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APPLICATION OF STOCHASTIC FLOWS TO THE STICKY
BROWNIAN MOTION EQUATION

HATEM HAJRI ) AND MARC ARNAUDON

ABSTRACT. We show how the theory of stochastic flows allows to recover in an
elementary way a well known result of Warren on the sticky Brownian motion
equation.

1. INTRODUCTION

A 6-sticky Brownian on the half line [0, oo is a diffusion with generator

Lpx)  ifa >0

(Af)(e) = {6’f’(0+) itz =0

and domain
D(A) = {f € C2(0,00) : f € Co([0,00)), £/(0%),

0% exist, 7(0%) = 267/(0%). Jim () =0}

where 8 > 0 is the stickiness parameter. This is a special case of Feller one di-
mensional diffusions introduced by Feller by means of their infinitesimal generators
[4]. Sticky Brownian motion has an intermediate behavior, depending on 6, between
Brownian motion absorbed at 0 and reflected Brownian motion. One possible path
construction of a #-sticky Brownian motion X started from 0 consists in slowing down
a reflected Brownian motion R started from 0 whenever it is at 0 in the following
way

Xy = Rinf{u:u+%Lu>t}
where L; = lim._, i f(f Lio<r,<epds is the local time of R [8, 7]. As a consequence
of this construction, the amount of time spent at 0 by X up to ¢, fot l{x,—0yds, has
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positive probability of being greater than 0. More precisely, the following equality

holds in law
t 2
law |N| N2 N
lix.—nds = —\/t+ — — —=
/0 =005 = T\ g T g
where N ~ N(0,1) (see Proposition 5 in [7]).
In this paper, we are interested in sticky Brownian motion as solution of the
following stochastic differential equation
t

t
(1) Xi==x +/ Lix.>01dWs + 9/ Lix,=0yds
0 0

driven by a standard Brownian motion W and where € > 0 is a given constant and
x € [0, 00[ is a given initial condition.

It has been proved by Chitashvili [2| that (1) has a weak solution X which is a
O-sticky Brownian motion started from z, the law of (X, W) is unique but X is not a
strong solution to (1). Later on, Warren [14] derived the following remarkable result
describing the law of X given W (the form given here follows Theorem 2 [12]).

Theorem 1.1. For allt > 0 and all measurable bounded f,
E[f(X)|FY] = Gy (W)

where W;" = W, — ming<,<; Wo, and G(y) = E[f((y — T)")] with T an exponential

variable with mean %.

This theorem shows, in particular, that X can not be a strong solution to (1).
Subsequently, Warren [12] described all couplings of solutions to (1) which leave the
diagonal. Before going on, we mention the work of Engelbert and Peskir [3] where a
third proof of the non strong solvability of (1) and a two sided version of it can be
found (see also [1]).

A remarkable and attractive fact in Warren’s conditional law identity is that it
involves the well known and habitual process W™ strong solution to

(2> Y, =W, + Lt(Y)

where L;(Y) = lim,_g i fg Lio<y,<epds. This raises the question whether there is a
link between (1) and (2) explaining Theorem 1.1.

In this paper, it is shown that stochastic flows of kernels [10] provide an answer to
the previous question. More precisely, define

(3) pau(r) = (x + Wi = Wo)lper, @y + W Lisr @)

where 74(z) = inf{u > s : x + W, — W, = 0}. Then ¢ is a stochastic flow of maps
which solves the flow version of (2)

wsi(x) =2+ Wy — Wi+ Lgy(x)
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where Ly, () = lime_ 5 f; L{0<ips o (x)<cydu. Now, let

_ S Flpal@) ifs <t <)
(4) Ks,tf(l')_{Gf((p&t(l’)) if t > 7(x)

Then K is a stochastic flow of kernels which is a strong solution to the flow of kernels
version of (1): for all ¢ > s, f € D(A) and x > 0 a.s

(5) Koif(x) = f(x) +/ Ks,u(f’l(opo))(:z)qujL%/ K of"(x)du

K, called the Wiener solution of (5) in [10], is characterized by being the unique
(up to modification), strong solution of (5). This leads to Theorem (1.1) as the
conditional law of X; given W should coincide with K +(0, dy).

The next section gives details and proofs of the previously claimed facts. It can
be remarked that the proofs only rely on the definition of stochastic flows with no
additional results of the theory and can be taught to various students. The present
paper provides, in particular, a direct application of stochastic flows to the study of
weak solutions (see 6] for another recent application by the same authors).

2. PROOF OF THEOREM 1.1
2.1. The generalized sticky Brownian motion equation.

Let us now recall the definition of stochastic flows from [10]. In this definition
P(R) denotes the space of all probability measures on R, and B(E) indicates the
Borel o-field of E.

Definition 2.1. A stochastic flow of kernels K on R, defined on a probability space
(Q,AP), is a family (Ks+)s<: such that

(1) (s,t,z,w) — Ky i(x,w) is measurable;

(2) Forallh € R, s <t, Ksipiyn is distributed like K,;

(3) Forall sy <t; <---<s, <ty, the family { K, +,,1 < i <n} is independent;

(4) Foralls <t <wand allz € Ry, a.s. K;u(x) = KK u(x) and K 4(x) =

Ous
(5) Forall f € Co(Ry), t >0,
lim E[(Ko.f(x) — f(x))*] = 0;

t—0+
(6) Forall f € Co(Ry), z € Ry, t >0,
lim B[(Ko.f(y) = Kouf (2))°] = 0;

(7) Forallt >0, f € Co(Ry), lim,o E[(Ko.f(2))?] = 0.
3



We say that ¢ is a stochastic flow of mappings on Ry if K, (z) = d,,,
stochastic flow of kernels on R .
For K, a stochastic flow of kernels on R,

() is a

(6> Ptnf(il}l, e 7xn) =K f(yla T 7yn)K0,t(x17 dyl) o KO,t(xna dyn)
R}

defines a Feller semigroup on R”;. Moreover (P"),,>1 is a compatible family (in a sense
explained in [10]) of Feller semigroups acting respectively on Cy(R”}) that uniquely
characterize the law of K. Conversely, it has been proved in [10] that to each family
of compatible Feller semigroups (P"),>; is associated a (law unique) stochastic flow
of kernels such that (6) holds for every n > 1.

Definition 2.2. (Real white noise) A family (Ws1)s<; is called a real white noise if
there exists a Brownian motion on the real line (Wy)ier, that is (W)io and (W_¢)i>o
are two independent standard Brownian motions such that for all s < t, Wy, =

Wy — W (in particular, when t > 0, Wy = Wy, and W_y = =W_).

For a family of random variables Z = (Z, )s<t, define fft =0(Zyy,s <u<uv<t)
for all s < ¢.

Definition 2.3. Let K be a stochastic flow of kernels and W be a real white noise
defined on the same probability space. We say that (K, W) is a (generalized) solution
of the sticky equation if for all s <t and for all f € D(A), t >0 and x € R a.s

Koif(x) = f(x) +/ Ks,u(f’l(opo))(:z)qujL%/ K of"(x)du

If .7-";2 C .7:81/7‘{ for all s <t, then K is called Wiener solution of the sticky equation.

The Wiener solution was introduced in [9] (it is called statistical solution there)
by means of its Wiener chaos expansion with respect to W only depending on the
semigroup of the diffusion (sticky Brownian motion here). Interestingly, this solution
exists and is unique under weak assumptions.

Let us explain the link between the generalized SDE and the original sticky equa-
tion (1). We start with the following

Lemma 2.4. If (K, W) is a solution of the generalized sticky equation, then FJ C
.7-";2 for all s <'t.

In view of this lemma, we may sometimes say K is a solution of the generalized
sticky equation without specifying the white noise since it is deteremined by K.

Proof. Define 74(z) = inf{u > s : @ + W,, = 0}, then following Lemma 3.1 in
[11], one proves that K,(x) = 0gqw,, for all s <t < 7,(x). Since this holds for =
arbitrarily distant from 0, the lemma follows.
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Assume (K, W) satisfies Definition (2.3) and set

Q:(f @ g)(x, w) = E[Ko f(x)g(w + Wy)]

Then (Q;); defines a Feller semigroup. Denote by L its generator and D(L) its
domain. A simple application of Itd’s formula shows that D; ® C%(R,) C D(L)
where D; = {f € D(A) : f(0+) = 0} and C% (R, ) denotes the space of C? functions
on R, with compact supports. Moreover for all f € D; and g € C%(R,),

£(f @ )(e,w) = 31(2)g" () + 39(w) (@) + ()9 (w).

Let (X, B) be the Markov process associated to (Q:): and started from (x,0). Then
X is a #-sticky Brownian motion started from = and B is a standard Brownian motion
started from 0. The first claim holds because (Q;); is the unique Feller semigroup
satisfying

@f =7+ [ QuAndu feD)
Now for f € D; and g € C%(R,),

(7) f(Xe)g(By) — /Ot L(f ® g)(Xs, Bs) is a martingale.

As X is a #-sticky Brownian motion, it satisfies X; = x+ M; +0 fg Lix,—0yds with M

a martingale with quadratic variation (M), = f(f Lix,>0pds. Writing Ito’s formulas
for f(X)g(B) and using (7) shows that

/0 F/(X.)g(B)A(M, B), = /0 F(X)g (B)ds.

Now by an approximation argument 1; XS>0}d<M ,B)s = 1{x,>01ds and consequently
M, = f(f 1{x,>0ydBs in L*(P). So finally, (X, B) is a weak solution to the sticky
equation.

More generally, considering the semigroups Q7 (f ® g)(x,w) = E[K§} f(z)g(w +
W;)] for n > 1, one can prove that there exists a one to one correspondance between
the laws of stochastic flows of kernels satisfying Definition (2.3) and compatible weak
solutions to the sticky equation (see Proposition 2.1 in [5] for more details in a similar
context).

To close this paragraph, we mention that if ¢ is a flow of mappings such that
K =4, satisfies Definition (2.3), then necessarily ¢ is a flow of mappings solution of

t t
gOs,t(I) =x+ / 1{sos,u(x)>0}qu + 9/ 1{%,u(x):0}d8
S 5 S



and vice versa. Warren 13| proved that such a flow ¢ exists and its law is uniquely
determined. This flow can also be constructed by applying the general results of [10].

Proposition 2.5. Let (K',W) and (K? W) be two Wiener solutions of the sticky
equation relatively to the same W. Then for all s <t and x € R, with probability
one, K;,t(x) = Kit(x).

Proof. We follow the proof of Proposition 4.2 [5]. Note that K,,(z,y) = K, ,(z) ®
K2,(y) is a stochastic flow of kernels on R% and

Quf @ g @ h)(w,y,w) = E[Kg, f(2) K§ 9(y)h(w + W)

is a Feller semigroup on (R;)? x R. Fix x € R, and let (X', X? B) be the Markov
process associated to @) started from (z,x,0), then B is a standard Brownian motion
and X!, X? are two §-sticky Brownian motions. Moreover X', X? are solutions of
the sticky equation driven by B and in particular (X!, B) and (X?, B) have the same
law. Since K' and K? are two Wiener solutions, there exist two measurable func-
tions Fy',, F?, : C([0,#],R) — P(R) such that K, (z) = F,(W,,u < t),K§,(z) =

F2,(Wy,u <t). Let Ny (x) = F{',(By,u <t) and N§,(x) = F?,(Bu,u < t). We will
prove that for all measurable bounded f: R — R a.s.

(8) Ny f(x) = E[f(X])|o(Buy,u<t)], i=1,2
To prove (8), we will check by induction on n that for all t; < --- <, 1 <t, =1
and all bounded functions f, g1, -+, g, : R — R, we have
9) E[K, f(x ng W,,)] = (XZ)ng(Btj)]’ i=1,2.
j=1

Let us prove this for ¢ = 1 and set Q}(f ® g) = Q(f ® Id® g). For n =1, (9) is
immediate from the definition of Q). Let us prove (9) for n = 2. We have

E[Ky, f(2)g1(Wi,)g2(Wi)] = E[K; ,, (Qi—y, (f @ g2) (-, Wiy)) () g2 (W3]
On the other hand

E[f(X{)g1(Bt,)ga2(B:)] = E[Qtl—tl(f ® 92)(th17 By,)g1(By,)]-

Now (9) holds using a uniform approximation of Q,_, (f®g) by a linear combination
of functions of the form h®@k, h, k € Co(Ry.). It is clear now from (8), that Nj,(z) =
Ng,(z) since (X, B) and (Y, B) have the same law.

O

Now in the rest of the paper, we take W a real white noise and will check that K
defined in (4) is the Wiener solution of the generalized sticky equation. This gives

Theorem (1.1) in vue of (8).
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Proposition 2.6. K is the, unique up to modification, Wiener stochastic flow of
kernels solution of the generalized sticky equation driven by W.

Proof. To check that K is a stochastic flow of kernels, we will only check the flow
property for all f € Cy(Ry), s <t <w and z € Ry, with probability 1,

(10) Ks,uf(x> = Ks,th,uf(x)

The other claims in Definition 2.1 are easy to verify. Let us now check (10). For
this, we will use the fact that ¢ defined in (3) is a stochastic flow of mappings (for
non specialists of stochastic flows, this can be proved following the same steps (a),
(b), (c) given below). Moreover this is a coalescing flow : for all x > 0, the paths
@s..(z) and ¢.(0) meet for the first time at 74(z) and then finish together.

Note that Gy writes as (with A = 26)

(11) Gﬂw:fmw*w+mﬂ{[}wwmm

We first check (10) for x = 0. By the flow property of ¢, K, f(0) = G¢(ps.(0)) =
Gi(pru © 9s4(0)) and K K, f(0) = Gk, r(0s:(0)). Using the independence of
increments of ¢, it suffices to prove that for all y > 0, a.s Gy(¢1u(y)) = Gk, .r(Y)
which is equivalent to

&WMM@F@MMwwyfmwwwm

To prove this identity, note that for all y > 0, z — ¢;,(2) is differentiable at y with
derivative at y given by ly,<r ). Thus by a simple calculation, the derivative of
2 M, ., (2) at y coincides with Ae’ K, ,, f(y). This proves (10) for z = 0.

Now take z > 0 and let y = ¢, ().

(a) Onthe event {u < 74(z)}, we have 74(z) = 7(v), Ksof(x) = f(@su(®)), Kot (K uf)(x) =
(Kiuf)(y) = feru(y)) since u < 7(y) and so (10) holds by the flow property
of ¢.

(b) On the event {t < 74(x) < u}, we still have 74(z) = 7(y) and K, f(z) =
Gipsu(®)) = G(pru(y)). Moreover K, (Ky.f)(x) = Gk, ,.5(y) and so the
flow property holds by the calculations above.

(c) On the event {7,(z) < t}, we have K, f(x) = G¢(psu(r)) = Gf(psu(0)) =
K f(0). Moreover K (K f)(x) = Gr o (4) = G g (054(0)) = Ko (K ) (0)
and the flow property holds again from the case z = 0.

Thus K is a stochastic flow of kernels. Note that FX < FW for all s < t. It remains
now to check that K solves the generalized equatioﬂ. We take s = 0 and first 2 = 0.
Denote W, simply by W,". Let

D ={g€ C?%0,00): g€ Cyl0,00),d(07) =0,4"(0") exists}
7



By It6’s formula, for all g € D

! / 1 ! 1
sW) =)+ [ SOHaW, 45 [ v
0 0

Let f € D(A) and set g(y) = G¢(y). Then g is continuous on Ry, C? on R* and

(12) §(5) = —Af(0)e — X2 / " fw)edu + A (y)

In particular ¢’(0+) = 0. Moreover
y
§"(5) = X+ X [ flapeau = X f )+ AF )
0

and so Gy € D. Consequently for all f € D(A),

G/W;) = Gy(0) + [ Gy vnaw,+5 [ (G v

t 1 t
= 1)+ [ @y, [ G
0 0
We now check that for all f € D(A) and y > 0,

G priom (Y) = (Gp)'(y) and Gpi(y) = (Gf)"(y)
Using (11), we see that

Gf’l(o ) _)\y/ f )‘udu

which is also equal to (G)'(y) given in (12) by a simple integration by parts. Again
from (11), we have

y
Gn(y) = f"(0)e ™ + )\e_’\y/ 1" (w)e M du
0
Integrating twice by parts, we see that
y
Gpn(y) = f"(0)e ™ =Af'(0)e _Ay+/\f'(y)—/\zf(y)+A2f(0)€_Ay+A36_Ay/ f(u)e*du
0

which is the same as (Gy)”(y) using the hypothesis f”(0) = Af’(0) as f € D(A).
Finally for all f € Dy,

t 1 t
GyW) = £O)+ [ Gyny W)W+ 5 [ GpolW i
0 0

or equivalently

Koaf0) = 0+ [ Kou(F10m) OdWs + 5 [ Kouf " (0)du

8



Now the case > 0 holds by discussing ¢ < 7y(z) and ¢ > 79(z) and using the fact
that Ko () = Ko+(0) for t > 7o(x). O
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