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On the joining of sticky Brownian motion
J. WARREN!

Abstract

We present an example of a one-dimensional diffusion that cannot be inno-
vated by Brownian motion. We do this by studying the ways in which two copies
of sticky Brownian motion may be joined together and applying Tsirel’son’s cri-
teria of cosiness.

There has been much recent interest in Tsirel’son’s idea. [9] of studying the filtration
of Walsh Brownian motion through the behaviour of pairs of such processes. A general
technique has been developed by Tsirel’son [10] and others which involves taking two
copies of a filtration and jointly immersing them in a larger set-up. See also Emery
and Yor [5], Beghdadi-Sakrani and Emery [4] and Barlow et al. [2]. This note is
motivated by applying these ideas to a particular process - sticky Brownian motion.

Let 8 be a real constant satisfying 0 < § < co. Suppose that (Q, (Fo)ez0,P) is
a filtered probability space satisfying the usual conditions, and that (Xt;t > Og is
a continuous, adapted process taking values in [0,c0) which satisfies the stochastic
differential equation

t t
(0.1) Xi=z +/ 1(x,>0dW, + 9/ 1(x,=0)ds,
0 0

where (Wt;t > 0) is a real-valued JF;-Brownian motion and z > 0 is some constant.
We say that X is sticky Brownian motion with parameter @ started from z, and refer
to W as its driving Brownian motion. Unless stated otherwise we will assume = = 0.
Sticky Brownian motion arose in the work of Feller [6] on strong Markov processes
taking values in [0, 00) that behave like Brownian motion away from 0. In fact it
can be constructed quite simply as a time change of reflected Brownian motion so
that the resulting process is slowed down at zero, and so spends a real amount of time
there. However here our interest will be focused on it arising as a solution of the above
SDE. This equation does not admit a strong solution, it is not possible to construct
X directly from W, and the filtration F is not generated by W alone. Warren [12]
obtained a description of the extra randomness (hereafter referred to as the singular
contribution) in terms of a mutation process on trees. Here we will suppose that our
set-up carries two J;-Brownian motions W) and W and two adapted processes
X™ and X® such that each pair (X, W®) satisfies an equation of the same form
as (0.1), the value of § being the same in both. We refer to this as a joining of sticky
Brownian motion.

In the first section of this note we consider the case W) = W?, and show that
there is a family of different joinings such that this is so, which may be parameterised
by p € [0,1]. This parameter may be thought of as the correlation between the
singular contributions. If p = 1 then the singular contributions are identical and
hence so are X() and X®, whereas for any p < 1 the process (X, X») can and
does spend time away from the ‘diagonal’.
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In the second section, following Tsirel’son’s method, we consider joinings with the
instantaneous correlation between W) and W® bounded in modulus away from 1,
and investigate what happens as this correlation is allowed to approach 1. We will
find that the limiting law is that of the joining constructed in the previous section
with p = 0.

Tsirel’son’s concept of cosiness is a necessary condition for Brownian innovation.
By this we mean the existence of a probabilistic setup (€, ()0, P) carrying a Fi-
adapted sticky Brownian motion X, a F;-Brownian motion W, with the pair X and W
satisfying equation (0.1), and such that the filtration (F;) t>o 1S the natural filtration
of a Brownian motion (necessarily different from W). For a discussion of innovation
see {11]. The limiting behaviour of the joinings we observe in the second section is
exactly the failure of the cosiness criteria, and so we deduce that Brownian innovation
of sticky Brownian motion is impossible. In particular the filtration generated by X
and W is not Brownian.

1  Correlated mutations and some singular planar
diffusions

Theorem 1. Let p € [0,1). There exists a joining of sticky Brownian motion with
WO = W® such that

(1.1) L)XW v X@) =2(2 - p)hAY,

where AY = fot 1('X§1)= x?’:o)ds’ and L° is the semimartingale local time of XV v X(2)

at 0. The joint law of the processes XV, X and the common driving Brownian
motion is uniquely determined.

Proof. We begin by considering an arbitrary joining with W1 and W® equal to
some common process W. We can write X() v X(? as the sum of three contributions,
of which, at any time, at most one is non-zero.

1 2 = 1 2
xXOvxP =28+ 20 1+ 22,
where
= 1 2
Zt( ) = X‘S )l(x,“)=xfz’) = Xt( )l(xf‘)=X§2))’
and for i = 1,2, with j denoting 3 — 1,
Zt(i) = Xt(l)l(xf‘)>xg(j)).

It follows from the formula for balayage of semimartingales, see [7] and the appendix
of this note, that the processes Z(=), Z), and Z(? are themselves continuous semi-
martingales, and that,

t
Zt(=) =[) 1(Z$=)>0)dW3 + %L?(Z(=)),

. t o
z" = /o L(289050)Ws + 3L2(29),
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where, as always, L®(Z) denotes the local time at level a of the semimartingale Z.
For each of the three processes Z(=), Z1) and Z®, the measure dL°(Z) is supported
on the set of times {t: XMW =xP= 0}. We must also observe that

t t
(i) def () _ , .
O E X 0, = [ L+ e

Notice that this tlme the balayage formula does not introduce an additional term
which grows when X =X, 9 = 0. That this is so may be deduced from an appro-
priate application of théoréme 2 of [7] (see the appendix again!).

Next we have that

L2(XW v X®) = 19(Z) + L3(2W) + L3(2),
and since
XP =278+ 20+ v,
we also find that
20A° = L3(29) + LI (2D).
Thus if LY(X® v X®) = 2(2 - p)0 AP for some fixed p € [0, 1] then we infer that
L(Z9)) =2p0AP,  and  LY(ZY) =2(1 - p)oAP.

Let |Z,| = XV VX,@ then the process (|Z,|;¢ > 0) is itself a sticky Brownian motion?
with parameter (2 — p)§. For i = 1,2 let

t t
(&) _ ;
At -—/0 I(ZS‘)>0)ds_‘/ (X(1)>X(J))d31

and o) be the right continuous inverse of A®). Then define ¥,*) = Y. and construct
the Brownian motions

el
W = / 105 xy AW
0

Each pair (Y®, W) satisfies an equation analogous to (0.1).

A (rather laborious) construction of (X1, X)) now suggests itself. We will
describe it informally- there are no real difficulties here. Start with a Brownian
motion W, and choose |Z| according to the conditional law of sticky Brownian motion
with parameter (2 — p)@ given W as its driving Brownian motion. Independently
assign each excursion of |Z| to be an excursion of Z(=), Z(V) or Z(® with probability
(1=p)/(1+p), p/(1 + p) and p/(1 + p) respectively. Now for i = 1,2 construct the
Brownian motions W® as above, and then choose ¥ according to the conditional
law of sticky Brownian motion with parameter 8 given W as its driving Brownian

2|Z| to recall the modulus of the Walsh Brownian motion on three rays.
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motion, and independently of anything else. Finally put Yt(o = }},::)) and then let
o . . t
XD =27+ z0 + 79
If we consider any joining with the same value of p the joint law of the processes
W, z=, ZMW Z® Y1) and Y@ has the same structure as we have just constructed,
and the uniqueness assertion follows from this. Note that we are using here that the

joint law of W and X solving (0.1) is unique, and also that there is uniqueness for
the martingale problem formulation of the Walsh process on 3 rays. see [3]. O

Observe that, had we not known that sticky Brownian motion was not generated by
its driving Brownian motion, we would be now able to deduce this from the existence
of the non-diagonal joinings displayed in the preceding theorem. This is precisely the
technique used by Barlow in (1], although he, dealing with a general class of SDEs
which have no strong solutions, has to do much work to see non-diagonal joinings
exist. Here things are much easier because we understand the nature of the singular
contribution very well.

Recall the description of the law of X; conditional on W, given in [12).

Theorem 2. Suppose that (X, W) satisfy the SDE equation (0.1). Let L, = sup,,(~W,).
For fized t. the conditional law of X, given W is determined by

(X, W)'® ((Wt +L-T), W),

where T is an independent exponential random variable with mean 1/26.

We may make repeated application of Theorem 2 to the construction of Theorem 1,
and hence obtain the following description of the conditional law of (X{", X{*) given
the common driving Brownian motion. Those familiar with interpreting Theorem 2
in terms of mutations on trees will easily extend the idea to cover the present case.
Corollary 3. Let p € [0,1] and consider the corresponding joining of sticky Brown-
ian motion constructed in Theorem 1. The conditional law of (Xt(l),Xt(z)) given the
common driving Brownian motion W is determined by

(x,x?,w) 'z ((Wt + L= TO)", (We+ L - T(z’)+’_W>’

where, L, = sup,<,(—W;), and the law of (T™W),T®) is described as follows.
Let (lwy)yzo = (M,Sl), Méz))yzo be a Ma'rkolv chain with state space {0,1}2, and let
its transition rates be given by the following diagram.

0,1) (1,1)

( 26
2(1 - p)8 / 26
2(1 - p)d

(0,0) (1,0)
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Then we take:
(TM, T®) 2 (inf{y : M = 1}, inf{y : MP =1}).

As particular cases, if we take p = 1, then XV = X® | while at the other extreme.
p =0, and XV and X® are conditionally independent given the common driving
Brownian motion W.

2 Non-cosiness of sticky Brownian motion

We have just seen that when a joining possesses common driving Brownian motions
there is a ‘hidden’ parameter p which may be thought of as describing the correlation
of the singular contributions. We want to know whether this possibility exists even
if the driving Brownian motions are not identical. The answer to this does not seem,
a priori, obvious. With any joining the pair (X, X(®) spends plenty of time at
the origin- which is where they need to be to do something mischievous. However
the argument of the next paragraph shows that, at least in a special case, nothing
untoward happens.
We consider the case (W), W) = 0. In this case the four martingales

t t t
(1) (2) 2
/0 (X O)dW /(; (X(')>0)dW /0 x®= O)dI’Vs , and / X(2’>0)dWs()

are mutually orthogonal. Consequently Knight’s theorem tells us that if we time
change each martingale to obtain a Brownian motion, then these resulting Brownian
motions are mutually independent. But, for i = 1,2, the pair (X®, W®) is mea-
surable with respect to the two Brownian motions arising from the two stochastic
integrals with respect to W. Thus (X®, W®) and(X®,W®) are independent.
Hence we see that there is a unique (in law) joining such that the driving processes
WM and W® are orthogonal, and in this case the singular contributions are neces-
sarily independent.

Throughout this section we will consider joinings such that there exists a pper < 1
such that (W, W®), — (WD WD) | < prog|t — s| for all t,s > 0, we say the
maximal correlation of the joining is less than 1.

Lemma 4. Any random variable belonging to L*(X, W) can be expressed as a stochas-
tic integral with respect to W.

By virtue of this representation property (which is proved in the appendix), the
maximal correlation of the joining being less than 1 makes available to us the impor-
tant hypercontractivity inequality, see Tsirelson [10] for an outline of the proof.

Lemma 5. Suppose that a joining satisfies, for some ppmar < 1
(WO, Wy, — (WO, W] < prgalt — sl, for allt,s > 0.
Then if ® is a bounded path functional

E[&(XM)®(X?)] <E [<I>(X)(1+Pma,)] 2/(1+pmas)

b

where X possesses the common law of X®) and X®.
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Theorem 6. If the mazimal correlation of the joining is less than 1, then
L)XW v X®) = 464%,

b : o .
wth(c;re AP = [} Ly _x_g)ds, and L° is the semimartingale local time of XV v X
at 0.

Proof. Observe that
LY(XM + X@) = 494%.

Now as a consequence of the occupation time formula (see Revuz and Yor (8] ) we
find that

t
0D L Y@\ _ 79(x(1) y ¥ @ . 4
| L} (X +X ) L; (X VX )l < llIIell%up ;/0 1(0<X§”<e)1(0<X§”<e)ds'

We use the preceding Lemma to show the expectation of the righthand-side is zero.
A simple computation confirms that, if X is a sticky Brownian motion, then,

E[lo<x.<0] = O(e),
uniformly for all s. Hence, by virtue of hypercontractivity, for some ppas < 1,

]E[l 62/(1+Pma::))’

(o<x£‘)<e)1(o<x§2’<e)] =0O(
uniformly for all s, and this suffices. ‘ O

This proof displays very clearly how the process (X, X®), living in the positive
quadrant R?,, uses motion along axes to visit the origin. But be careful in interpreting
this.

Now recall Tsirelson’s definition, [10], of cosy. In order for the filtration generated
by sticky Brownian motion to be cosy there must exist a sequence of joinings each
with maximal correlation less than 1, such that if ® is any bounded path functional
then

B(XW) - (x@) 5 g,

as we tend along the sequence. We are actually considering (to use Tsirelson’s termi-
nology more properly) self-joinings of the filtration generated by the sticky Brownian
motion and the driving motion together. But this distinction, is in fact, unimportant,
since any self-joining of the filtration generated by sticky Brownian motion alone is
easily enriched to become a joining of the type we are considering.

Corollary 7. The filtration generated by sticky Brownian motion is non-cosy.

Proof. Fix A > 0 and let v = v2X. If X is sticky Brownian motion started from 0
then

t
e XN 4 (16 + 2 / e™1(x,=0)ds
0
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is a martingale, and

E “Mix,=0ds| = —.
[ e omos] =

For any joining of sticky Brownian motion X, ,“)VXt(z) is a submartingale with quadratic
variation process j(: 1 xMy x"’>0)d3' If the joining has maximal correlation less than 1,
then, by virtue of the preceding Theorem, L(X(Vv X®) = 49 A, and an application

of Itd’s formula shows that

t
1)y, y(2)
e X VXN 4 (290 +)\)/ e—'\sl(x.ﬁ”=x§”=o)d's
0

is a supermartingale. In this case we may deduce that

00 \s 1
E 1 ds| < —.
Uo ©dexa=o) s} =20+

But if the filtration generated by sticky Brownian motion was cosy then as we tend
along some sequence of joinings, for each t > 0,

cz
1(X§1)=0) - l(X,m:O) =0,
and hence
00 00
E [/c; e—'\sl(xsl)=xsz)=o)ds] —E [/0 e—'\sl(xa=o)dsjl .
In view of the above computations this is impossible. O

A little more effort tidies things up. By the law of a joining we mean the joint law
of (X(“,X(z),W(‘), W(Q)).

Corollary 8. Let P, for n > 1, be the laws of a sequence of joinings of sticky Brow-
nian motion, each with mazimal correlation less than 1. Suppose that the law of
(W, W®), as we tend along the sequence, converges to the law of the diagonal
process (W, W), where W is a Brownian motion. Then, as n tends to infinity, P,
converges weakly to the law of the joining constructed in Theorem 1 with p = 0, that
is with independent singular contributions.

Proof. The sequence P, is tight because the marginal laws of (X, W®) are constant.
Suppose Q is the limit of a convergent subsequence. Q is evidently the law of a joining
of sticky Brownian motion, with identical driving Brownian motions. Because of the
uniqueness assertion of Theorem 1 it suffices to identify that, almost surely under Q,

LA(XW v XP) = 40A.

Consider f € C,,(IR+) with f/ >0, and f”(0+) = 40f'(0+). Note, for such f,

t
Mf = F(XOV XP) - [ (x v x)as
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is a submartingale under any P,, whence it is also a submartingale under Q. We may
deduce from this that

LXMW v X®) > 4949,

and re-examining the proof of Theorem 1 we see that this can only happen with
equality. O

Acknowledgments. This work was done while visiting MSRI, where I was very
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Appendix. The first part of this appendix contains an explanation as to the use
of balayage to deduce that the processes Z(=), Z1), and Z® are continuous semi-
martingales.

First we denote by H the random closed set

{t: X =x? =0},

and observe that each of the processes

(I(Xf”=X§2’))tgo’ (l(xfl)>"52))>:zo’ and (l(xfwdfz)))tzo

is constant on each component of H®. For each t > 0 we define random times D; and
7 by,

D;=inf{u>t:u€ H},

n=sup{s<t:s€ H}.

Then we consider a process K defined by

K, = hgﬁ{lf l(x.(.‘):x.‘.”)'

Because K is bounded and progressive, and th) = 0 for all ¢, the balayage formula,
see [7], tells us that

t
K X0 = / ked XD + Ry,
0

where « is the previsible projection of K and R is an adapted finite-variation pro-
cess, constant on each component of H¢. In particular K,‘X is a continuous semi-
martingale. Now K; is equal to 1 if ¢ is the left-hand end of an excursion into
{z() = z® > 0}, but equal to zero at the left-hand end of other components of
H¢. Thus we see that

K X" =27,

Finally we note that x; = l(x“’— x"’) on H¢, whence we see that the semimartingale
t Tt

decomposition of Z(=) must be as claimed in the proof of Theorem 1. By making
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appropriate changes to the definition of K we may consider Z(") and Z? in the same
way. .

When we turn to considering the processes Y1) and Y we need to alter our
choice of the closed random set H and the process K. Let us now take H to be set
of times at which X@ is zero, and define

Kt = I(X:1)>X§2)) .

This choice of K is previsible, and on applying the balayage formula we find that

t t g
(2 _ (2) —
X = [ ) X80 = [ i) 540 [,y

with no additional finite-variation term. The argument is completed by observing
that KnXtm = Yt(l). The process Y® may be obtained by making obvious changes
to the indices in these formulae.

The final part of this appendix contains a proof of Lemma 4. Introduce the two
Brownian motions W+ and W° defined by

0Q
Wi = /0 1(x,>o,A:'5t) W,
00
0 __
W, = /(; 1(X,=0,A25t) dW,

where A = [} 1( X,0) ds and A? = [J1 x.—o)ds- Notice that the two stochastic

integrals above are orthogonal. We find that we are able to write exponential random
variables of the form

exp { 3 N (Wit = Wit) + (W2, - W2) }

as stochastic integrals against W. But these exponential variables are total in £2 (W*‘, we),
and moreover

LH(W, X) = L2 (W+, W),

whence the martingale representation property extends to all of £2(W, X).
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