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Abstract

We construct a two-dimensional diffusion process with rank-dependent local drift and dispersion
coéfficients, and with a full range of patterns of behavior upon collision that range from totally friction-
less interaction, to elastic collision, to perfect reflection of one particle on the other. These interactions
are governed by the left- and right-local times at the origin for the distance between the two particles. We
realize this diffusion in terms of appropriate, apparently novel systems of stochastic differential equations
involving local times, which we show are well posed. Questions of pathwise uniqueness and strength are
also discussed for these systems.

The analysis depends crucially on properties of a skew Brownian motion with two-valued drift of the
bang—bang type, which we also discuss in some detail. These properties allow us to compute the transition
probabilities of the original planar diffusion, and to study its behavior under time reversal.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

We construct a planar diffusion (X1(-), X2(-)) according to the following recipe: each of its
component particles X1(-) and X;(-) behaves locally like Brownian motion. The characteristics
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of these random motions are assigned not by name, but by rank: the leader is assigned drift
—h < 0 and dispersion p > 0, whereas the laggard is assigned drift g > 0 and dispersion o > 0.
One of the dispersions is allowed to vanish, but not both; similarly for the drifts. In the interest
of concreteness and simplicity, we shall set

r=g+h>0, P’ 4+o=1. (1.1)

A bit more precisely, we shall construct a complete probability space ({2, §, P) endowed with a
filtration F = {§(¢)}o<r<oo that satisfies the “usual conditions” of right continuity and of augmen-
tation by P-negligible sets, and on it two pairs (B1(-), B2(-)) and (X1(-), X2(-)) of continuous,
F-adapted processes, such that (Bj(-), Ba2(-)) is planar Brownian motion and (X1(-), X2(-)) a
continuous planar semimartingale that starts at some given site (X1(0), X2(0)) = (x1, x2) € R?
on the plane and satisfies the dynamics

dX, (1) = (g Ixio=xaey —h 1{x1<r>>x2<z)}) dt

+ (P Ixio=xm o 1{x1(z)sx2<t>}> dB1(1)
I =
+ —2{1 dLX =% @) + _2n1 AL (), (1.2)

dX2(1) = (8 Lxio>x01 —h 1{X1(t)sxz<t)}> dr

+ (P Ixim=xam) +0 1{x1(r>>x2<t)}) dB> (1)
1-28
2

1—
+ dLX1=%2(p) 4 T’” dLX>=%1(p). (1.3)
Here and in the sequel we denote by LX(-) = LX(-; 0) the right-continuous local time accumu-
lated at the origin by a generic continuous semimartingale X (-), and by

LX)+ LX)

2
its left-continuous and symmetric versions, respectively; we collect in Section 2 the necessary
reminders from the theory of semimartingale local time.

Each time the particles collide, their trajectories are “dragged” by amounts proportional to the
right local times, LX1~X2(¢) and LX2=X1(¢), respectively, that have been accumulated up to that
instant ¢ at the origin by the differences X1 (-) — X»(-) and X»(-) — X(-); this is the significance
of the last two terms in each of (1.2), (1.3). With the notation

& — & . n—n
9 r’ = 1 - T A~ 9
2 2
the proportionality constants of these interactions, ; and n; for X;(-) (i = 1, 2), will be assumed
to satisfy the conditions

LX) =107%¢;0, LX) =

=1+ (1.4)

n
< 1. (1.5)
n+<
We shall discuss in detail the significance of these conditions for the system of equations
(1.2), (1.3); in particular, the fact that they are not only sufficient but also necessary for the well-
posedness of the above system of stochastic equations. For the time being, let us note that in the
special case {1 = n1 = 1, the trajectory X (-) of the first particle crosses the trajectory X;(-) of

c+n #0, 0<a:=
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the second particle without “feeling” it, that is, without being subjected to any local time drag;
as we shall see in Section 5.2, we obtain this same effect under the more general condition (5.5).
Likewise, the second particle does not “feel” the first, when & = n, = 1 or, more generally,
under the condition (5.6). When ¢; = n; = 1 (i = 1, 2), the local times vanish completely from
(1.2), (1.3) and we are in the situation studied in detail by FERNHOLZ ET AL. [10]. In this case,
the collisions of the particles are totally frictionless.

At the other extreme ¢ = 0 # 7 (respectively, n = 0 # ¢) the trajectory X{(-) of the first
particle bounces off the trajectory X»(-) of the second particle (resp., the other way round), as
if the latter trajectory were a perfectly reflecting boundary; cf. Section 5.1. Think of the second
(resp., the first) particle as being “heavy”, so that in collisions with the “light” first (resp., second)
particle its motion is unaffected, while the light particle undergoes perfect reflection.

For other values of the parameters, we have collisions that are neither totally frictionless
(without local time drag), nor perfectly reflecting, but “elastic”: the particles are subjected in
general to local time drag, and this kind of friction manifests itself in an asymmetric fashion—
due to the presence of both right- and left-local times at the origin LY (-) = LY(-;0+) and
LY ()= LY(-;0-)in(1.2), (1.3) for the difference Y (-) = X (-)— X2(-). We call such collisions
“skew-elastic”.

1.1. Preview

Under the conditions of (1.5), the system of equations (1.2), (1.3) will be shown in Section 4
to admit a weak solution, which is unique in the sense of the probability distribution; cf.
Theorem 4.1. Using a common terminology: under the conditions of (1.5), the system of
equations (1.2), (1.3) is well posed.

A crucial role in establishing this result will be played by the properties of the difference
Y() = X1(-) — X3(-), for which we show that

t

W) =Y() — (x1 —x2) +A/ sgn(Y(s)) ds — 2(2a — 1) ZY(t), 0<t<oo0
0

is standard Brownian motion W(-) in the notation of (1.1), (1.5). To put a little differently:
we identify this difference Y (-) = X1(-) — X2(:) as a so-called skew Brownian motion with
bang—bang drift, a process studied in Section 6.

Similarly, recalling the notation of (1.4) and setting

_ n &1+ &)+ ¢0m +m)
2(n+2¢)

we identify the process

B ,
V() = X1(1) + Xa2(t) — (x1 +x2) — (g =)t =2(1 =B LY (1), 0<t<o0

as another standard Brownian motion, whose cross-variation with the Brownian motion W (-) is
(V,W)() = (V,Y)() = y/ sen(Y(0)dr, y:=p* -0’
0

These identifications allow us then to represent the motions Xi(-), X2(-) of the individual
particles in the form

X1() = xi+ut+ (Y0 —y*) =2 (Y (0 - y7)
+(1=B=y)L ) +po QW)
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X2(t) = xp+pt =0 (YH0) —y*) +0*(Y (0 ")
+(1=B=y)L ) +po Q);

here Q(-) is yet another standard Brownian motion, independent of the difference Y (-) =
X1(-) — X2(-), and

w=gp>—ho.

This way we construct a weak solution to the system of equations (1.2), (1.3), and also show that
uniqueness in distribution holds for it.

Always under the conditions of (1.5), the system of equations (1.2), (1.3) is shown in Section 4
actually to admit a pathwise unique, strong solution; cf. Theorem 4.2. Here we refine the LE
GALL [21,22] methodology, that we used in the recent work FERNHOLZ ET AL. [10] to establish
pathwise uniqueness for a generalization of the perturbed TANAKA equation of PROKAT [33].

In fact, the conditions in (1.5) turn out to be not just sufficient but also necessary for the
well-posedness of the system (1.2), (1.3); cf. Proposition 6.1. As we shall see in Remarks 3.1 and
3.2, this system admits no solution in the case n = —¢ # 0; whereas it has lots of solutions,
i.e., uniqueness in distribution fails for the system of equations (1.2) and (1.3), whenn = ¢ = 0.
Finally, if we do have n 4+ ¢ # 0 yet (1.5) fails because @ & [0, 1], it is seen in Remark 6.1 that
the system (1.2), (1.3) once again fails to admit a solution.

Section 5 discusses some special configurations of the parameters n;, ¢; (i = 1,2) in (1.2),
(1.3) that give rise to some rather interesting structure. We see, in particular in the non-degenerate
case po > 0, that when § = 0 (respectively, 8 = 2), the trajectory X(-) V X2(-) of the
“leader” (respectively, X1(-) A X2(-) of the “laggard”) is Brownian motion with drift, with perfect
reflection on the trajectory X1(-) A X(-) of the “laggard” (respectively, X1(-) vV X3(:) of the
“leader”), which is then another, independent Brownian motion with drift.

Section 6 develops the theory and properties of the skew Brownian motion with bang—bang
drift. Finally, Section 7 uses these properties to compute the transition probabilities and the time-
reversal of the planar diffusion (X1(-), X2(-)).

1.2. Extant work and open questions

The study of multidimensional stochastic differential equations that involve a local time
supported on a smooth hypersurface starts with the work of ANULOVA [1], PORTENKO [29—
32], and TOMISAKI [38], followed by OSHIMA [25], TAKANOBU [37] and others. The work
is related to the study of semimartingale reflected Brownian motions in orthants, wedges or
polyhedra carried out by HARRISON AND REIMAN [13], VARADHAN AND WILLIAMS [39],
WILLIAMS [41] and others. To the best of our knowledge, systems of stochastic equations of the

type

Xi()=xi+B()+ Y q; LX), i=1...n (1.6)
J#
for a suitable array of real constants (g;;)1<i,j<n, With B1(), ..., B,(-) independent standard

Brownian motions, were studied first by SZNITMAN AND VARADHAN [36]. In fact, these authors
consider the more general model

N
X0 =x+B0+)_ e L™ ¥, 0=<1<co, (17)
k=1
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where X(1) = (X1(),..., X,(")), B(-) := (B1("), ..., B,(-)) is Brownian motion in R",
x € R”, the unit column vectors n; generate pairwise distinct hyperplanes, and the column
vectors gy satisfy the orthogonality conditions g -ny = 0fork =1,..., N. Wheng =h =0
and o = p, it can be verified — using the relationships (3.16) between the symmetric local time
and the right local time in our context — that the system (1.2)—(1.3) is equivalent to (1.7) with
parameters n = 2, N = 1 and

n = (1, -1)/v2,
g1 = (a1 =)+ (=)l —a), el — &) + (1 —m)(1 — ).
The orthogonality conditions amount then to n = ¢. Thus, we can apply the results of SZNITMAN
AND VARADHAN [36],if g = h = 0,0 = p, n = ¢ in our system (1.2)—(1.3).
There are rather obvious similarities, as well as differences, between the system (1.6) and that

of (1.2), (1.3). In particular, it would be very interesting to extend the results of this paper to the
system of stochastic differential equations of the type

n . n .
Xi() =xi + Zf 8k Lix; (n=x 40} A + Z/ ok 1ix; (=X 4 (1)} 4Bi ()
k=170 k=170

+rXi—Xj. -7 X;i—Xi. .
—i—Z(qijL 1)+ g LY ()), i=1,...,n (1.8)
J#
for an arbitrary number n € N of particles, with x1, ..., x, and 8y, ..., §, given real constants,
with o1, ..., 0, given positive constants, with suitable arrays (qi)lfi, j<n of real constants, the

“descending order statistics” notation

max X;(t) = X0)@®) =2 X)) =2 - = Xu-1)(®) = X (1) = 11<nil<1n X)),
=J=

l<j=n

and lexicographic breaking of ties. This system (1.8) exhibits both features of rank-dependent
characteristics and skew-elastic collisions that are manifest in (1.2), (1.3), but involves several
particles rather than just two.

The recent work by KARATZAS, PAL AND SHKOLNIKOV [17] studies systems of the form
n . n .
Xi()=x + Z/ 8k Lx; (=X 4 (1)) A + Z/ ok Lx; (t)=X 4 (1)) dBi (1)
k=170 k=170

n .
+ 3 [ tomxwon (7 = a2 aLx0 e
k=1

+(pf = (/) dLXen—Xw (), (1.9)
for nonnegative constants pki, k=1,...,nthatsatisfy p, + p,:_l =1, k=1,...,n—1,i =
1,...,n. This system is a special case of (1.8); here not only the local characteristics (drifts

and dispersions) of the individual diffusive motions, but also the (nearest-neighbor) local time
interactions among particles, are decided based on their ranks.

Equations of the form (1.9) arise as universal scaling limits of systems of jump processes
on the integer lattice with local interactions. They also generalize the so-called “Atlas” and
“first-order” models introduced by BANNER, FERNHOLZ AND KARATZAS [3] in the context of
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Stochastic Portfolio Theory (FERNHOLZ [8], FERNHOLZ AND KARATZAS [11]). These models
have stability properties that agree with the actual behavior of the capital distribution in large
equity markets; however, in order to construct a model that also captures the ergodic properties
of these markets, it is necessary to move to “second-order” models. The concept of second-order
models for equity markets is developed by FERNHOLZ, ICHIBA AND KARATZAS [9], and it is
shown there that parameter estimation for these models depends on time reversal. Time reversal
introduces local time through equations such as (1.2) and (1.3) (see also FERNHOLZ, ICHIBA,
KARATZAS AND PROKATJ [10]), so increased understanding of general systems of this type is
desirable for the purpose of developing more accurate models for the long-term stability of actual
equity markets.

2. On semimartingale local time

Let us recall the notion of a continuous, real-valued semimartingale
XO)=XO0)+M()+C(), 2.1)

where M (-) is a continuous local martingale and C (-) a continuous process of finite first variation
such that M(0) = C(0) = 0. The local time LX(t; £) accumulated at a given “site” £ € R over
the time-interval [0, ¢] by this process, is

1 d
LX@t;8) = 181%%/0 1 <x(s)<t+e) AX)(5)

t

- (X — &) — (X — &) - /O Lixoree) AX(s), 22)

where (X)(-) = (M)(-). For every fixed £ € R this defines a nondecreasing, continuous and
adapted process LX (- ; £) which is flat off the set { > 0 : X (t) = &}, namely

o0
/ 1(x(1)2¢) dL*(t; &) = 0;  and we have also the property
0 2.3)
&)
/0 1{X(t)=§} d(X)(r) = 0.

On the other hand, for each fixed T € (0, c0) the mapping & +> LX(T; &) is almost surely
RCLL (Right-Continuous on [0, c0), with Limits from the Left on (0, c0)), and has jumps of size

T T
LX(T: &) - LX(T:6-) = /0 Lix (=g} dX (1) = fo Lix(1)=¢) dC (). (2.4)
We shall employ also the notation
TX 1 X X
LX(T:8) = 5 (LX(T:) + LY (T:6-) 25)

for the so-called “symmetric local time” accumulated at the site £ over the time interval [0, T].
For these local times we prefer to use the simpler notation

LX) =1%¢;0, LX()=L%¢;0-), LX) =L%*(;0) (2.6)
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when we evaluate them at the origin £ = 0, and note
. 1 '
LX() = L7%() =lim — / Lo= e AX) (). @.7)
el0 2¢ Jy
Finally, we recall the occupation time density formulas
| rexanamom = 2/R LX (1 §) (&) dE = 2/RZ"<- L) h(&) d
0

for every Borel measurable i : R — [0, 00), as well as the ITO-TANAKA-MEYER formulas
FX(©) = f(X©O0)+ /O D™ f(X())dX (1) + /R LX(-: &) £/ (ds), (2.8)

.
FEO) = FXO)+ 3 /O (DY f(X(1) + D™ f(X(1)))dX (1)
+ fR TX (1 8) £/ (de). 2.9)

Here f : R — R is the difference of two convex functions, DT f(-) denote its derivatives from
left and right, and f”(-) denotes its second derivative measure. For the theory that undergirds
these results we refer the reader, for instance, to KARATZAS AND SHREVE [19, Section 3.7].

3. Analysis

Let us suppose that such a probability space as stipulated in Section 1 has been constructed,
and on it a pair By (-), B>(-) of independent standard Brownian motions, as well as two continuous
semimartingales X(-), X2(-) so that the dynamics (1.2)—(1.3) are satisfied. We import the
notation of FERNHOLZ ET AL. [10]: in addition to (1.1), we set

v=g—h, Yy =x1—x2, z:=2x1+x2 >0, G.1)

ry =x1Vx, rp = Xx1 A\ X2, '
and introduce the difference and the sum of the two component processes, namely

Y () =X1() — X20), Z() = X1()+ X20). (3.2)

3.1. Auxiliary Brownian motions

We introduce also the two planar Brownian motions (W;(-), W2()) and (V;(-), Va(-)), given
respectively by

Wi() 22[0 Ly (>0 dBl(t)—/O 1y (<0 dBa (1), (3.3)

W2 () 3=/ Ly (<o dBl(t)—/ Ly >0y dB2(?) (3.4)
0 0

and

Vi) I=f Liyn>0) dB1(t)+/ 1y )<0y dB2(2), (3.5)
0 0
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Va(e) i=/ Ly (<o dBl(l)+/ 1iy(1)>0) dBa(?). (3.6)
0 0

Finally, we construct the Brownian motions W (-), V(-), Q(-) and W°(-), V°(-), U"(-) as
W) = pWi() + o0 Wa(), V() =pVi()+0o Va(),
0C) =0 Vi() + p V2("),
WPC) = pWit) —o Wa(), V() = pVi() —o Va(),
U°() =0 Wi() — p Wa();

3.7

(3.8)

we note the independence of Q(-) and W (-), the independence of Q(-) and V"(-), as well as the
intertwinements

Vi() = (1) ! [ sen(Y())dW; (1) (j =1,2),
. 0 (3.9)
Vb(~)=/ sgn(Y (1))dW (1)
0

and

V)= /0 sen(YO)W O, 0() = /0 sen(¥(0)dU’ (), (3.10)
where sgn (x) = 10,00 (X) — (00,0 (x), for x € R.
3.2. The difference and the sum

After this preparation, we observe that the difference Y (-) and the sum Z(-) from (3.2) satisfy,
respectively, the stochastic integral equation

Y()=y-— Afo' sgn(Y())dt+ (1 =) LY = (A=) LY () + W() (3.11)

which involves both the right- and the left-local time at the origin of its solution process Y (-),
and the identity

ZO =z4+vi+ V) +(1-¢)LY O+ (1-7) LY@, 0=t <oco. (3.12)
We have used here the notation of (1.1), (3.1), (1.4), as well as
- _a+o —_m+m
= , = 3.13
¢ 5 n 3 (3.13)

We note from (2.3) and (3.11) that Y (-) is a continuous semimartingale with
o o0
/0 l{y(,):()} dr = /(; l{y(t):()} d(Yy(@) =0, as., (3.14)
and that on the strength of (2.4), (2.3) we have
LY(;00 = LY(;0-) = /0 Ly =0 (1 = ) ALY (1;0) — (1 — ) AL (5 0-))

=(1-0LY(;00—A—nLY(¢;0-)
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or equivalently

¢LYG =nLl0). (3.15)
From this relationship and (2.3)—(2.5), we obtain

2070 =M and L' =oLM0O),  LIO=a-aL"0), (3.16)
where we introduce as in (1.5) the “skewness parameter”

n
=— 3.17
*= T (3.17)

o With this notation, and recalling (3.14) and (3.16), we see that (3.11) takes the form

ng:y—&/ﬁﬁﬁaﬁm+2Qa—UZWJ+W%) (3.18)
0

of the equation for a skew Brownian motion with bang—bang drift (skew bang—bang Brownian
motion, or SBBBM for short). Here sgn (x) 1= 1(0,00) (X) — 1(—00,0)(x) for x € R. This is a very
close relative of the skew Brownian motion, that was introduced by ITO AND MCKEAN [15,16]
and was further studied by WALSH [40], and HARRISON AND SHEPP [14]; see LEJAY [23] for a
comprehensive survey.

The diffusion process Y (-) of (3.18) is studied in Section 6. It is a strong MARKOV and
FELLER process, whose transition probabilities can be computed explicitly; see (6.8)—(6.10). In
particular, it is shown in Section 6 that, for 0 < o < 1, the stochastic equation (3.18) has a
pathwise unique, strong solution, and that the filtration identities

o) =5%w®, Vielo, ) (3.19)

hold. Here and in what follows, given a process = : [0, 00) x 2 — R? with values in some
Euclidean space and RCLL paths, we shall use the convention F= = (§° ()}o<t<oco for the
smallest filtration to which ='(-) is adapted that satisfies the “usual conditions” of right continuity
and augmentation by sets of measure zero.

e Similarly, and with the notation of (3.17), the expression (3.12) takes the form
X1(t)+Xo(t)=Z(1t)=z4+vt+ V() +2(1 —ﬂ)fY(t), 0<t<o0 (3.20)
where, as in Section 1.1, we set

_ni+¢m

B: (3.21)
n+¢
Remark 3.1. It is clear from (3.15) that Eq. (3.11) can be written as
Y()=y-— A/ sgn(Y(t)) dt+LY() =LY () +wW(). (3.22)
0

To wit: skew Brownian motion with bang—bang drift solves Eq. (3.22), for any value o € [0, 1]
of its skewness parameter. We conclude that uniqueness in distribution fails for this Eq. (3.22),
thus also for Eq. (3.11) that governs the difference Y (-) = X1(-) — X2(-) whenn = ¢ = 0.

In particular, uniqueness in distribution fails for the system (1.2), (1.3) whenn = ¢ = 0.
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Remark 3.2. When n = —¢ # 0 we get LY (-) + LY () = 0 from (3.15), thus
LYO=LY()=o, (3.23)
and Eq. (3.11) takes the form of Brownian motion with bang—bang drift
Y()=y— k/ sgn(Y (1)) dr + W(), (3.24)
0

a diffusion studied in detail by KARATZAS AND SHREVE [18]. This process does accumulate
local time at the origin: indeed, on the strength of (2.4), (2.3), we have

LY =LY ()= fo Lvymo) Y (1) = & /0 Ly ooy di = A /0 Ly ooy (W) (1) = 0

almost surely, but also P(LY (r) = LY (t) > 0) > 0 for every ¢ € (0, 00); this contradicts (3.23).
In fact, we have P(LY (t) = LY () > 0) = 1 for y = 0.

We conclude that Eq. (3.11) for the difference Y (-) = X1(-) — X2(-) has no solution in the
case n = —¢ # 0. Thus, the system (1.2), (1.3) cannot possibly have a solution in this case.

3.3. Auxiliary systems

From the equations (3.11), (3.12) and using the notation in (3.2)—(3.7), we obtain a system of
stochastic differential equations

dX1() = (8 Ixio=x0) —h 1{X1<r>>xz<t>}> dt +p 1{X1(t)>X2(t)} dwi(®)

1-— 1—
+0 1px 0 =x0) AW2(1) + ——>— { AL %) + —— 2 LdLX %), (3.25)

dXo()

(8 Lixi 0> x:0) —hl{xl(z)sxza)}) dr — 1{X1<z><Xz(r) dwi(®)
1
— 0 Lx, (> X0y AW (1) + ; aLxi—% () 4 L 2 2 4L X1 (1), (3.26)

quite similar to that of (1.2), (1.3), but now driven by the planar Brownian motion (W7 (-), Wa(-)).
In a totally analogous manner, we obtain also the system

dX (1)

(8 Lixin=xamy —h 1{X.(r)>X2<t)}> dr+p l{Xl(l)>X2(t) dvi(0)
+01{X1(t)<X2(t)}dV2(t)+l ; dLX1=%X2(1) 4 _2 dLX>=%1(1), (3.27)
dXa(r) = ( 1ix, (1> X0 —hl{xl<t><X2<z)}> df+/01{x1(z><Xz<r>}dV1(t)

+o 1ix,(0)>x,00) dV2 (1) + 24 dLX1- Xz(t)-f- 2 2 dLXX1(p), (3.28)

now driven by the planar Brownian motion (V1(-), V2(-)).
3.4. Skew representations

In light of the TANAKA formula, of Eq. (3.18) for the semimartingale Y (-), and of the last
intertwinement in (3.9), we represent the size of the “gap” between X (¢) and X»(¢) as
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YOl = Iyl =&t + V(&) +2L7 (1)
=yl=ar+ V'O + LY@, 0<t<oo. (3.29)
With the help of (3.9), (3.16), let us write the first Brownian motion in (3.8) as
W)=y W()+8U(), wherey :=p>—0%, §:=,/1—y2=2po.
With this notation, and with the help of (3.10), the Brownian motion V (-) in (3.7) takes the form
Vi) =y V'O +500) =y (YOl = Iyl + 11 =217 1))+ 1), 0=t < oo,

We recall here from (3.10) the standard Brownian motion Q(-) which, being independent of
W (-), is also independent of the process Y (-) in light of (3.19).

In conjunction with X(t) — X2(¢) = Y (¢) and the representation (3.20) for X (¢) + X2(¢),
and with the notation

1
. 2 2
M:E(v+ky)=g,o —ho”,
we obtain from this expression the skew representations for the component processes themselves

Xi(0) = xi +pt+p* (Y70 = y") =0 (Y~ (1) —y7)

+(1=B—y)LY () + po Q1) (3.30)
X2() = xa+pt =0 (Y0 —y") + 0 (Y~ () = y7)
+(1=B=y)LY@®) +po Q@) (3.31)

in terms of the paths of the skew Brownian motion process Y (-) with bang—bang drift, and of
the independent Brownian motion Q(-). In particular, this shows that uniqueness in distribution
holds for the system of stochastic differential equations (1.2), (1.3).

Similar reasoning shows that uniqueness in distribution holds also for each of the systems
(3.25), (3.26) and (3.27), (3.28).

Remark 3.3. It is clear from (3.29) that the absolute value of the skew Brownian motion with
bang—bang drift in (3.18), for any value « € [0, 1] of the skewness parameter, is Brownian
motion with drift —X and reflection at the origin. Arguing as in WALSH [40, Proposition 1], one
can conclude that every diffusion process Y (-), for which |Y (-)| is Brownian motion with drift
—A and reflected at the origin, is a skew Brownian motion with bang—bang drift.

4. Synthesis

Let us reverse now the steps of the analysis in Section 3. We start with a filtered probability
space (2,5, P),F = {§()}o<t<co and with two independent, standard Brownian motion
Wi(), Wa(-) on it; we shall assume F = FW1.W2) e that F is the smallest filtration satisfying
the usual conditions, to which the planar Brownian motion (W (-), W»(-)) is adapted.

With given real constants ¢1, &2, 171, 72 and nonnegative constants g, 4, p, o that satisfy the
conditions (1.1) and (1.5), with a given vector (x1, x3) € R2, and with the notation of (3.1), we
construct the pairs of independent Brownian motions

W) = pWi()+ 0o W2(), U°() =0 Wi() — p Wa(") 4.1
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and
U(Q) =0 Wi(-) + p Wa(), W’() == p Wi(-) — o Wa(") 4.2)

asin (3.8), (3.7). Clearly, FWi:W2) = p(W.U") = pU.W"),

We construct also the pathwise unique, strong solution Y (-) of the stochastic equation (3.18)
driven by the Brownian motion W(-) of (4.1). With the process Y (-) thus in place, we introduce
by analogy with (3.9) the independent Brownian motions

Vi) = /O sen(Y(0)dWi (1), Va() = — /0 sgn(¥ (1)) dWa (1), 4.3)
and by analogy with (3.7), (3.8) the two additional pairs of independent Brownian motions

V() =pVi()+0o Va(), Q"() =0 Vi() — p Va(), 4.4)

00) =0 Vi()+p V2(), V()= pVi() — o Va(o). 4.5)

e We introduce also the continuous martingales

Mi() = /O(P Ly >0 dW1 (1) + o Liy (<o sz(l))

= /0 (/0 Liyny=0ydVi(t) + 0 Liyy<o dV2(l)>, (4.6
1200 = = [ (pUr=0 W10+ 7 L0y 4200
= / (,0 Ly <oy dVi(®) + o Liy (>0 de(l)>, 4.7
0

with (M7, M>) (-) = 0 and quadratic variations
(M1)(-) = /0.(/02 Ly =0y + 0% Ly <0y )dt,
(Ma)() = /0.(,02 Liy=o) + 07 Ly y>0y)dz.
There exist then independent Brownian motions Bj(-), B2(-) on our filtered probability space

(2,5, P), F = {§(t)}o<t<oco, S0 the continuous martingales of (4.6), (4.7) are cast in their DOOB
representations as

Mi() = /o <,0 Liypy=o0 +o 1{y(t)50}) dB (1),

) 4.8)
My()) = /0 (p Lyn<oy +o0 1{Y(t)>()}) dB, (1)
in terms of independent Brownian motions B (-), B2 (-); for instance, by taking
Bi1(-) = /0. (I{Y(t)>0}dW1 @) + Ly <o) sz(t)), 4.9

By(-) = _fo (1{Y(s)§0} dWi(®) + Ly (>0 sz(t))~ (4.10)
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o Finally, we introduce the continuous, F-adapted processes

X1() = x1 +[0 (g Lyiy=oy — h iy y=0y) dt

-4
2

+ M () + LY()+ ! _2'“ LY () A.11)

and
Xo() = x2+ fo (g Liyy=0y — h Ly (n=0y) dt
-0

2

It is now easy to check X1 (-)—X2(-) = Y (+), and from this, that the vector process (X1(-), X2(-))
solves the system (1.2)—(1.3), as well as the systems (3.25)—(3.26), (3.27)—-(3.28). It is also
straightforward to verify the skew representations of (3.30), (3.31).

+Ma(-) + LY()+ LY (). (4.12)

I—m
2

Remark 4.1. We note that the vector process (X1 (-), X2(-)) solves also the system of equations

dX1 (1) = Lix,(=x,0} (g dt + 0 dBi (1))

+ 1{X1(I)>X2(t)}(_h dt 4+ pdB (l)) + Kk dLleiXZl(t), 4.13)
dX2(1) = Lix,()>x,(} (g dt + o dBy (1))
+1ix, () <x000) (—h di + p dBa (1)) 4 k2 AL 02N (1), (4.14)
where 2k :=a (1 —-¢;) + (1 —a) (1 —n;), j=1,2orequivalently
Ki=a—(B/2), Kka=1l—a—(8/2). (4.15)

4.1. Ranks

Let us introduce explicitly the ranked versions (leader and laggard, respectively)
Ri() = X1() Vv X20), Ry () = X1() A X2() (4.16)

of the components of the vector process (X1(-), X2(-)) constructed in (4.11), (4.12). From (3.12)
and (3.29), it is rather clear that we have

Ri(1) + Ra(t) = X1() + X2(2)
=ri+n+vi+ Vo) +(1-p) LY@, 0<r<oo

Ri(t) — Ra(t) = 1X1() — X2 () = [Y ()| = |y| — 2t + V° () + LY (0), (4.17)
and these representations lead to the expressions

Ri)=ri—ht+pVi(t)+(1—(B/D) L R@), 0<t<oo (4.18)

Ry(t) =ra+gt+o Va(t) — (B/2) LR =R @), 0<t< oo. (4.19)

A few remarks are in order. Egs. (4.18), (4.19) identify the processes Vi () and V»(-) of (3.5),
(3.6) as the independent Brownian motions associated with the diffusive motion of the ranked
particles, the “leader” Ri(-) and the “laggard” R»(-), respectively; whereas the independent
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Brownian motions B () in (1.2) and B»(-) in (1.3) are associated with the specific “names”
(indices, or identities) of the individual particles. On the other hand, with the help of the theory
of the SKOROKHOD reflection problem (e.g., KARATZAS AND SHREVE [19, p. 210]), we obtain
from (4.17), (2.3) the identification of the “collision local time”

+
LRB=R iy = [V(1) = max (—|y| +As— Vb(s)) , 0<1<oo. (4.20)
0<s<t

Let us also observe that, in the non-degenerate case p o > 0, Egs. (4.17)—(4.20) and the second
equation in (4.5) give the filtration comparisons

sV = g RR) (1 0 <t < o0, (4.21)

0 =3"0SF w0, 0<t<oc (4.22)
This last inclusion is strict, due to the fact that the process Y () changes its sign with positive
probability during any time-interval [0, 7] with # > 0.

4.2. Filtration comparisons, weak and strong solutions

We have the following straightforward analogs of Propositions 4.1, 4.2 and of Theorems 4.1,
4.2 in FERNHOLZ ET AL. [10].

Proposition 4.1. In the degenerate case 0 = 0, thus p = 1 inlight of (1.1), we have the relations

FRED (1) = V(1) = Xl S K0 =FV () = FE D (1) (4.23)

for every 0 < t < oo. In the special case B = 1 of (5.2) we have in addition o (V (t)) =
o (X1(t) + X2(1)), thus also TV (1) = FX1HX2(1), for every 0 <t < oo.

Proposition 4.2. In the non-degenerate case p o > 0, we have for every 0 < t < 0o the relations
S(Vl’VZ)(t) — S(RI’RZ)(I) — %'(IYI,V) (1) = S(lyl’Q)(t)
.0 (1) — ¥V 5y — Wi.W2) () — =(X1,X2)
SFEO=3""0)=3"""@) =F (0. (4.24)

Theorem 4.1. The system of stochastic differential equations (1.2), (1.3) is well-posed, that is,
has a weak solution which is unique in the sense of the probability distribution. The same is true
for each of the systems of equations (3.25), (3.26) and (3.27), (3.28).

On the other hand, the system of equations (3.25), (3.26) admits a strong solution, which is
therefore pathwise unique; whereas the system (3.27), (3.28) admits no strong solution.

Theorem 4.2. The system of equations (1.2), (1.3) admits a pathwise unique, strong solution; in
particular, the filtration identity FB1B) (1) = FX1.X2)(p) holds for all 0 <t < oo.
Likewise, the system of equations (4.13), (4.14) admits a pathwise unique, strong solution.

Proof. Repeating almost verbatim the arguments in the proof of Theorem 5.1 in FERNHOLZ ET
AL. [10], the question boils down to whether the filtration comparison

@) c BB, vo<r<oo (4.25)
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holds. To decide this issue, we write Eq. (3.18) as driven by the pair (B1(-), B2(-)); in other
words, we use (3.7) and (3.3), (3.4) to express the skew Brownian motion Y (-) with bang—bang
drift as a solution of a stochastic differential equation driven by the planar Brownian motion
(B1(:), B2(-)). Since this equation does admit a weak solution which is unique in distribution,
the issue is whether this solution is also strong, that is, whether (4.25) holds.

This question is easy to settle in the isotropic case p = o = 1/ﬁ; then W(-) = (B1(-)
— B2(4)/ /2, and the comparison (4.25) follows from the strong solvability of Eq. (3.18) proved
in Section 6: F¥ (1) = §% (1) < BB (1) holds for all 0 < ¢ < oo, by virtue of (3.19).

In the anisotropic case p # o, we write (3.18) as the extended skew Tanaka equation

- t
o /O (Y () 4B(s) + 7
0<t<T (4.26)

Y(1)=vy+ (1) +22a— 1)L (1),

with T € (0, co) arbitrary but fixed. Here

Bi1()+ Br() _ B1()—B2()
V2 7 V2

are independent Brownian motions after an equivalent change of probability measure, and

B() = IOK

Bi(1) = Bi(t)—L, 0<tr<T(@(=1,2).
p—0

e Let us suppose that Y1 (-) and Y5 (-) are two solutions of Eq. (4.26), defined on the same proba-
bility space and with respect to the same, independent standard Brownian motions Bi(-), B2(-).
Following LE GALL [21], we shall show LY1=Y2(.) = 0; we shall then argue that this implies
also Y1 (-) = Y»(+), a.s.

To this end, we consider the difference D(-) := Y;(-) — Y»(-) and the linear combinations

ZWO =1 —uw) Y () +uYs() for0O<u<1;

we introduce also a sequence {fi}xeny C C'(R) of continuous and continuously differentiable
functions that converge to foo(-) := sgn(-) pointwise, and satisfy sup,cy Il fkll7y < oo. Since
limsup, | fkllry < |l fooll7y obviously holds, this is only possible if foo(-) is of bounded varia-
tion, and in this case an approximating sequence is easily obtained, e.g., by mollifiers. As in the
proof of Theorem 8.1 of FERNHOLZ ET AL. [10], forevery § > 0, T > 0,k > 1, we establish
then

E[ /T |(V1(9) — fi(Ya(s))]
0

Liy,)-vai)=8) At | < c1 I fillrv - sup EQRLY(T, §));
Yi(s) — Ya(s) {Y1(s)—Y2(s)>6} tu ( )

here L@ (T, £) is the symmetric local time of Z® (-) accumulated at the site & € R over the time
interval [0, T'], and c; is a constant chosen independently of k, u, §. Letting k 4 coand § | O,
we obtain

T T o) = foo(Y2(1))]
E[/O ml{D<t>>0}d(D)(t):| < 2E|:/O f ;] 0= ;;(t)z Lip@)>0) d’:|

= 2¢1 | follry - supE(2L“/(T. 6)).
Eu
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Now the CAUCHY-SCHWARTZ inequality, the ITO isometry, and the TANAKA formula applied
to Z (), allow us to estimate

EQLY(T; §)) < EIZ“(T) — 2@ )] + [E(Z@)(T)]"?

+2Qa — D(uELN (D) + (1 —u) E(L2(T)))
<2 [[E((Z(”))(T))]l/z +2Qa— 1)<u E(LV (7)) + (1 — u) E(ZYZ(T)))].

The last term is bounded uniformly in (£, u), since (Z®™)(t) < ¢»¢ and E(ZY" (T)) < c3, for
i = 1,2 and for some constants ¢, ¢3 that do not depend on (&, u#). Thus, we obtain

T
E|:/0 % Lip@)>0) d(D)(f):| <00, 0<T <oo. (4.27)

Using Lemma 1.0 of LE GALL [21] (see also Exercise 3.7.12, pp. 225-226 in KARATZAS
AND SHREVE [19]), we verify that (4.27) gives L? () = 0. By exchanging the roles of Y;(-) and
Y>(-), we obtain also L=P(-) = LY27Y1(.\) = 0, as well as L?(-) = 0. Furthermore, we note
that on the strength of Corollary 2.6 of OUKNINE AND RUTKOWSKI [26] this implies that the
symmetric local time ZM(-) of the maximum M () .= Y1(-) VY(:) =Y1(-) + (Y2(~) - Y (-))+
is given as

TM(y = DV = / a0y 2V (1) + / L0y AL (0).
0 0

We combine now these results with the TANAKA formula, to obtain the dynamics of the maxi-
mum

M) = y+/ Ly, ()=v,()) le(t)+/ Ly, () <ray) Y2 (6) + L2711 ()
0 0
p—o [ __ o+o ~u
=y+—7= | seaM@)dB@) +——9(C) +2(2a — 1) L7 (),
YT /o £ A 2 ( )

and observe that these are the same as those of (4.26). But uniqueness in distribution holds for
Eq. (4.26), so the distribution of the process M (-) is the same as that of Y| (-), and of course we
have M (-) > Y1(-) a.s. This implies M (-) = Y (-), thus Y1 (-) = Y»(:) a.s.

Therefore, the solution to (4.26) is pathwise unique, hence also strong by the theory of YA-
MADA AND WATANABE (e.g., KARATZAS AND SHREVE [19, pp. 308-311]). [

5. Some special cases

When o = 1/2, that is, n = ¢ # 0 or equivalently

n—m==&t-—1:4#2, 5.D

Eq. (3.18) for the difference Y(-) = X(-) — X2(-) becomes that of Brownian motion with
bang-bang drift as in (3.24). In this special case n = ¢ # 0 and with 0 = p, the existence and
uniqueness of (1.2)—(1.3) can be shown also by direct application of Theorem 3.5 of SZNITMAN
AND VARADHAN [36] and a GIRSANOV’s change-of-measure, with the aid of the local time
relationships (3.16).
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On the other hand, when § = 1 or equivalently

n(1-¢)=¢(1-7), (5.2)

the sum X (-) + X»2(-) is just standard Brownian motion with drift v = g — A, from (3.20).
Let us single out now, and study, some more interesting special cases.

5.1. Perfect reflection for individual particles upon collision

Suppose x; > x> and that @ = 1 holds; equivalently, ¢ = 0 and n # 0 from (1.5), i.e.,

=0 =2#%#nm—-m. (5.3)

We see then LY () = LX2=X1(.) = 0, LY(-) = LYI(-) = 2L () from (3.16), and that (3.18)
becomes the equation for reflecting Brownian motion with negative drift, i.e.,

YO)=y—Art+We)+L (1) >0,
LY(t) = max (—y +As —W()", 0<1 <0
0<s<t

from the theory of the SKOROKHOD reflection problem (e.g., KARATZAS AND SHREVE [19, pp.
209-210]). In particular, strength and pathwise uniqueness hold; for more general results along
these lines see CHITASHVILI AND LAZRIEVA [6]. It is also clear from the last two displayed
equations, that the filtration identity F¥ () = " (1), 0 <t < oo in (3.19) also holds.

In this case, then, when the particles collide, the trajectory X () of the first particle bounces
off the trajectory X,(-) of the second particle as if this latter were a perfectly reflecting lower
boundary. We can visualize the situation by saying that, under the conditions of (1.5) and (5.3),
the second particle is “heavy” (unaffected by collisions), whereas the first particle is “light” in
that it bounces off (reflects perfectly) when colliding with the heavy particle.

e The “symmetric” situation obtains for o = 0, that is ¢ # 0 and n = 0 or equivalently

=0 #2=n—mnm; 5.4)

in this case and again with x| > x5, when the two particles collide, the second particle bounces
off the first as if this latter were a perfectly reflecting upper boundary; it is the first particle that
is now “heavy”, and the second that is “light”.

5.2. Frictionless collision

It follows also from (3.16) that the local times disappear entirely in (1.2) when we have the
configuration of parameters (1 — {1)a + (1 — n1)(1 — «) = 0, or equivalently

AI=tn+A—-=n)¢=0; (5.5

in this case the trajectory of the first particle crosses that of the second without “feeling it”, that
is, without being subjected to any local time drag.

Similarly, the second particle crosses the first in the same frictionless manner, that is, the local
times disappear entirely in (1.3), if

I=)n+d—-n)¢=0. (5.6)
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e If both (5.5) and (5.6) hold, then all such crossings are completely frictionless. We note that
(5.5) and (5.6) are both satisfied, if and only if

m+&=m+o=2 (5.7)

holds. This condition implies n = ¢ (so when this common value is nonzero we are in the case
o = 1/2 mentioned at the start of the section), and is obviously satisfied in the special case
N = ¢1 = n2 = & = 1 studied by FERNHOLZ ET AL. [10]. However, (5.7) holds also for other
configurations of parameters, for instance ¢; = 2 = 1/2, 1 = §& = 3/2.

The condition (5.7) gives the value 8 = 1 for the parameter of (3.21); back in (4.18), (4.19),
this implies that the collision local time L®1~R2(.) “gets apportioned equally to the ranks”.

5.3. Elastic collisions

Beyond these two extremes of perfect reflection and frictionless collision — that is, for all
other configurations of parameters — we have collisions that are “elastic”: neither completely
frictionless, nor perfectly reflecting.

5.4. Brownian motion reflected on an independent Brownian motion

Finally, let us consider the case 8 = 0 or equivalently ¢ 4 ¢ 7 = 0, that is

2@+ o+m+m) = +0)(m—m)—m+mn) (& -2) (5.8)

in light of (3.21) and (1.4), (3.13). This happens, for instance, when | = 3/4, & = 9/4,n1 =
—4/3, np, = —8/3; in this case we have « = 4/7 and of course 8 = 0.

Under the condition (5.8), the laggard in (4.19) feels no pressure (local time drag) from the
leader; it just evolves like Brownian motion with variance o2 and nonnegative drift. On the
other hand, the leader in (4.18) evolves like an independent Brownian motion with variance
o> and nonpositive drift, reflected off the trajectory of the laggard. Such a process has been
studied by BURDZY AND NUALART [5] (see also SOUCALIUC ET AL. [34], SOUCALIUC AND
WERNER [35]); here it arises as a special case of the ranked system (4.18), (4.19) for the particles
whose motions are governed by Eqgs. (1.2), (1.3).

We have in this case § = 0 an interesting fusion: the “perfect reflection” we saw in Sec-
tion 5.1, and the “frictionless motion” of Section 5.2, are occurring here simultaneously—not
for the motions of the individual particles, however, but rather for the motions of their ranked
versions, the leader R{(-) and the laggard R (-), respectively. To put it a little differently: starting
with two particles that undergo skew-elastic collisions one is able, under the conditions of (1.5)
and (5.8), to “simulate a heavy particle” (the laggard) and a “light” particle (the leader).

e The “reverse” situation obtains when 8 = 2 or equivalently n¢ + ¢ 5 = 2 (y + ¢), that is
2+ o+m+m)=4@+a—-o—m+m)+ (¢ +o)(m—mn)
- (771 + 772)(4“1 - 4“2); (5.9)

then it is the trajectory of the laggard (now the “light” particle) that gets reflected off that of the
leader (now the “heavy” particle). This happens, for instance, when ¢; = 3/2,% = 3,1 =
7/3, n2 = 1; in this case we have « = 4/7 and 8 = 2.
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Fig. 1. {1 = 0,8 = n1 = np = 1, = 2/3, 8 = 2/3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. & = 2,41 =n = n = Lo = 2/3, 8 = 4/3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

5.5. Some simulations

The pictures (Figs. 1-3) present simulations of the processes X (¢) (in black) and X»(#) (in
red) for ¢ € [0, 1], with drifts g = & = 1 in the degenerate case p = 0.

6. Skew Brownian motion with bang-bang drift

We revisit here the stochastic differential equation (3.18) for the skew Brownian motion with
bang-bang drift

b(y) = —Asgn(y) = =4 (L0,00)(») — L—o0,01(»)), y€R (6.1
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Fig.3. ¢1 =0,¢8 =2,n1 =n2 = 1; ¢ = 1, B = 1. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

for some given constant A > 0 with skewness parameter o € [0, 1]. The cases « = 0 and o = 1
have been discussed already in Section 5.1, so we focus now on the range 0 < o < 1.

For this range of values of the skewness parameter, we choose to write Eq. (3.18) in terms of
the right-continuous local time of the unknown process at the origin, namely

‘ 2a—-1
Y()=yo— A/() sgn(Y(t)) de + W() + " L (). 6.2)
This equation is of the more general form
Y()=yo+ /OA (Y (1)) dW (1) +/R LY (-, &) v(d) (6.3)

with dispersion function 7(y) = 1 and measure v(dy) = 2b(y)dy+ (2a —1)/a) §o(dy), in the
notation of (6.1) and with §o(-) the DIRAC mass at the origin. Using the methodologies pioneered
by HARRISON AND SHEPP [14], NAKAO [24] in the context of skew Brownian motion, and
developed for equations of the form (6.3) by LE GALL [21,22], ENGELBERT AND SCHMIDT [7]
and particularly BASS AND CHEN [4], the following result can be established.

Theorem 6.1. Eq. (3.18) admits a pathwise unique, strong solution for all values of its “skewness
parameter” o € [0, 1], and we have the filtration identity of (3.19).

Remark 6.1. Towards the end of Section 3 in HARRISON AND SHEPP [14], it is shown that
Eq. (3.18) has no solution for o ¢ [0, 1]. Consequently, when 1 + ¢ # 0 holds but (1.5) fails
because o = n/(n + ¢) € [0, 1], the system of equations (1.2), (1.3) has no solution.

Remark 6.2. We compute in the next subsection the transition probabilities of the diffusion
Y (-). It follows from these computations, and in conjunction with the theory developed in
PORTENKO [30-32], that this process has the strong MARKOV and FELLER properties.
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From the Remarks 3.1, 3.2, 6.1 and Theorem 4.1, we obtain now the following result.

Proposition 6.1. The conditions of (1.5) are not just sufficient but also necessary for the well-
posedness of the system of equations (1.2), (1.3).

6.1. Joint distribution of SBBBM and its local time

Let us recall a construction of the skew Brownian motion (ITO AND Mc KEAN [15,16],
WALSH [40]). We take a Brownian motion starting from yg > 0, reflect it at the origin, and
consider its excursions away from the origin. Then we change the sign of each excursion inde-
pendently with probability 1 — o € (0, 1). The resulting process is positive with probability o,
and negative with probability 1 — «. This implies a non-symmetric reflection principle around
the origin. We shall see that even in the presence of the bang—bang drift as in (6.1), this principle
continues to hold for the skew Brownian motion. Thus, the joint distribution of SBBBM and its
local time are derived.

By GIRSANOV’s theorem (e.g., KARATZAS AND SHREVE [19, Section 3.5]), we consider
the “reference probability measure” P,, under which the process fo b(Y (t))dt + W (-) becomes
standard Brownian motion. For every given ¢t € [0, c0) the RADON-NIKODYM derivative on
&Y (1) of the original measure with respect to the reference measure, is

t t
= exp{/ b(Y (s))dW (s) +l/ bz(Y(s))ds]
540) 0 2 Jo

~ 22
= exp{)»(lyol — Y (@) +2Ly(t)) — TI};

dP
dP,

we have used in this last equation the relationships (3.29), (3.9).

Under the reference probability measure P,, the process Y (-) is skew Brownian motion
starting at yo. As shown in WALSH [40] (see also LANG [20]), the transition probability density
function p,(¢; yo, §) = P (Y (¢) € d€)/d£ for this process is given by

1 exp (o - £)?
V2t 2t

1 2
+Qa— 1) sgn®) - —=—= exp[—w}

for (§,y) € R2, ¢ > 0. Moreover, by the method of elastic Brownian motion (e.g., KARATZAS
AND SHREVE [18], APPUHAMILLAGE ET AL. [2]) the joint distribution of the skew Brownian
motion and its symmetric local time is computed as

px(t; y0,8) =

& + b + |yol
V23

dedb; b >0,

P, (Y (1) € d&, 2L (1) € db) = {1+ Qa — 1)sgn(§)} -

! (I&] + b + |yol)?
X exp T E—

P,(Y (1) € dg, 2LY (1) = 0)

L | ool Gyl =160 | (ol + [6D° 'dé
2t P 2t P 2t ]
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for £ € R. Note that we have 1 + 2o — 1)sgn(§) = 2¢,if £ > 0,and 1 + 2a — 1) sgn(§) =
2(1—«) if & < 0. Thus, the non-symmetric reflection principle around the origin works intuitively
even for the joint distribution. As expected, when there is no accumulation of local time at the
origin, the skewness parameter o does not affect the transition probabilities.

e We bring the above formulas from the reference measure PP, back to the original measure P.
With (&, b) € [0, 00) x (0, 00), the joint density functions are
P(Yt () eds, Y~ (t) =0, 2LY (1) € db)

ye E+b+ Iyl { (& + b+ lyol — An)?
.e .—exp —

=2u
V23 2t

} dé db, (6.4)

as well as
P(Y~(t) e d&, YT (1) = 0, 2LY (t) € db)

2 E+b+ 1yl I (E + b+ |yol — A)?
.e .—exp —

=2(1 —
(- 27t3 2t

} dé db. (6.5)

Whereas, when there is no accumulation of local time, we have

P(Y*() eds, YF(r) =0, 2LY (1) = 0)

_ 1 (€ — lyol +40)? Y (€ + lyol +40)?
B L B B e a1

£ > 0. (6.6)

e The marginal density p(t; yo, £)dé = P(Y () € d&) of Y (¢) under the original probability
measure P is obtained from

P(Y (1) € d§) = P(Y (1) € d&, 2LY (1) > 0) + P(Y (1) € d&, 2L (1) = 0) - 1i¢ y=0}, (6.7)

where the second term takes care of the case when the local time is absent. If £ > 0 and yo > 0,
the marginal density becomes

_ 2
p(ts )’075) = (20[ — l) 672)%‘ . %exp{_w}

2t
1 — yo + At)? AeTHE o0 2
+ expl - E TN FATL L oy 2e / =5 dus (6.8)
2t 2t 2wt Jety,

whereas, if £ < 0 and yp < O, this expression becomes

1
N = 1 — 2 208 . —
p(ts )’Ow’;") ( Ot)e \/ﬁexp{ 2

1 (—& + yo + Ar)? rePE oo _u=h)?
+ expy — +2(1—-aw)- / e 2 du. (6.9)
{ 2t V2t J—g—yo

(—& — yo — A1)? ]
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If £ yo < 0, then this expression becomes

, o~ 20|
) ) =il -1 °
p(t; yo0. &) = {1+ Qo — 1) sgn(§)} Nz
— 2 o0 u—Mt
. [exp{_w} T / R e 2 du:|, (6.10)
2t I€1+1yol

where the term P(Y (¢) € d§, 2LY (t) = 0) in (6.7) is now equal to zero.

Remark 6.3. Letting t — oo in (6.8)—(6.10), we derive for the process Y (-) the stationary mea-
sure m(-) = f Poo(§) d€ with the double-exponential probability density function

Poo(8) i= lim p(t; o, §) = o+ QW) € Lyesg) + (1 =) - 21) 21F - 1e<g). (6.11)

It can be verified that (6.11) is the invariant distribution. Furthermore, it follows from the transi-
tion density (6.8)—(6.10) and the stationary distribution (6.11) that the following duality holds:

fg(y)</ f(E)P(t;y,S)dE>Poo(y)dy=ff(é)([ g(y)P(t;&y)dy)Poo(E)dS,
R R R R

for arbitrary bounded, measurable functions f, g, or equivalently

Ag(y)E>y[f(Y(t))]pm(y)dy=Af(S)Es[g(Y(t))]pw(é)dé; 1>0. (6.12)

Here E, stands for the expectation under the measure P, induced by Y (-) which starts from
y € R. Thus, under the probability measure Poo(+) := fR Py (-) m(dy), the process Y (-) is sta-
tionary, and moreover, given a fixed time 7' € (0, o), the time reversal

Y(t)=Y(T —1), 0<t<T (6.13)
satisfies

EF>[ fo(¥ (t0)) -+ fu (Y (1)) ] = EP*[ fo(Y (82)) -+ fu (Y (10)) ] (6.14)
foreveryn e N,O =1 <t <--- <t, =T, and bounded, measurable functions fy, ..., f;.

Remark 6.4. The infinitesimal generator of the process Y (-) may be defined formally by

1
[Lf1E) = 3 @) = A sgn@®) f'E) +2Q2a - Df'(E)8o(&), &eR (6.15)

for f € D = C{°(R), where 8y(-) is the “DIRAC delta function” at the origin. Here we use
the parametrization for the symmetric local time LY (). Let us denote formally the symmetric
version of the density of m by

Poo(E) = Qa) L e™ Ajgog) +2(1 —a) L e™ - 1g_o) + A - 1ig—q).

Then by direct calculation

/f(é)[ﬁg](%')m(dé)=/g(é)[ﬁf](é)m(dé),
R R (6.16)

/ﬂé [£f1m(dE) =0; f geD.
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Applying Theorem 2.3 of FUKUSHIMA AND STROOCK [12], we arrive at the same conclusion
(6.14).

Remark 6.5. Let us define the time reversal of Y (-) as in (6.13). Following PARDOUX [27] and
PETIT [28], we may show that the time reversal is a solution of the stochastic equation

Y() = Y(O) + Wiy +2(1—2a) L (1)

t e 3 e
+ / (A sgn(Y(s)) + % logp(T — 830, Y(s))) ds (6.17)
0

for 0 <t =T, where W#(-) is a standard Brownian motion with respect to the backwards
filtration FY () generated by the time-reversed process Y (-) of (6.13), and

V) =LYT) - LY (T —1), 0<t<T. 6.18)

In the special case yp = 0 = ?(T), the logarithmic derivative of the transition probability density
function is

g . o & <, &)
3z 108P(1:0.8) = = 2hsen(®) — - G r e

where

2 00 _ )
¢ (t,8) = eXp(—M), &a(t, &) ;:,\e—zxm/ exp(_ (u — At) )du.
2 l&] 2t

Thus, the time reversal is a skew Brownian bridge with bang—bang drift

Y() =T + W) +2(1—2a) L7 ()

. R Y () ¢ Y
B /0 [A sen(Y (1) + 72— (a + ¢z> (= Y(t))}dt'

This result suggests that the time reversal of SBBBM in general looks like a skew Brownian
bridge drifted towards the target point Y (T') = yy.

7. Applications of the skew representations (3.30)—(3.31)

With the skew representations in Section 3.4 and the joint distribution of (Y (), ZY(-)) in
Section 6.1 it is now straightforward to compute the transition density of the system (1.2)—(1.3)
as well as its time reversal.

7.1. Transition density

Let us discuss only some special cases, since the other cases are quite similar. For example,
in the degenerate case with 0 = 0, thus p = 1, y = 1 and with x; > x», (3.30)—(3.31) become

X1 =xi+gt+@t®) —yhH -BL 0,
Xo) =x+gt+ X)) —yy) - BLY (1),
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for 0 <t < oo, where yop = x1 — x2 > 0, and hence the transition density of (X (), X2(-)) is

P(X1(1) € d&y, X, (1) € dy) = (2a) - % o2 —£)

1 (cq —)\,l‘)z
: expy ———=—— d&1dé,
V2713 p{ 2t }

where ¢; = & — [2 + B)&2/Bl + x1 + [2 — P)x2/Bl + [2gt/B], if B > 0, & = & and
& < xp + gt. Similarly, by (skew) symmetry:

P(X1(1) € d&1, Xo(1) € d&r) = 2(1 —a) - 2 et

Y
2 GXID{—M }déldéz,

=

V2w e3 2t

where ¢ = & — [(2 + B)&1/B] + x1 + [(2 — B)x2/B] + [2gt/ﬁ it >0,& > & and
& <xp+gt. If B >0,& > & = x4+ gt, then the local time LY (+) is absent, and the transition

density is easily obtained from (6.6):
1 (@ —x1+x2 +A)?
expy —
2t P 2t

P(X1(1) € &1, Xa(t) = xp + g 1) =

a4+ x1 —xy + Ar)?
— e exp _(a+x1 —x2+21) }) dé,.
2t
a=§1—xy—gt
e For another extreme example, in the degenerate case with o = 1, thus p = 0,y = —1 and

with x; > x2, (3.30)—(3.31) become
Xi() =x1—ht — (Y~ (1) —yy) +2 - B L @0,
Xot)=x2—ht — (Y @) —yH+ Q- BHL 1),
forO0 <t <oo.Iff <2 & =& and & > x; — ht,then

P(X1(1) € d&1, X2(1) € d&)

(20[) 2 '3 e p ¢ é:l $27

where ¢3 ;= (2 ﬂ) — & — ( p )xl —x2 + (%)ht

IfB <2, & >& and& > x; — ht,then
P(X1(t) € &, Xa(1) € d&)

2 21 E—ED) 4 (c4 — )\t)z
=21 —a)- . — d&dé&,,
RV, 7: i I TR Rt

where ¢4 ;= (2 ﬁ)ég & — (Zfﬂ>x1—x2+<%)ht.
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IfB <2, & =x1—ht > &, then the local time ZY(-) does not accumulate, that is, the transition
density is obtained from (6.6):

1 (a —x1 +x2 + At)?
P(X1(t) =x1 —ht, Xo(t) € d&p) = —
(X1() = x1 2(1) € dé) m(“t’{ >
- At)?
— e oxp _(a+x1 —x2+ M) ]) as.
2t
a=x1—&—ht

e For the isotropic variance case with p = 0 = 1/+/2, ¥ = 0 and x; > x» the difference and the
sum of X;(-) and X5(-) are
Xi1() = X2() =Y(), X1() + X2() = x1 +x2 +v1+2Qa — DLV () + Q)

where (Y (+), Zy(~)) and Q(-) are independent. Thus the joint distributions of (X1(-), X2(-)) are
obtained by integrating out the local time.

Ifa € (0, 1)\ {1/2}, then the above transition densities are discontinuous on the diagonal line
due to the skewness. If « = 1/2 and 8 = 1, then these formulas are the same as those of the
degenerate system studied in FERNHOLZ ET AL. [10]. The transition densities for all the other
cases as well as the joint distribution of (X1(-), X2(-), LX17X2(.)) are computable from the skew
representations (3.30)—(3.31) and the joint distribution (6.4)—(6.6) in a similar manner.

7.2. Time reversal

We consider now the time-reversal
Xi(t) = X:(T — 1), Xi(t)=Xi(T—t)—X;(T), 0<t<T,i=12 (7.1)

of the solution to the system (1.2)—(1.3) with the backwards filtration F= {%(t)}oftfr generated
by the random variable Y (7") and by the time-reversal

(W)= W(T —1) = W(T), Q(t) = Q(T —1) — Q(T)), 0<t<T

of the planar Brownian motion, namely §(t) =0 ((T)) Vv S’@ﬁ/)(t) with S@W) (1) = a(é
0),W®);,0<60=<1),0<t=<T.

With some extra work in addition to the discussion of Remark 6.5, we may show that Y( )
is a diffusion (6.17) driven by the F-Brownian motion Wﬁ( ) (cf. PARDOUX [27] and Section
3 of PETIT [28]). Combining the skew representations (3.30)—(3.31) with the time-reversals
(6.17)—(6.18), we derive for 0 < ¢ < T the time-reversed skew representations

Xi(1) = —put+ (Y1) = YH©0) — o2 (Y (1) = Y(0))
—(1=B=ML" O +p00®)
t
2 2 12
—HiA /0 (P" 15520 T 0 L35 <0y)dY (5)

~ ~(1=p=2)L" 0 +po0). R (7.2)
Xo(t) = —pt = o> (YH(0) = YH(0) + p* (Y~ (1) =Y (0)
—(1=B=L" O +po0(1)



E.R. Fernholz et al. / Stochastic Processes and their Applications 123 (2013) 2999-3026 3025

t
24 20 >
= _l“_/o (o L3<o 0 1{Y(s)>0})dY(S)

— (=B =2n)L )+ pa Q). (7.3)

Remark 7.1. By analogy with (7.1) we denote the time-reversal of ranks by 1?, (t) = Ri(T —1)
for0 <t < T,i = 1,2. Applying the TANAKA formula to (7.2)—(7.3), we may derive the
time-reversed dynamics of (R(-), Rz(+)).

Remark 7.2. As we saw in Remarks 6.3 and 6.4, the process Y (-) is strictly time-reversible when
started at its invariant distribution (6.11). Under this invariant distribution, the dynamics of the
time-reversal of (R(-), Rz(-)) can be derived through the skew representations of (3.30)—(3.31).
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