
nian motion fits in the setting from [10], even though the proof of [10, Theorem 4] does
not, as we have noted, apply to ensure the existence of the skew-product decomposition
when, as here, the dimension of K/M is 1.

In Section 3 we describe the counterexample mentioned above of a planar Brownian
motion that is rotated at a constant rate for which the angular part is not a time-changed
Brownian motion on the unit circle in the plane.

In Section 4 we construct the counterexample of a diffusion for which the angular
part is a time-changed Brownian motion on the appropriate homogeneous space, but
this Brownian motion is not independent of the radial part. Here the diffusion (z;):>0
has state space the manifold of 2 x 2 matrices that have a positive determinant. This
diffusion can be represented via the well-known QR decomposition as the product of an
autonomously Markov “radial” process (7});>0 on the manifold of 2 x 2 upper-triangular
matrices with positive diagonal entries and a time-changed “angular” process (Ug, ):>0,
where (U,);>0 is a Brownian motion on the group SO(2) of 2 x 2 orthogonal matrices with
determinant one and the time-change (R;):>o is adapted to the filtration of the radial
process. However, the processes (U;):>o and (7});>0 are not independent.

We end this introduction by noting that analogous skew-product decompositions of
superprocesses have been studied in [12, 4, 6]. The continuous Dawson-Watanabe (DW)
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superprocess is a rescaling limit of a system of branching Markov processes while the
Fleming-Viot (FV) superprocess is a rescaling limit of the empirical distribution of a
system of particles undergoing Markovian motion and multinomial resampling. It is
shown in [4] that a FV process is a DW process conditioned to have total mass one. More
generally, it is demonstrated in [12] that the distribution of the DW process conditioned
on the path of its total mass process is equal to the distribution of a time-change of a FV
process that has a suitable underlying time-inhomogeneous Markov motion. The latter
result is extended to measure-valued processes that may have jumps in [6].
A sampling of other results involving skew-products can be found in [14, 9, 3, 1].

2 Example 1: Planar Brownian motion

Let (x;)¢>0 be a planar Brownian motion.
Following the notation of [10], we consider the following set-up.

1. Let X =R?\ {(0,0)T}.

2. Let K be the Lie group SO(2) of 2 x 2 orthogonal matrices with determinant 1. This
group actson X by A— Q 'AforQ € K and A € X.

3. The quotient of X with respect to the action of K can be identified with the positive
z axis. Note that the orbits of K are just circles centered at the origin.

4. The isotropy subgroup of K for an element x € X is, as usual, the subgroup
{k € K : kx = x}. Since every element of X is an invertible matrix, this subgroup is
always the trivial group consisting of just the identity. In particular, this subgroup
is the same for every y in the interior of Y, as required in [10, pg 168]. We denote
this subgroup by M.

It is straightforward to check that (z;);>o satisfies all the assumptions of [10, The-
orem 4]. We refer the reader to Sections 3 and 4 for details of how to verify these
assumptions in more complicated examples.

Remark 2.1. In this example, dim(K /M) = 1 and there is the skew-product decomposi-
tion (1.1).

3 Example 2: Rotated planar Brownian motion

Write ((Uy, Vi)?)i>0 for a planar Brownian started from (z,y)? (where T denotes
transpose, so we are thinking of column vectors). The process (z;)i>0 := ((z{,27)"),-,

J)% o Ut
()=o) o

where ©; is the matrix that represents rotating though an angle ¢. Thus,

started from (z,y)7 is defined by

x} = cos(t)Uy — sin(t)V;

2 . (3.2)
xy = sin(t)Uy + cos(t) V4.
Then,
dx} = cos(t)dU; — Uy sin(t)dt — sin(t)dV; — V; cos(t)dt
dx? = sin(t)dU; + Uy cos(t)dt + cos(t)dV; — V; sin(t)dt,
which becomes
dx} = cos(t)dU; — sin(t)dV; — Yidt
da? = sin(t)dU; + cos(t)dV; + X,dt.
ECP 20 (2015), paper 54. ecp.ejpecp.org
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If we define martingales (B;);>o and (C});>o by
dB; = cos(t)dUy — sin(t)dV;

and

dCy = sin(t)dU; + cos(t)d V4,
then [B]; =t, [C]; = t and [B,C]; = 0, so the process ((B;, C;)T);>0 is a planar Brownian
motion and the process ((xz},z7)"),. , satisfies the SDE

dr} = dB; — Yidt

3.3
da? = dCy + Xydt. (3-3)

Following the notation of [10], we consider the following set-up.

1. Let X = R?\ {(0,0)T}.

2. Let K be the Lie group SO(2) of 2 x 2 orthogonal matrices with determinant 1. This
group actson X by A Q 'AforQ € K and A € X.

3. The quotient of X with respect to the action of K can be identified with the positive
z axis. Note that the orbits of K are just circles centered at the origin.

4. The isotropy subgroup of K for an element x € X is, as usual, the subgroup
{k € K : kx = z}. Since every element of X is an invertible matrix, this subgroup is
always the trivial group consisting of just the identity. In particular, this subgroup
is the same for every y in the interior of Y, as required in [10, pg 168]. We denote
this subgroup by M.

5. Let (x;)¢>0 be the X-valued process that is defined in (3.1).

We now check that (z;);>o satisfies all the assumptions of [10, Theorem 4]. These are
as follows:

1. The process (x):>0 is a Feller process with continuous sample paths.

2. The distribution of (z;);>¢ is equivariant under the action of K. That is, for k € K
the distribution of (kx;);>0 when x( = x. is the same as the distribution of (z;);>¢
when zg = kx, [10, (2)].

3. The set Y is a submanifold of X that is transversal to the action of K [10, (3)].

4. For any y € Y (that is, the relative interior of Y — which in this case is just Y itself)
T, X, the tangent space of X at y, is the direct sum of tangent spaces T,,(Ky) @ T,Y
[10, (5)].

5. The homogeneous space K/M is irreducible; that is, the action of M on T,(K/M)
(the tangent space at the coset o containing the identity) has no nontrivial invariant
subspace [10, pg 177].

These assumptions are verified as follows:

1. This follows from the representation (3.3).
2. Since O©; € SO(2) we have by (3.1) that for any Q € SO(2)

Qr: = QO (g) |

Since QO©, € SO(2) the condition holds because planar Brownian motion is equiv-
ariant under the action of SO(2).
3. This is immediate.

ECP 20 (2015), paper 54. ecp.ejpecp.org
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4. T,(Ky) = Span {(0,1)” } and T},(Y') = Span {(1,0)” } so that

R?=T,X =T,(Ky) ®T,(Y)
5. The tangent space of Ky is one-dimensional so K /M is irreducible.

Consequently, (x;):>0 satisfies all the hypotheses of [10, Theorem 4].
Write (R;):>o for the radial process

Ry = |(a,2)"| = [(Un, Vo)1,

and let (L;);>o be the angular part of ((Us, V;)T):>0. We can think of (L;);>¢ as living on
the unit circle in the complex plane. In polar coordinates, we have

Ty = (Rt, Lt exp(zt))

By the usual skew-product for planar Brownian motion recalled in (1.1) we have that
L; = exp(iWr,), where W is a standard Brownian motion on the line independent of R
and 7 is a time-change defined from R. Therefore

zy = (R, exp(i(Wr, +1))).
Proposition 3.1. The process (l‘t)tgo cannot be written as
x¢ = (R, exp(iZs,)),

where Z is a Brownian motion (possibly with drift) on the line independent of R and S is
an increasing process adapted to the filtration generated by R.

Proof. If such a representation was possible, then we would have Z; = Zt + at for some
constant a € R, where Z; is a standard Brownian motion. This would imply that

»n N
Il

w
T

~—

exp(iaS) = exp(it).

However, this is not possible: it would mean that
exp(it) = exp(iaTy),
but T; is certainly not a constant multiple of ¢ for all ¢ > 0. O

Remark 3.2. In this example K /M is the unit circle, which has dimension 1, and there is
no skew-product decomposition. The angular part cannot be written as the time-change
of any Brownian motion on the unit circle.

4 Example 3: A matrix valued process

Recall the well-known QR decomposition which says that any square matrix can be
written as the product of an orthogonal matrix and an upper triangular matrix, and that
this decomposition is unique for invertible matrices if we require the diagonal entries in
the upper triangular matrix to be positive (see, for example, [7]). This decomposition is
essentially a special case of the Iwasawa decomposition for semisimple Lie groups.
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In the 2 x 2 case, uniqueness also holds for QR decomposition of invertible matrices if
we require the orthogonal matrix to have determinant one and there are simple explicit
formulae for the factors. Indeed, if

a b
A= 4.1
(¢ 2 @.1)

and det A = ad — be # 0, then A = QR, where

~ 1 a —c
Q= Taro <C " ) € S0(2) (4.2)

and

0 ad—bc (43)
VaZ+c?
In this setting, we consider a 2 x 2 matrix of independent Brownian motions and
time-change it to produce a Markov process with the property that if the determinant is
positive at time 0, then it stays positive at all times. This ensures that uniqueness of the
Q) R-factorization holds at all times and also that the time-changed process falls into the
setting of [10].
Following the notation of [10], we consider the following set-up.

2 2 ab+cd
I (\/a +c W)

1. Let X be the manifold of 2 x 2 matrices over R with strictly positive determinant
equipped with the topology it inherits as an open subset of R?*2 = R*,

2. Let K be the Lie group SO(2) of 2 x 2 orthogonal matrices with determinant 1. This
group actson X by A Q 'AforQ € K and A € X.

3. The quotient of X with respect to the action of K can, via the QR decomposition,
be identified with the set Y of upper triangular 2 x 2 matrices with strictly positive
diagonal entries.

4. The isotropy subgroup of K for an element z € X is, as usual, the subgroup
{k € K : kx = z}. Since every element of X is an invertible matrix, this subgroup is
always the trivial group consisting of just the identity. In particular, this subgroup
is the same for every y in the interior of Y, as required in [10, pg 168]. We denote
this subgroup by M.

5. Let (2¢)¢>0 be the X-valued process that satisfies the stochastic differential equa-
tion (SDE)

day " dx1’2> (f(x)dALl flay) dA}?
dey = % by) = R t t), zo € X, (4.4)
' (dx?’l dz?) = \fla)dAP fz)dA7?) 0

where A}, A}%, A?!, and A7 are independent standard one-dimensional Brow-
nian motions, and f(z) := % with det and tr denoting the determinant and
the trace. We establish below that (4.4) has a unique strong solution and that this

solution does indeed take values in X.

It follows from the QR decomposition that z; = Q;T;, where, in the terminology of
[10], the “angular part” Q; belongs to K and the “radial part” 7; belongs to Y. We will
show that (7}):>0 is an autonomous diffusion on Y and that Q; = Ug,, where (U;);>0 is
a Brownian motion on K and (R;);>¢ is an increasing process adapted to the filtration
generated by (7});>0. However, we will establish that it is not possible to take the
Brownian motion (U;):>0 to be independent of the process (T});>o. This will contradict
the claim of [10, Theorem 4] once we have also checked that the conditions of that result
hold.
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Note that if we consider f as a function on the space R?*? = R* of all 2 x 2 matrices,
then it has bounded partial derivatives, and hence it is globally Lipschitz continuous.
Consequently, if we allow the initial condition in (4.4) to be an arbitrary element of
R2*2, then the resulting SDE has a unique strong solution (see, for example, [13,
Ch 5, Thm 11.2]). Moreover, the resulting process is a Feller process on R?*? (see, for
example, [13, Ch 5, Thm 22.5]).

We now check that (z;);>0 actually takes values in X. That is, we show that if z( has
positive determinant, then z; also has positive determinant for all ¢ > 0. It follows from
It6’s Lemma that

[det(:z:.)]t:/o tr(zlzs) 2 (xs) ds,

[tr(m_m.)]t:/o dtr(zlxs) f2(xs) ds,
and

[det(x.), tr(z’z.)] :/0 4det(xy) f?(zs) ds.

Thus, ((det(z;), tr(zjz:)))t>0 is a Markov process and there exist independent standard
one-dimensional Brownian motions (B} );>o and (B?):>o such that

d det(x) = v/tr(ajay) f(as)

and

dutrin) = 27000 ) \/4tr2<x;x§2(;;$)det(xt)2f(x»dBf

+4f2(xy) dt.
When we substitute for f, the above equations transform into

det(zy)\/tr(zize)

d det = dB}
et(zt) tr(zfay) + 1 t
and
dtr(wizy) = 4(det(x))? dB + 4tr? (xhay) 7/16 det(x¢)? d(?t(xt) dB2
tr(ziz) (tr(z'z) + 1) tr(zjay) tr(zizy) + 1

det 2
NPV ELCORR
tr(zfay) + 1
In particular, the process (det(z;)):>0 is the stochastic exponential of the local martingale

(Mt)tZOI where
/ Vtr(z! xs dB!.

tr(zlas) + tr(alay) + 1
Since zy € X, we have det(zg) > 0, and hence

det(x;) = det(zo) exp (Mt — My — ;[M]t>

is strictly positive for all ¢ > 0. This shows that (z:);>( takes values in X.
We now check that (z;);>o satisfies all the assumptions of [10, Theorem 4]. These are
as follows:
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1. The process (x;):>¢ is a Feller process with continuous sample paths.

2. The distribution of (x:):>¢ is equivariant under the action of K. That is, for k € K
the distribution of (kx;):>o when z( = x. is the same as the distribution of (z);>¢
when zo = kz, [10, (2)].

3. The set Y is a submanifold of X that is transversal to the action of K [10, (3)].

4. Forany y € YO (that is, the relative interior of Y - which in this case is just Y itself)
T, X, the tangent space of X at y, is the direct sum of tangent spaces T, (Ky) @ T,Y
[10, (5)].

5. The homogeneous space K/M is irreducible; that is, the action of M on T,(K/M)
(the tangent space at the coset o containing the identity) has no nontrivial invariant
subspace [10, pg 177].

The verifications of (1)-(5) proceed as follows:

1. We have already observed that solutions of (4.4) with initial conditions in R?*?2
form a Feller process and that this process stays in the open set X if it starts in X,
and so (z¢)>0 is a Feller process on X.

2. Suppose that (z;);>0 is a solution of (4.4) with =y = z, and (%;);>0 is a solution of
(4.4) with &y = kx, for some k € K. We have to show that if we set &; = k1%,
then (Z;):>0 has the same distribution as (z;);>9. Note that detZ; = detZ; and
TyTy = &3¢, so that f(2;) = f(Z4). Thus,

diy = f(&,)k™! (

dAPt dAl? _
dAz,l dA2’2 y Lo = Tx-
t t

Now the columns of the matrix
Ai’l Ai,Q
APY o AZ?

are independent standard two-dimensional Brownian motions, and so the same is
true of the columns of the matrix

1,1 1,2
k! (Ag 1 Atz 2)
Ayt Ap
by the equivariance of standard two-dimensional Brownian motion under the action
of SO(2). Hence,
1,1 1,2 1,1 1,2
! Al A _ (% O
Af,l Af’Q af,l af’2 )

where (o;")i>0, (a}?)i>0, (@710, and (a;"*);>0 are independent standard Brow-
nian motions. Since,

1,1 1,2
- -\ (doy doy -
dry = f(Z4) do! 52 ], o= Tg,
oy dag

the existence and uniqueness of strong solutions to (4.4) establishes that the
distributions of (z;);>0 and (Z;);> are equal.

3. It follows from the existence of the QR decomposition for invertible matrices that
X is the union of the orbits Ky for y € Y, and it follows from the uniqueness of the
decomposition for such matrices that the orbit Ky intersects Y only at y.
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4. Since the tangent space of K = SO(2) at the identity is the vector space of 2 x 2
skew-symmetric matrices and the tangent space of Y at the identity is the vector
space of 2 x 2 upper-triangular matrices, we have to show that if W is a fixed
invertible upper-triangular 2 x 2 matrix and M is a fixed 2 x 2 matrix, then

M=SW+V
for a unique skew-symmetric 2 x 2 matrix S and unique upper-triangular 2 x 2
matrix V. Let
Mo (mn mm) and W= <w11 wm) .
M2y M2 0 wa

It is immediate that

and

O MooWil —M21Wi2
w11

mi2wi1+Mma1Wag
V = (mll w11 ) .

5. We have already noted that the tangent space of K at the identity is the vector
space of skew-symmetric 2 x 2 matrices. This vector space is one-dimensional and
so this condition holds trivially.

We have now shown that (z;);>¢ satisfies all the hypotheses of [10, Theorem 4].
However, we have the following result.

Proposition 4.1. In the decomposition x, = QT the Y -valued process (T});>0 is Markov
and the K -valued process (Q:):>0 may be written as QQ; = Ug,, where (Uy);>¢ is a K-
valued Brownian motion and (R;);>¢ is an increasing continuous process such that
Ry =0and R; — Rs iso{T, : s <u < t}-measurable for 0 < s < t < co. However, there is
no such representation in which (T;);> and (U;);>¢ are independent.

Proof. For allt > 0 we have z; = Q;1;, where

1 D
Qt = = ( 2l €K

(@ )2 + (2702 \af'
and 11 2 o1 2 $11Z12+$21$22
(AR G iy oty vy
T = 0 et (e cy.

@7 HEE)?

Note that det(z;) = det(T}) and tr(zja:) = tr(T{T:), and so f(z:) = f(T%). Note also
that the complex-valued process (z;! + iz?');>0 is an isotropic complex local martingale
in the sense of [8, Ch 18], that is
11] 21]

[277] = [«

and
(2?2, 2% = 0.

In our case

dla"]; = dle®'], = fA(T3) dt.

By [8, Thm 18.5], (log(z}! + iz?!):>¢ is a well-defined isotropic complex local martingale
that can be written as
log(z;' + iz}') = log (T}) + i6;,
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where

2
d[6]; = dllog(T")], = @%Ml}t - (J;(’T)> "

By the classical result of Dambis, Dubins and Schwarz (see, for example, [8, Thm 18.4]),
there exists a standard complex Brownian motion (B;+iB;);>0 such that log(x}! +iz?!) =

BRf, + iBRt, where
+ 2
f(T)
Rt = / ( T11 dS, t Z 0.
0 s

So, §; = Bg, and log(T}'') = Bg,. Hence,

11 4 ;.21
T +axy

@2+ @72

= (cos(6;) + isin(6y))

and

Q= (st~ i)

Consequently, Q); = Ug,, where

o= (S )

and (By);>¢ is a standard one-dimensional Brownian motion.

Note that (U,);>¢ is certainly a Brownian motion on K = SO(2), and so we have
uniquely identified the K-valued Brownian motion (U;):>o and the increasing process
(Rt)¢>0 that appear in the claimed decomposition of (z):>o.

To complete the proof, it suffices to suppose that (U;):>o is independent of (7});>¢ and
obtain a contradiction. An application of It6’s Lemma shows that the entries of (U;):>0
satisfy the system of SDEs

1
' = —UP'dB, - §Ut1’1 dt
1
vt = UHtdB, - gval dt
1
av}? = —UMdB, + ival dt = —dU>"
1
dup? = -UP'dB, - §Ut1’1 dt = du}'.

We apply Proposition 4.2 below to each of the four SDEs in the system describing
(Ut)i>0, with, in the notation of that result, ((;, H;, K;) being the respective triples
wpht ot ulh, wrt ottt urth, ot ubt upt, and (U2, UP, UMY, In each of the
four applications, we let

* (F)i>o0 be the filtration generated by (U;):>o,

* (G)i>0 be the filtration generated by (T}):>0,

* B =By,

* pr =Ry,

2
o= ()

d ")/t:Wt:fOt %gdBRs‘
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Let H; = F,, VGi, t > 0, as in the Proposition 4.2. It follows by the assumed
independence of (U;);>0 and (7});>0, part (iil) of Proposition 4.2, and equation (4.5) that
the entries of the time-changed process ); = Ug, satisfy the system of SDEs

1 T, )\?
dQ;' = —QP'\/R,dw, — §Q§=1R; dt = —Q7 1fT<,1j) AW, — 7Q} ! (fj(ﬂj)> dt
t
1 T, )\ >
dQ*' = QM'\/RjdW, — 5@%%«2; dt = Qb 1fT(1f) AW, — 7Q (fT(lj)) dt
t
1 T, 1 )\ >
dQ? = —dQ{' = Q'R AW, — SO} R dt = ivlfélf) dw, - Q" (fT(lf)) dt
t
_ 1 (T, 1o (F(T)N
@y = dQi = -QPVR{dW, - Q'R = ~Q; ;tg) AW, = Q! ( %?) dt.
Set
dw! = xtn dAM + 337?1 21
t (zI1)2 + (221)2 t (z11)2 + (221)2 t
2 _xtzl 11 x%I 21
dw? = dAMN + dA?
( 11)2+($%1)2 (1’11)2+( 21)2
11 21
dw} = o AP + i dAZ
(2:1)? + (27')? (w1)? + (27')?
dw} = i’ dAR + zi dA?

@2+ (@72

The processes (w!);>o are local martingales with [w!,w!]; = §;;t, and thus they are
independent standard Brownian motions. An application of It6’s Lemma shows that
(Tt)¢>o is a diffusion satisfying the following system of SDEs.

(T
art = f(T,) dw; + Tillt) dt
T f(Th) 1% f*(Th)
dT}? “t It qw? T))dw? — =L 2 =t gt
t Ttll wt +f( t) wt 2(Tt11)2
T f(Th) T2 f*(Th)
dT? =t It guw? T)dwt — =L 2 =t g
t T wy + f(Ti)dwy (T2

The assumed independence of the processes (U;);>o and (7});>0 and part (iv) of
Proposition 4.2 give that [Q%/, T"!] = 0 for all 7, j, k and [. It follows from It6’s Lemma
that

QA1) L
d(QtTt)l,l = dNt + T 1-— 2Tt1’1 dt,

where (NV;);>0 is a continuous local martingale for the filtration (#,);>o. This, however,
is not possible because (Q,T;)"* = z;'" and the process (z;"');>¢ is a continuous local
martingale for the filtration (#;):>o.

O

We required the following proposition that collects together some simple facts about
time-changes.
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Proposition 4.2. Consider two filtrations (F;):>o and (G;):>o on an underlying probabil-
ity space (%, F,P). Set Foo = ;50 Ft and Goo = /5 Gt. Assume that the sub-o-fields
Fo and G, are independent. Suppose that

t t
<t=<o+/ Hsd,es+/ K, ds,
0 0

where (, is Fy-measurable, the integrands (H;):>o and (K;);>o are (F:):>o-adapted, and
(B)e>0 is an (Fi)i>o-Brownian motion. Suppose further that p, = fot Js ds, where (J;)i>0
is a nonnegative, (G;);>o-adapted process such that p, is finite for all t > 0 almost surely.
Fort > 0 put

Fp, = 0{Lspp, : s >0 and L is (F;)¢>0-optional}.

Set Hy = F,, V G, t > 0. Then the following hold.

(i) The process (8,,):>0 is a continuous local martingale for the filtration (H)¢>o with

quadratic variation [, ], = p;.
(ii) The process (7;);>0, where
t
/1
= 5 dﬁ .
Tt /0 7. Ps
is a Brownian motion for the filtration (H;):>o.
(iii) If& = C,,, t > 0, then

t t
£t=£o+/ HpS\/Tsdvs+/ K, J, ds.
0 0

(iv) If (n:)e>0 is a continuous local martingale for the filtration (G;):>o, then (1;)¢>0 is
also a continuous local martingale for the filtration (H;);>o and [n,7] = 0.

Remark 4.3. In this example K/M = SO(2) has dimension 1 and there is a type of
skew-product decomposition. The angular part can indeed be written as a time-change
depending on the radial part of a Brownian motion on SO(2). However, we cannot take
this Brownian motion to be independent of the radial part.

5 Open problem

The apparent counterexamples to [10, Theorem 4] arise in Sections 3 and 4 because
K/M is one-dimensional and hence trivially irreducible. When K/M has dimension
greater than 1, irreducibility implies the nonexistence of a nonzero M-invariant tangent
vector and it is this latter property that is actually used in the proof of [10, Theorem 4].
In the examples in Sections 2, 3 and 4 the group M is the trivial group consisting of just
the identity and there certainly are nonzero M-invariant tangent vector.

Therefore, in view of the three examples we presented and Remarks 2.1, 3.2, 4.3 we
propose the following open problem.

Question 5.1. Suppose that (z;);>¢ is a continuous Markov process with state space
a smooth manifold X and distribution that is equivariant under the smooth action of a
Lie group K on X so that we can decompose (x;);>o into a radial part (y;)¢>o that is a
Markov process on the submanifold Y which is transversal to the orbits of K and an
angular part (z;);>0 that is a process on the homogeneous space K/M. Suppose further
that dim(K/M) = 1.
1. When can we write z; = B,, where (B;);>¢ is a Brownian motion on K /M and
(at)t>0 is a time-change that is adapted to the filtration generated by (y:):>o0.
2. Under which conditions can we take the Brownian motion (B;);>( to be independent
of (:Et)tZO?
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