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We construct diffusions with values in the nonnegative orthant, normal reflection along each of the axes, and
two pairs of local drift/variance characteristics assigned according to rank; one of the variances is allowed to
vanish, but not both. The construction involves solving a system of coupled Skorokhod reflection equations,
then “unfolding” the Skorokhod reflection of a suitable semimartingale in the manner of Prokaj (Statist.
Probab. Lett. 79 (2009) 534-536). Questions of pathwise uniqueness and strength are also addressed, for
systems of stochastic differential equations with reflection that realize these diffusions. When the variance
of the laggard is at least as large as that of the leader, it is shown that the corner of the quadrant is never
visited.

Keywords: diffusion with reflection and rank-dependent characteristics; semimartingale local time; skew
representations; Skorokhod problem; sum-of-exponential stationary densities; Tanaka formula and
equation; unfolding nonnegative semimartingales; weak and strong solutions

1. Introduction

We construct a planar diffusion X (-) = (X1(-), X2(+))" according to the following recipe: each
of the components or “particles”, X1(-) and X;(-), starts at a nonnegative position, respectively,
x1 > 0 and x; > 0, and behaves locally like Brownian motion. The characteristics of these mo-
tions are assigned not by name, but by rank: the leader is assigned drift —4 < 0 and dispersion
p > 0, whereas the laggard is assigned drift g > 0 and dispersion o > 0. We force the planar
process X (-) = (X1(-), X2(-))" never to leave the nonnegative quadrant in the Euclidean plane,
by imposing a reflecting barrier at the origin for the laggard; this corresponds to orthogonal re-
flection along each of the faces of the quadrant. In the interest of concreteness and simplicity, we
shall set

Ai=g+h, E:=x14+x>0, p2+o'2=1, (1.1

A bit more precisely, we shall try to construct a filtered probability space (2,§,P),F =
{§(*)}o<t<co and on it two pairs (Bi(:), B2(-)) and (Xi(-), X2(-)) of continuous, F-adapted
processes, such that (Bj(-), Ba2(+)) is planar Brownian motion and (X;(-), X2(-)) a continuous
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semimartingale that takes values in the quadrant [0, 00)? and satisfies the dynamics

dX1(1) = (glix, ()< x200) — Mix, (> x,0)) At

(1.2)
+ pLix, (0> x20) 4B1(1) + 1(x, (1)< x>0y (0 dB1 (1) + drXin¥ ),

dXo (1) = (81ix,()>x200) — Mx,(1)<x,(0)) At

(1.3)
+ pLix, (1) <x2() dB2(1) + Lix, (1) x>0y (0 dBa (1) + dLXinx ).

Here and in the sequel, we denote by LX(-) the local time accumulated at the origin by a generic
continuous semimartingale X (-), and by (X1 A X2)(-) = min(X1(-), X2(-)), (X1 VvV X2)(-) =
max(X1(-), X2(-)) the laggard and the leader, respectively, of two such semimartingales X(-),
X5(-). The local time or “boundary” process LX1"X2(.) in (1.2), (1.3) imposes the reflecting
boundary condition on the laggard that we referred to earlier, and keeps the planar process
X() = (X1(-), X2(-)) from exiting the nonnegative quadrant. Because we are allowing one of
the two variances to be equal to zero, the system of equations (1.2), (1.3) incorporates features
of discontinuity, degeneracy, and reflection on a nonsmooth boundary, all at once; this makes its
analysis challenging.

On a suitable filtered probability space, we shall construct fairly explicitly a process X (-) =
(X1(-), X2(-))’ with continuous paths and values in the quadrant [0, 00)2, along with a planar
Brownian motion (Bj(-), B2(+)), so that the equations (1.2), (1.3) and the following properties
are satisfied IP-a.e., the last one for (i, j) € {(1, 2), (2, D)}:

o o0
/ Lix,(t)=x,(1y dr =0, / Lix,tyax, =0y dt =0, (1.4)
0 0

o0 o0
/ 1(x, =X,y AL 2 (1) =0, / Lix,(nxa=0) ALY X (1) =0, (1.5)
0 0

In a terminology first introduced apparently by Manabe and Shiga [26], the second condition
in (1.4) mandates that the faces of the quadrant are “nonsticky" for the planar diffusion X'(-) =
(X1(+), X2(+))'; whereas the first condition in (1.4) can be interpreted as saying that the diagonal
of the quadrant is also “nonsticky” for this diffusion.

The conditions of (1.5) can be interpreted, in the spirit of Reiman and Williams [31], as say-
ing that the “boundary processes” do not charge the set of times when the diffusion is at the
intersection of two faces. We show in Proposition 2.1 that the properties of (1.5) are satisfied
automatically, as long as the process X (-) stays away from the corner of the quadrant.

We shall prove the following results, Theorems 1.1-1.3 below. In Theorem 1.3, we shall im-
pose

12<0%<1, (1.6)

a condition mandating that the variance of the laggard be at least as big as that of the leader.
Under this condition, it will turn out that the two particles never collide with each other at the
origin, so the process X'(-) takes values in the punctured nonnegative quadrant

& :=[0,00)*\ {(0,0)}. (1.7)
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Theorem 1.1. The system of stochastic differential equations (1.2) and (1.3) admits a weak
solution, with a state-process X (-) = (X1(-), X2(-))' that takes values in the quadrant [0, 00)?2
and satisfies the properties of (1.4), (1.5); and when restricted to the stochastic interval [0, T),
with

t:=inf{t > 0: X,(t) = X2(t) =0} (1.8)

the first hitting time of the corner of the quadrant, this solution is pathwise unique, thus also
strong.

Theorem 1.2. In the nondegenerate case o < 1, and among weak solutions that satisfy the con-
ditions of (1.5), the solution of Theorem 1.1 is unique in distribution with a continuous, strongly
Markovian state-process X (-).

Theorem 1.3. Under the condition (1.6), the hitting time of (1.8) is a.s. infinite: P(t = 00) = 1.
The system of (1.2) and (1.3) admits then a pathwise unique, strong solution.

1.1. Preview

A weak solution of the system (1.2)—(1.3) is constructed rather explicitly in Section 4 (Propo-
sition 4.5) following an a priori analysis of its structure in Section 3, and is shown to satisfy
the properties (1.4) and (1.5). This construction involves finding (in Section 5, proof of Propo-
sition 4.1) the unique solution of a system of coupled SKOROKHOD reflection equations; and
the “unfolding”, in Section 4.2, of an appropriate nonnegative semimartingale in the manner of
Prokaj [29]. The constructed solution admits the skew representations of (3.25)—(3.26).

It is shown that the constructed state process X (-) never visits the corner of the quadrant under
the condition (1.6) (Section 6, Proposition 4.2). When this condition fails, the process X () can
hit the corner of the quadrant; but then “it knows how to extricate itself” in such a manner that
uniqueness in distribution holds, as shown in Section 7.2 (proof of Theorem 1.2).

Pathwise uniqueness is established in Section 7, Proposition 7.1. Questions of pathwise
uniqueness and strength, for additional systems of stochastic differential equations with reflec-
tion that realize this diffusion, are addressed in Section 8. Issues of recurrence, transience and
invariant densities are touched upon briefly in Section 9. The degenerate case o = 0 (zero vari-
ance for the laggard) is discussed briefly in the Appendix. Basic facts about semimartingale local
time are recalled in Section 2.

1.2. Connections

Diffusions with rank-based characteristics were introduced in Fernholz [10] and studied in Ban-
ner, Fernholz and Karatzas [1], Ichiba et al. [22] in connection with the study of long-term sta-
bility properties of large equity markets. Their detailed probabilistic study includes Fernholz et
al. [13] in two dimensions, and Ichiba et al. [21] in three or more dimensions. This paper extends
the results of Fernholz ef al. [13] to a situation where — through reflection at the faces of the
nonnegative quadrant — the vector of ranked processes (X1(-) V X2(-), X1(-) A X2(-)) has itself
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a stable distribution, under the conditions & > g > 0; cf. Section 9.1 for some explicit computa-
tions. This has important ramifications for parameter estimation via time-reversal, as explained
in Fernholz, Ichiba and Karatzas [12]. It is an interesting question, whether the analysis in this
paper can be extended, to study multidimensional diffusions with rank-based characteristics and
reflection on the faces of an orthant.

There are also rather obvious connections of the model studied here with queueing models of
the so-called “generalized Jackson type” under heavy-traffic conditions; we refer the reader to
Foschini [14], Harrison and Williams [17], and Reiman [30].

2. On semimartingale local time

Let us start with a continuous, real-valued semimartingale
XO=XO0)+00)+C(), (2.1)

where ©(+) is a continuous local martingale and C (-) a continuous process of finite first variation
such that ®(0) = C(0) = 0; note that (X)(-) = (®)(-). The local time L () accumulated at the
origin over the time-interval [0, ¢] by this process, is given as

t

1 t
L¥(t) == 1lim — / Lo<x(s)<e) d(X)(s) = (X ()" = (X(0)) " - / Lix(s)-0 dX (s). (2.2)
el0 2¢e Jy 0

This defines a nondecreasing, continuous and adapted process LX (1), 0 <t < oo which is flat
off the zero set of X (-), namely

o0
/ 1ix )20y dLX(t) =0; we also have the property
0 2.3
. (2.3)
| to-oenm o
0

e On the other hand, for a nonnegative continuous semimartingale X (-) of the form (2.1), we
obtain from (2.2), (2.3) the representations

LX) = /0 Lox )=o) dX (1) = /0 Lix =0 dC(0). 2.4)

Using this observation, it can be shown as in Ouknine [27] (see also Ouknine and Rutkowski [28])
that the local time at the origin of the laggard of two continuous, nonnegative semimartingales
X1(-), X2(-) is given as

t t
LXIAXZU):/ l{xl(s>sxz(s>}dLX1(S)+/ 1(x, (5)> Xa (00} AL¥2(5)
0 0 25

t
—/ Lix, (5)=Xx(5)=0) AL X2 (5);
0
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a companion representation, in which the roles of X and X, are interchanged, is also valid. With
the help of (2.5), Ouknine [27] derives a purely algebraic proof of the Yan [35,36] identity

LXI\/XZ(.) + LXIAXZ(.) — Lxl(.) + LXZ(.). (26)

2.1. Tanaka formulae

For a continuous, real-valued semimartingale X () as in (2.1), and with the conventions

sgn(x) :=1(0,00) (x) — 1(—00,0)(X), sgn(x) :=1(0,00) (x) — L(—00,01(x), xeR (2.7

for the symmetric and the left-continuous versions of the signum function, the TANAKA formula

X0 =|x0|+ /0 sgn(X (1)) dX (1) +2L% () (2.8)

holds. Applying this formula to the continuous, nonnegative semimartingale |X (-)|, then com-
paring with the expression of (2.8) itself, we obtain the generalization

20X() — LXI() = /0 10y X (1) = /O 1ixy—0 AC (1) 29)

of the representation (2.4), and from it the companion TANAKA formula
|X () =|X(0)|+/0 sen(X (1) dX (1) + LX), (2.10)

It follows from (2.9) that the identity L'X!(-) = 2L*(-) holds when f; 1{x(:)=0; dC(¢) = 0. (This
last condition guarantees also the continuity of the “local time random field” a — L (-, a) in
its spatial argument at the origin a* = 0; cf. page 223 in Karatzas and Shreve [23].) In light of
(2.3), the identity L'X!(-) = 2LX(-) holds when the finite variation process C(-) is absolutely
continuous with respect to the bracket (X)(-) of the local martingale part of the semimartingale.

For the theory that undergirds these results we refer, for instance, to Karatzas and Shreve [23],
Section 3.7.

2.2. Ramifications
For two continuous, nonnegative semimartingales X1(-), X»(-) that satisfy the last properties in
(1.5), the expression of (2.5) gives the P-a.e. representation

t

1
LX) Z/O I{Xl(s)SXz(s)}del(s)+/0 1{X1(5)>X2(S)}dLX2(S) (2.11)
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for the local time of the laggard. On the strength of the properties (2.3) and (1.5), we deduce then

t

t
/1{X1<s>sX2<s>}dLX]AX2(S):/ Lix, (s)<xa(5)) ALY () = LX1 (1),
0 0

t t (2.12)
/ 1x, (=X, ALY (5) = f 1(x,(5)=x,()) ALX 2 () =0,
0 0
thus also [ 1(x,(s)=x»(s)y dLX?(s) = 0 by symmetry and
t t
/ 1(x,(5)> X505y AL X2 () = / 1(x,(5)>%,() AL X2 (5)
0 ° (2.13)
N f 1(x, (92 X0y AL 2 () = L¥2(2)
0
for 0 <t < oo. It follows from (2.12), (2.13) and (2.6) that we have then
LX)y = LX) 4 LX2 (), whence LX1VX2(.) = 0. (2.14)

To wit: for any two continuous, nonnegative semimartingales X1 (-) and X, (-) that satisfy the
properties of (1.5), the leader X(-) V X2(-) does not accumulate any local time at the origin,
even in situations (such as in Proposition 4.3 below) where the planar process (X1(-), X2(-))
does attain the corner of the quadrant.

e It is fairly clear from this discussion, in particular from (2.12) and (2.13), that, in the presence
of (1.5), the dynamics of (1.2), (1.3) can be cast in the more “conventional” form

dX1(1) = (g1ix,()<x200) — Mlix, ()= X,(0)) df .15
+ pLix,(1)> X2y AB1(1) + 0 1ix,()<x,(0)) dB1 (1) + dLX1(p),
dXo (1) = (81ix,()>x00) — h{x,(1)<x,(0)) At
. (2.16)
+ pLlix,()<x,0y dB2(t) + 0 Lix, ()= x, 1)y dB2(t) +dL 2 (2).

Here each of the components X1(-), X2(-) of the planar process X'(-) is reflected at the origin
via its own local time, respectively LX1(-) and L*2(-). Conversely, in the presence of condition
(1.5), the dynamics of (2.15)—(2.16) lead to those of (1.2)—(1.3).

Proposition 2.1. For a continuous, planar semimartingale X (-) = (X1(-), X2(+))' that takes val-
ues in the punctured quadrant S of (1.7), the conditions of (1.5) are satisfied automatically.

Proof. In this case, and in conjunction with (2.3), (2.4), the expression (2.5) takes the form

t t
LX‘AXZ(I):/ l{Xz(S)>X](S):0}dLX1(S)+/ 1(x,(5)= Xx(5)=0) AL (s), 2.17)
0 0

and the first property in (1.5) follows; the second is then a consequence of (2.3), (2.4). O
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3. Analysis

Let us suppose that such a probability space as stipulated in Section 1 has been constructed, and
on it a pair Bj(-), B>(-) of independent standard Brownian motions, as well as two continuous,
nonnegative semimartingales X1(-), X2(-) such that the dynamics (1.2)—(1.3) and the conditions
of (1.5) are satisfied. We import the notation of Fernholz et al. [13]: in addition to (1.1), we set

v=g—h, y=x1—x2, rp=Xx1V X, =Xx1 AX2, 3.1
and introduce the difference and the sum of the two component processes, namely
Y():=X10) — X20), EC)=X10)+ X20). (3.2)

We introduce also the two planar Brownian motions (W1 (-), W2 (+)) and (Vi (-), V2()), given by

t t
Wi(t) 1=/ Liy(s)>0 dBl(S)_/ 1y (s)<0y dBa(s), (3.3)
0 0
t t
War) = /0 1y (sy=0) dB1 (s) — /0 1y(-0) dBa(s) (3.4)
and
t t
Vi) = fo 1y (-0, dB1 (5) + /0 1y 0y=0 dB (). (3.5)
t t
Va(t) i=f 1iy(s)<0y dBy (S)+/ Ly (5)>0; dB2(s), (3.6)
0 0

respectively. Finally, we construct the Brownian motions W (-), V(-), O(-) and VP() as
W) == pWi() + o Wa(), V() i=pVi() +oVa(), (3.7)
Q@) :=aVi()+pV2(), VP() = pVi() — o Va(), (3.3)

note that Q(-) and V°(-) are independent, and observe the intertwinements

t t
Vi) =/ Sgn(Y(S))dWl (s), Wa(t) = —/ SgH(Y(S))dwz(S),
0 0 (3.9)

t
Vb(t):/o sgn(Y (s)) dW (s).

o After this preparation, and recalling the first property of (1.5), we observe that the difference
Y () and the sum E(-) from (3.2) satisfy, respectively, the equations

t
Y(t) =y +f sgn(Y (s))(—rds — dLX1"¥2(s) +dV°(s))
° (3.10)
=y +/ sgn(Y (s))(—rds — dLX1"¥2(5)) + W (1)
0
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and
E() =& +vt+ V(@) + LX), 0<7<oo (3.11)

in the notation of (1.1), (3.1). An application of the TANAKA formula (2.8) to the semimartingale
Y (-) of (3.10) represents now the size of the “gap” between X (¢) and X7 (¢) as

[Y ()] = Iyl — at = LX2(0) + VO (1) + 2L7 (1), 0<1t<o0. (3.12)

On the other hand, with the help of the theory of the SKOROKHOD reflection problem (e.g.,
Karatzas and Shreve [23], page 210), we obtain from (3.12), (2.3) the equation

2LY (1) = max (=Iyl+As + LY %2 (5) — V() T, 0<1<oo. (3.13)
<s=<t

3.1. Ranks
It is convenient now to introduce explicitly the ranked versions

Ri()=X1() Vv X2(), Ry() :==X1() A X2(9) (3.14)
of the components of the vector process X (-) = (X (-), X2(-))'. From (3.10), (3.12), we have

Ri(1) + Ro(t) = X1 (1) + Xo(t) =& +vi + V(1) + L™ (), 0=t <oo,

(3.15)
Ri() — Ra() = | X1(1) = Xo(O)| = |[Y ()] = |y + V' (1) =t = LPo (1) + 217 (0),
and these representations lead to the expressions
Ri(t)=ri—ht+pVi()+L (1), 0=<t<oo, (3.16)
Ry(t)=rr+ gt +oVa(t) — LY (t) + L® (1), 0<t < oo. (3.17)

A few remarks are in order. The equations (3.16), (3.17) identify the processes Vi(-) and
Va () of (3.5), (3.6) as the independent Brownian motions associated with individual ranks, the
“leader” R (-) and the “laggard” R;(-), respectively; whereas the independent Brownian motions
B1(-) 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 the equation (3.17) leads, in conjunction with (2.3)
and the theory of the SKOROKHOD reflection problem once again, to the representation

LR(1) = max (=r2 = g5+ L"(s) - oVa9))", 0<r<oo. (3.18)
<s<t

e Let us apply the second observation in (2.3) to the nonnegative semimartingale Ry (-) — Ra(:) =
|Y (-)| in (3.15); we obtain the first property of (1.4), that is

/O1{X1(I)=Xz(t)}d(Vb)(l)=/O Lix,(h=x,1) dt =0, (3.19)
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therefore also [, 11x,()=x,(»)} dV° (1) = 0. Whereas the observation (2.4) leads to
LRi=Ry = / Lix, =X,y (A dt —dLR2(t) +dV° () +2dLY (1)) =2L (). (3.20)
0

For this last identity, we have used the fact that LY()is supported on the set {r > 0: Y (t) =0} =
{t > 0: X1(t) = X»(¢)}, thanks to (2.3); that this set has zero LEBESGUE measure (the condition
(3.19)); and that the local time L®2(-) is flat on this set (from the first property in (1.5)).

Finally, we observe that the second property in (2.3), applied to the nonnegative semimartin-
gale Ry () of (3.17), yields the second property in (1.4).

Remark 3.1. In light of (3.20), the equations (3.16), (3.17) assume the more suggestive form
Ri(t) =r1 —ht + pVi(t) + LR R (1), 0<t < oo, (3.21)
Ryt)=r+gt +oVot) — LRy + LRy, 0<t<o0. (3.22)

In the nondegenerate case o < 1, these equations (3.21), (3.22) give the filtration comparisons

VY2 (1) € FRLR) (1) 0<t < oo. (3.23)

3.2. Skew representations

On the strength of the representations (3.9), (3.15) and the notation of (1.1) and (3.8), the Brow-
nian motion V (-) in (3.7) can be cast in the form

V()= (p* = 0?)V’ (1) + 200 Q1)
=(p* =) (|YO)| = Iyl +at + LR (1) = 2LY (1)) + 2p5 Q(1).

In conjunction with the equations X1 (¢) + X2(¢) =&+ vt +V(t) + LR () and X, (1) — X2(t) =
Y (¢), and with the notation

wi=3(v+a(p? —0?)) = go* — ho?, (3.24)
this leads for all t € [0, 00) to the skew representations
Xi(0) =x1+put + 0> (Y @) —y*) =a* (Y~ () —y7)
+po Q1) + (0 = o) (L™ (1) - LY (1)),
Xo(t) =xa+pt = (YH @) —y) +p*(Y () —y7)

+po Q) + (0* —o?) (LR (1) — LY 1)).

(3.25)

(3.26)
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4. Synthesis

Let us fix real constants x; > 0,x2 > 0,2 >0,g>0,p>0and o > O,Bngricallthe r}9tati0n and
assumptions of (1.1), (3.1). We start with a filtered probability space (2, §, P), F = {§(#) }o<r <o
and two independent Brownian motions Vi(-), Va2(:), use these to create additional Brownian
motions

V() =pVi() +oVal(), 00):=aVi()+pV2(), (4.1)
VP() = pVi() —oVa(), 0"():=aVi() — pVa(), (4.2)

as in (3.7), (3.8), and note that V (-), Q°(-) are independent; the same is true of Q(-), V"(-).
With these ingredients we construct two continuous, increasing and adapted processes A(-),
A () with A(0) = A(0) = 0 that satisfy for 0 <t < oo the system of equations

2A(t) zorg?ft(—|y| s+ AGs) — V)T, 4.3)

At) = 0155‘51(_” —gs+AG) —a V(). 4.4)

These are modeled on (3.13) and (3.18), using the identifications A(-) = LY (-), A(-) = LR2(.).
Such an approach is predicated on developing a theory for the unique solvability of the system

of equations (4.3) and (4.4); see Proposition 4.1 below and its proof in Section 5. The construction

presented there expresses the continuous, increasing and adapted processes A(:), A(-) as

A =2A(r, (Vi, V)lj0.1). A0 =£(t, (Vi, VD)lj0.). 0<t<oo, 4.5)

progressively measurable functionals of the restriction (Vi, V2)ljo.,; = {(Vi(s), Va(s)),
0 < s <t} of the planar Brownian motion (V1, V;) on the interval [0, 7], and implies

FAN@) (@), (4.6)

Proposition 4.1. Given the planar Brownian motion (V1 (-), Va(-)), there exists a unique solution
(A(-), A(")) to the system of equations (4.3) and (4.4); this is expressible as a progressively
measurable functional (4.5).
4.1. Constructing the gap, the laggard and the leader
With the processes constructed so far, we introduce now the continuous supermartingale

Z@t):=|y| — A — A@t) + V (1), 0<t<o00 (4.7)
and its SKOROKHOD reflection at the origin

G(1) = Z(1) +2A() = Z(1) + max (~Z()) " 0. 0= <co. (4.8)
<5<t
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(Here, the second equality is by virtue of (4.3); the nonnegative process G(-) will play the role
of the gap between the leader and the laggard of the two semimartingales X (-), X2(-) that we
shall construct eventually, in Section 4.4.) We note that (G (-), 2A(-)) is the solution to the SKO-
ROKHOD reflection problem for the continuous semimartingale Z(-) of (4.7), whose martingale
part has quadratic variation (V°)(¢) = r; and with the help of the second property in (2.3) and of
(4.8), (4.7), we have the P-a.c. identities

o 00
/ LiG)>0ydA(t) =0, / 1(G(1)=0y dr = 0. (4.9)
0 0

e Let us introduce also the continuous semimartingale
K@):=r+gt—A@l)+oVa(t), 0<t<oo (4.10)
and its SKOROKHOD reflection at the origin

M(t):= K(t)+ A(r) =K (1) + Orggi(t(—l((s))+ > 0. (4.11)

(Here, the second equality is by virtue of (4.4), (4.10); the nonnegative process M (-) will play
the role of the laggard of the two semimartingales X1(-), X2(-) that we shall construct in the
next subsection.) The pair (M (-), A(-)) is the solution to the SKOROKHOD reflection problem
for the continuous semimartingale K (-) of (4.10), whose martingale part has quadratic variation
o2(Va)(t) = o2t with 02 > 0, so we have the [P-a.e. identities

00 0
[) I{M([)>0} dA(r) =0, /0 I{M(,):()} dr =0. 4.12)

This last identity is a consequence of the second property in (2.3), and of (4.11), (4.10).
o Finally, we introduce the continuous semimartingale

N@):=ri—ht+ A@)+ pV1(t), 0<t<oo (4.13)
by analogy with (3.16), and note
N(t) — M(t) =|y| — At — A(t) + V°(t) + 24(t) = G (1) > 0, 0<t<oo, (4.14)

as well as the similarity of (4.13) with (3.16), and of (4.11) with (3.17). The inequalities in (4.11),
(4.14) imply

P(N()> M) >0,Y0 <t <o0) =1.

Thus, the process N(-) of (4.13) is nonnegative; it will play the rdle of the leader of the two
semimartingales X1 (-), X2(-) in the next subsection.

e Using results of Varadhan and Williams [33] and Reiman and Williams [31] on Brownian
motion with reflection in a wedge, we shall prove in Section 6 the following three propositions;
related results have been obtained by Burdzy and Marshall [4,5].
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Proposition 4.2. Under the condition 1/2 < 0% < 1 of (1.6), the planar process (N(-), M(-))
with values in the acute (45-degree) wedge 9 = {(n, m) € R%: 0 < m < n} never hits the corner
of the wedge:

P(N(1) > 0,Y0 <1 < 00) = 1. (4.15)

Proposition 4.3. In the case

0<o?<1/2, (4.16)
the planar process (N (-), M (-)) hits the corner of the wedge N with positive probability, that is,
P(N(t) =0, for some t € (0, 00)) > 0 this probability is equal to one if, in addition, g = h = 0.

Proposition 4.4. With the processes G(-) and M(-) introduced in (4.8) and (4.11), respectively,
the solution (A(-), A(-)) of the system (4.3)—(4.4) satisfies the P-a.e. identities of (4.9), (4.12)
and

o0 o0
/ 1ipm=0ydA(r) =0, / 1i6(1=0)dA () =0. “4.17)
0 0

4.2. Unfolding the gap

Theorem 1 in Proka] [29] guarantees that there exists an enlargement (SZ T, P) of our filtered
probability space Q. S ]P) with a measure-preserving mapping m : Q2 — €2; on this enlargement
Vi(-), Va(+) are still independent Brownian motions, and there exists a continuous semimartin-
gale Y (-) such that

t
G(t)=|Y(t)| and Y(t):y—i—f sga(Y (s))dZ(s), 0<t<oo. (4.18)
0

(The symmetric definition of the signum function, the first one in (2.7), is crucial here.) In other
words, we represent the SKOROKHOD reflection G (-) of the semimartingale Z(-) in (4.8), (4.7) as
the “conventional” reflection |Y (-)| of an appropriate semimartingale Y (-), related to Z(-) via the
TANAKA equation in (4.18). From this equation and (4.7), we see that the process Y (-) satisfies
the analogue of the equation (3.10):

t
Yt)=y +/ sg_n(Y(s)) (—A ds —dA(s) + dVb(s)), 0<t<oo. 4.19)
0
Whereas, on the strength of (4.9) and (4.17), we obtain also the P-a.e. properties

o 00
/0 1y (=0 dA () =0, /0 1y (1=0ydt =0. (4.20)

o In the interest of completeness, we review here this methodology from Prokaj [29] in the special
case y = 0: One considers the zero set 3 := {t > 0: G(¢) = 0} of the continuous semimartingale
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G(-) in (4.8), and enumerates as {& }xen the components of the set [0, 0o) \ 3, that is, the ex-
cursions of G(-) away from the origin. This is carried out in a measurable manner, so that the
event {t € &} belongs to the o -algebra g‘(oo) = cr(U0<9<oo 5’(9)) forall k e Nand r > 0. In-
troducing independent Bernoulli random variables &1, &, ... with ﬁ(ék ==+1) = 1/2, such that
the sequence {&; }ren is independent of the o -algebra §(oo), one sets

O(1):=Y &lyegy and FO) =3O VF'@):  0=r<oo.

keN

The key observation from Prokaj [29] is the balayage-type formula

()G () =/b(r)dG(r):/b(r)dza),
0 0

with the second equality a consequence of (4.9). Defining this process above as Y (-) := ®(-)G(-),
one observes the properties |Y(-)| = G(-), sgn(¥Y(-)) = ®(-) and obtains the equation Y (-) =
fd sgn(Y (¢))dZ(¢) from the equality of the first and third terms; this is (4.18) for y = 0.

4.3. Constructing the various Brownian motions

We are now in a position to trace the steps of the analysis we carried out in Section 3, in reverse.
Using the independent, standard Brownian motions Vi (-), V() we started this section with, and
the process Y (-) we generated from them in (4.18), (4.19) by enlarging the original probability
space, we introduce the two planar Brownian motions (B1(-), B2(-)) and (W1 (-), Wa(-)) via

t

t
B (1) 2=/ 1{Y(s)>0}dVl(S)+/ 1iy(s)<0y dVa(s), (4.21)
0 0

t t
By (1) 1=/0 1{Y(s)§0}dvl(s)+/(; 1y 5)=0ydVa(s), (4.22)

and

t

t t
Wi(t) ::/O @(s)dvl(s)zfo sg_n(Y(s))dvl(s)z/(; sgn(Y (5)) dVi(s), (4.23)
t

t t
Wa(t) :=—/0 <I>(s)dV2(s)=—/0 sg_n(Y(s))de(s)z—/O sgn(Y (s))dVa(s), (4.24)

respectively. The last equalities in (4.23), (4.24) are by virtue of the second equation in (4.20),
which also implies that the equations of (3.3)—(3.6) continue to hold.

Using these processes, we construct the Brownian motions W (-), V (), Q(-) and VP exactly
asin (3.7) and (3.8); whereas by analogy with (3.9), and once again thanks to the second equation
in (4.20), we note the representation

W() = /isg_n(Y(t))dVb(t) = / sgn(Y (1)) dV°(1). (4.25)
0 0
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o In conjunction with this last representation (4.25) and the TANAKA formula (2.8), the properties
of (4.20) allow us to write the equation (4.19) for Y (-) as

t
Y(t)=y +/ sgn(Y (s)) (—Ads —dA(s)) + W) (4.26)
0

and obtain G(t) = |Y ()| = |y| — A — A@) + VP () +2LY (1) = Z(t) + 2LY (t),0 <t < 00 on
account of (4.7). A comparison of this last expression with (4.8), using (2.9) and (4.20), gives

24()=2LY () =LY, 4.27)

4.4. Naming the particles, then ranking them

We can introduce now the continuous semimartingales
t
X1 (1) == x +/ (81{y(sy<0y — My (s)>0y) ds
0

t t
+ ,0/ Liy(s)~0)dB1(s) + / iy (s)<0) (0 dB1(s) + dA(s)), (4.28)
0 0

0<t < oo,

t
Xo(t) :=x2 +/ (&liy)>0) — hliy(s)<o0y) ds
0

t t
+,0/0 Liy(s)<0} de(S)—l-/O Liy(5)>0y (0 dBa(s) + dA(s)), (4.29)
0<t<oo.

From (3.5)-(3.6), (4.1)—(4.2), (4.21)—(4.22) and (4.20), (4.26), we obtain for these two processes

t

X1() = Xo(t) =y + / sgn(Y (s))(—rds —dA(s) +dV°(s)) = Y (1), (4.30)
0

Xi1(t)+Xo(t) =E+vi+ V() + A@), 0<t<oo. 4.31)

Repeating the analysis in Section 3 and recalling the notation of (3.24), we obtain for all
t € [0, 00) the analogues of (3.25), (3.26), the skew representations

Xi@®) =x1+pt+p* (Y0 —y*) —o* (Y1) —y7)
+p0 Q) + (p* — o) (3A0) — A®D)),

Xo®) =xa+pt = (YH @) —y) +p* (Y~ (1) —y7)
+po Q1) + (p* = o) (3A(1) — AD).

(4.32)

(4.33)
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e Let us consider now as in (3.14) the ranked versions R () := X1(-) V X2(-), Ro(") := X1(") A
X»(-) of the semimartingales introduced in (4.28), (4.29). From (4.30), (4.31) we obtain

R+ R(®) =X1(t) + Xo(t) =& + vt + V(1) + AQ), 0<t<oo,
(4.34)
Ri() — Ra(t) = |X1(t) — X2(0)| = |[Y ()| = G(t) = |y| + V" (t) — At — A(t) +2A(1)

for their sum and gap, respectively, with the notation of Section 4.1. These last two relations lead
now with the help of (4.13), (4.11) to the analogues of the equations (3.16) and (3.17), that is,

Ri@®)=N@)=r1—ht+pV1(t) + A1), (4.35)
Rot)=M@)=r+gt+oVo(t) — A@) + A@®). (4.36)
Remark 4.1. Under the condition (1.6), the planar process (X (-), X2(-)) constructed in (4.28),

(4.29) takes values in the punctured nonnegative quadrant &. Indeed, Proposition 4.2 implies
then

P(X1(1) vV X2(1) > 0,Y0 <t < 00) = 1. (4.37)

Thus, the condition of (1.6) guarantees the absence of “collisions at the origin”; see Ichiba and
Karatzas [20] and Ichiba ef al. [21] for similar conditions in a different context.

4.5. Denouement

Let us start the final stretch of this synthesis by recalling the second properties in each of (4.20),
(4.12), which lead to the IP-a.e. identities

o oo
/ Lix,(t)Axy =0y df =0, / Lix, (=X} dr = 0; (4.38)
0 0

in particular, the “nonstickiness” conditions of (1.4), both along the boundary and along the
diagonal, are satisfied. On the other hand, the observation (2.4) applied to the nonnegative semi-
martingale R, (-) of (4.36), together with the properties of (4.38), (4.12) and (4.17), provides the
characterization

LX) = LR () = f 1(ry()=0) dR2 (1)
. ° (4.39)
= /o 1ix,(i)axa (=0} (§ At + 0 dVa (1) — dA() + dA (1)) = A();
back into (4.20), this gives the identity

o0
/0 1ix,()=x,()) ALX2(0) =0, P-a.e. (4.40)
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Arguing in a similar fashion, and applying the observation (2.4) to the nonnegative semimartin-
gale G(-) = R1(-) — R2() = 0 of (4.34) in conjunction with the properties (4.38)—(4.40), (4.9),
(4.20) and (4.27), we obtain by analogy with (3.20) the P-a.e. identity

LleRz(.) — /0 1{X1(Z):X2(t)} d(Rl(l) - R2(t))

=/0 Lix, (=X} (AV" (1) — A dt — dA (1) + 2dA(D)) (4.41)
=2AC)=2LY()=L"().

With the help of (4.35), (4.36), we recover from these last two observations the equations (3.21),
(3.22) for the ranks; whereas from (4.17) and the identifications A(-) = LY(-) = L'Y!(:)/2 in
(4.41), we deduce the P-a.e. identities

o o0
/ 1ix, () Ax20=0) ALX ™ ¥2 (1) = 0, / Lix,(0axo0=0) AL X1(0) =0, (4.42)
0 0
We conclude from (4.37)—(4.42) and Proposition 4.2 that we have proved the following result.

Proposition 4.5. The continuous, planar semimartingale X(-) = (X((-), X2(-)) defined in
(4.28), (4.29) takes values in the quadrant [0, 00)2. It satisfies the dynamics of (1.2) and (1.3);
the properties (1.4), (1.5) and (2.14); as well as the representations (3.25), (3.26).

Under the condition (1.6), the planar semimartingale X (-) takes values in the punctured non-
negative quadrant of (1.7), that is, never hits the corner of the quadrant.

Remark 4.2. From the equations (4.35), (4.36) and (4.5), we express the continuous, adapted
processes R (-), Ra(-) as progressively measurable functionals

Ri(t) =R (¢, (Vi, VDlo,1) Ra(t) =R (2, (Vi, V)lo,11) 0<t<oo

of the restriction (V1, V2)lj0,;) = {(V1(s), V2(s5)),0 < s <t} of the planar Brownian motion
(V1, V») on the interval [0, ¢]; this implies

g(Rl ,Rz)(t) C &‘(Vl ,Vz)(t)' (4.43)

From these observations, from the identifications LX2(-) = A(-) and LY (") = A(-) in (4.39),
(4.41), and from the analysis of Section 3 that culminates with the equations (3.16)-(3.17), we
deduce that the distribution of the vector of ranked processes (R1(-), R2(-)) = (N(-), M (%)) in
(3.14) is determined uniquely.

A more elaborate analysis, carried out in Section 7, will show that uniqueness in distribution
(indeed, pathwise uniqueness up until its first visit to the corner of the quadrant) holds also for
the vector process X' (-) = (X1(-), X2(-))’ of the particles’ positions by name in (4.28), (4.29). If
the two particles never collide with each other at the origin, as is the case under condition (1.6),
then pathwise uniqueness — thus also uniqueness in distribution — holds for all times.
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Figure 1. Simulated processes; Black = X (-), Gray = X5 (-).

Remark 4.3. Coupled with (3.23) of Remark 3.1, the filtration inclusion in (4.43) gives in the
nondegenerate case o < 1 the identity

FRRI ) =3 @), 0=t <oo.

The Figure 1 is a simulation of the processes Xi(-) and X»(-) in the degenerate case with
p=0,0 =1and g =h =1, taken from Fernholz [11]; we are grateful to DR. ROBERT FERN-
HOLZ for granting us permission to reproduce it here. The figure depicts clearly also the laggard
(from (4.36)) and the leader (from (4.35)) of the two processes — the latter as a function of finite
first variation which ascends by the continuous but singular, local time component LY (-) = A(-)
and descends by straight line segments (“ballistic motion”) of slope —1.

5. Proof of Proposition 4.1

Given the planar Brownian motion (Vi (-), V2(-)), we shall apply the idea of the proof of Theo-
rem 1 of Harrison and Reiman [16] to study a system of equations for (2A(-), V2A()) equiva-
lent to (4.3)—(4.4):

2A(1) = 01332(—|y| + s+ AGs) — V()T

V2A@) = max (—v/2r2 — 285 + V2A(s) — V20 Va(5)) T, (5.1)

<s=<t

0<t<oo,
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with V°(-) = pV(-) — o V2 (:) as in (3.8). Schematically, we shall write y(-) = 7, (y)(-) for this
system, with the two-dimensional SKOROKHOD map &y, introduced in Harrison and Reiman

[16]:

Co([0,00); R?) 3 y(-) > T (y) () := sup [Hy(s) —w(s)]" € Co([0,00); R?). (5.2

0<s<-

Here the subscript indicates the pinning y;(0) = y2(0) = 0; the matrix H is defined as
I (0 1
n-2(1 o)
and the component processes of the vector w(-) = (t(-), w;(-)) are

wi(1) = |y| = At + V(1) = |y| — At + pVi(t) — o Vo (D),
12(1) = v/2r2 + 28t + 26 V2 (1), (5.3)
0<t<oo.
The supremum and the positive part ()™ :=max(-, 0) are taken for each element in the vectors.
The matrix H has spectral radius 1/+/2, so the mapping 7, is a continuous, contraction map-

ping (Theorem 1 of Harrison and Reiman [16]); in particular, in terms of the sup-norm

lyll7 := max_ sup |y;(s)]
l=i=20<s<T

for every y, yb € Co([0, x0); Rz) and T € [0, co) we have the bounds
17w @) — 7w ()],

=max | sup
0<s<T

El

1 + 1 +
Ozr;(—tm(s) + ﬁyz(s)) - Ong;S(—ml(s) + ﬁyg(s))

sup

|

1 * | +
sup (—mz(S)—l——YI(S)) — sup (—mz(s)Jr—yl(s))

0<s<T | 0<u<s V2 O=<us<s V2
<max| sup |-t (s)—f-L (s) — (—m (S)—f‘L b(5)>
= OSSET 1 ﬁm 1 ﬁy2 )
sup. | —102(5) + 1 (s) <m<>+1b<>>‘
up | —12(s) + —vyi1(s) — | —t02(s) + —y, (s
OS‘YET 2 ﬁYI 2 ﬁyl

< Lly=vl,
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We have used here the contraction property of the maximum: for two continuous, real-valued
functions y(-), y"(-) we have

sup y(s) — sup y'(s)| < sup |y(») —y’(s)|, 0<T <oo,
0<s<T 0<s<T 0<s<T
(y®) = () | <y -y )|,  0<s<oo.

It follows from this contraction property that, given 1(-), the solution y(-) to the system of (5.1)
can be obtained as the unique limit of a standard PICARD-LINDELOF iteration: starting with
y () =0, iterating y" D := 7, (y™) forn =1, 2, ..., we obtain the uniform convergence on
compact intervals lim,_ o ||y — y™ ||z = 0 for T € (0, 00). This concludes the proof of Propo-
sition 4.1.

It might be interesting to investigate possible connections between this construction and the
SKOROKHOD map on an interval, studied by Kruk et al. [24].

6. Proof of Propositions 4.2-4.4

Let us recall from (4.13), (4.11) that the process (N(-), M(-)) is a reflected planar Brownian
motion in the 45-degree wedge 2 with orthogonal reflection on the faces:

N@)=ri—ht+pVi(t)+ A1), 0<t<o0, 6.1)
M@)=ra+gt+oVa(t) — A@t) + A(®), 0<t<oo. (6.2)

This process does not hit the corner of the wedge 91, if and only if it does not reach the corner
during the time-horizon [0, T'] for any T € (0, c0). Hence, in the nondegenerate case we can
assume that the drift coefficients g, h are equal to zero. Indeed, after a suitable change of proba-
bility measure on §(7), under the new measure and on the finite time-horizon [0, T] the process
(Vi) — (h/p)t, Va(t) + (g/0)t)sef0, 7] becomes then a two-dimensional standard Brownian mo-
tion, that is, a planar Brownian motion without drift.

Thus, in what follows we shall assume # = g = 0 and apply the transformation T =
diag(1/p, 1/o) to the process (N (-), M(-)) as in (6.1), (6.2). In matrix form, we can write

N@) | r Vi(t) 1 0| A® |.
[0 a2 ]+ [10)ex[ L O][29) osicw @
Then the transformed process is a reflected Brownian motion in the wedge 20 = T(91) with
oblique reflection on the faces.
We need to compute the angle & of the wedge 2U at the corner, and also the reflection angles
0; € (—w/2, t/2)i = 1,2 measured from the inward normal vector on the boundary, and positive

if and only if they direct the process toward the corner; see Figure 2 below. We introduce also
the scalar parameter

o:=(0+62)/§. (6.4)
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According to Theorems 2.2 and 3.10 of Varadhan and Williams [33], the reflected Brownian
motion in the wedge 2 never hits the corner of the wedge 20, with probability one, if & < 0; hits
the corner with probability one, if @ > 0; and is well-defined by the corresponding submartingale
problem for all times, starting at any initial point including the corner, if & < 2.

Now the faces of the wedge 20 are given by half-lines emanating from the origin and parallel
to the vectors v =%(1,0) = (1/p,0) and v, =%(1,1) = (1/p, 1 /o), hence

-2
0s(E) = (b1,02) P

oozl T e 4o 2/p 2

The reflection vector on the face of the wedge 20 parallel to vy = (1/p,1/0) is vy =
(1/p,—1/c)’, while the normal vector of this face pointing inward is m, = (p, —c’)’. Then

0. (6.5)

(v2,m2)

imp2 "2 =2 2= (1/p—2p,20 — /o) = (0% = p?)-(1/p, 1/0),

so vy points towards to the corner exactly when o> < p2. That is, # > 0 holds if and only if
o2 <1)2.

The other face of the wedge 20 is parallel to (1,0)" and the reflection vector on this face is
(0, 1/0)’, which is a normal vector to this face, whence 81 = 0.

Proof of Proposition 4.2. If 1 > o2>1 /2, then
0, =0, 0, <0, £>0, (6.6)
so a < 0. Thus, according to the result of Harrison and Reiman [16] and Varadhan and Williams

[33], with probability one the process (N (-), M (-)) never hits the corner of the wedge 90t. The

case o2 = 1 is discussed in Section 6.1. O

Proof of Proposition 4.3. In the case 0 < o> < 1/2, we obtain cos(&) < 1/ V/2 from (6.5) and
0,=0, 0<6,<m/2, &> m/4,

s0 0 < & < 2. Then the process (N (-), M(-)) hits the corner of the wedge 9t almost surely. This
gives the result for g =h =0.

When g + h > 0, we can only ascertain that the process (N(-), M(-)) hits the corner of the
wedge with positive probability, due to the measure change step that we deployed to reduce the
general case to the driftless case. ]

6.1. Nonattainability of the corner in the degenerate case p =0

In this subsection, we develop the proof of Proposition 4.2 in the degenerate case 0 = 1, p =0.
The equations of (6.1), (6.2) for the ranked processes N(-) > M(-) > 0 simplify then to

N(@)=ry —ht + A1), 0<t<o0, (6.7)
M@)=r+gt+V(E)— A@l)+ A), 0<t<o0; (6.8)
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we recall that the “regulating” continuous, increasing and adapted processes A(-), A(-) of (4.3),
(4.4) satisfy the P-a.e. requirements

o0 o0
/o Linw>m@y) dA() =0, /o Lm@n>0ydA() =0 (6.9)

as in (4.9), (4.12). We introduce the stopping time 7 = inf{r > 0: N (z) = 0}, and shall establish
below the property P(r = 00) = 1.

For this, it suffices to consider & > O; for if & = 0, the process N (-) is nondecreasing, and there
is nothing to prove. Whereas, by the Girsanov theorem, it is enough to deal with the case g = 0.
We shall present two distinct, very different arguments.
e FIRST ARGUMENT: In the manner of Section 4.2, we consider the unfolded process (N(-),
MT(-)), where M(-) = |MT(-)| and dMT(r) = sgn(M'(¢))dM (), stopped upon reaching the
corner:

t
N(t)=r —ht + A(1), MT(z)=r2+v*(t)—/ sgn(M(s)) dA(s)
0

for 0 <t <t; and M(t) = N(t) =0 for ¢t > 7. Here VT(,) := fdsg_n(MT(s))dV(s) =
fo' sgn(M T(5))dV (s) is of course standard Brownian motion; the equality of the two stochas-
tic integrals follows by applying the second property of (2.3) to the semimartingale M (-) of
(6.8).

The planar process (N(-), MT (")) evolves in the cone {(x,y): 0 <]y| <x}, with normal re-
flection on the faces and absorption when the corner of the cone is reached. It is clear that
(NG, MT() is a strong Markov process; when started at (x, y), the distribution of this pro-
cess will be denoted by Py, ). We shall show that P(r = o0) = 1.

For this purpose, we define a Markov chain {(Sn, Y,)}n>0 with

Sui=logo) (N(@)/r1),  Yui=M'(m)/N (1),

where we have set 79 := 0 and recursively 7,41 = inf{t > t,: (N()/N (1)) ¢[1/2,2]}, and
noted that 7, is a.s. finite, for all n € Ny. The state-space of this Markov chain is Z x [—1, 1].
For k > 0, we shall denote

O :=inf{n € Ny: gn = §0 + k}.
A simple sufficient condition for the nonattainability of the origin by N (-) is that

Ok is finite almost surely for all k > 0. (6.10)

Indeed, on {t < oo} the sample path of the process N (-) is bounded, because it is continuous. It
is clear from this that {7 < oo} C (Ui {pk = o0}, and P(r < 00) = 0 follows from (6.10).

We compare S= {Sn}n>0 with a random walk S = {S,, },>0 on Z, which starts at Sp = 0 and is
defined by

P(Sut1= S0+ 1180, ..., Su) =p(r12%), P(Sut1 =0 — 1180, ..., Su) =1 —p(r12%)
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as its transition probabilities, where

= inf P, (N(m)=2r).
pr) = nf o (N (T1) =2r)

To wit: we start the process (N (-), M *(-)) from a point on the vertical line at x = r, and denote
by p(r) the greatest lower bound on the probability that N (-) hits 2r before it hits /2. We prove
below that

liI(r)l p(r)y=1 and p(r)>0 for all » > 0. (6.11)
r—04

On a suitable extension of our probability space there is a coupling between S and the random
walk S, such that §,, > S,,, Vn € Ny. Therefore, the sufficient condition (6.10) will be established
as soon as we show that pp = inf{n > 0: S,, =k} > p is a.s. finite, for all k > 0.

Let £9 < 0 be such that p(r;2%) > 1/2 holds for £ < £y, and consider a simple, symmetric
random walk S = {/.S:,, }n>0 on the state space {£: £ < €o}, with £o as both reflecting barrier and
starting point. Using coupling again, we can assume that S, < S, holds for all n € Ng. Fix k > 0
and recall that S is recurrent. Thus, if S does not reach k before reaching £ — 1, it will return to
the level £ almost surely; and from £ it will reach k before reaching ¢y — 1, with some positive
probability. If, on the other hand, S hits €9 — 1 first, then the whole thing starts again and finally £
is reached almost surely by S. By a standard renewal argument, this implies that S reaches Sy + &k
almost surely, and that p; = inf{n > 0: S, = So + k} is finite almost surely.

It remains now only to argue (6.11). Let r > 0 and observe that, if N(0) =r and (M) <r,
then N (t1) =r/2 implies that t; > (r/2h) and |V1'(r/2h)| < 4r, hence

< 4r>,

< 4r> =P<|VT(1)| > 4\/2hr).

1—p(r)= sup Puy(N(t)=r/2) < 1}»(‘ VT(i>

y€[—r.r]

p(r) > 1 _PQW(L)
2h

This justifies (6.11) and completes the proof of the nonattainability of the corner in the degenerate
case, thus also the proof of Proposition 4.2.

e SECOND ARGUMENT: Here follows another argument, due to DR.E.ROBERT FERNHOLZ; we
shall take r, = O for simplicity. With B(-) a standard Brownian motion, we denote by I'(-) the
SKOROKHOD reflection of the process r; —ht — B(t),0 <t < 0o, and by A(-) the SKOROKHOD
reflection of r{ — ht + B(¢),0 <t < oc:

that is,

C(t)=ri —ht —B(@t)+ L") >0, A(t)=r1 —ht + B(@t) + L2(t) > 0, (6.12)
where the continuous, increasing processes

L' (1) := max (hs + B(s) — r1)+, LA (1) := max (hs — B(s) — r1)+

0<s<t O<s<t
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satisfy the P-a.s. identities [;° Lir(y=0y dL" (1) =0, [~ 1{a (>0 AL2 (1) = 0. We define

Ya(t) := B(t) = YLV () + L L2 (1), Y () := Ya(r) + T(1),

(6.13)
3(1) =12 (t) — AQ),
and note
Yi(t) =—Y3(t)=r1 —ht + (L' () + L2()) = |2 (1) 0<t<oo. (6.14)
We shall show below that, with probability one,
the three-dimensional process (Y1 ), Y2(4), Y3(-)) exhibits no triple point. (6.15)
Then the comparisons in (6.14) imply
P(Y1(t) > 0,V €[0,00)) = 1. (6.16)

To prove (/6\.15), it suffices to rule out triple points for the process (f’\l(~), ?2(~), f’\3(~)) with
components Y;(-) :=Y;(-) + (LY (-) = L2())/2, j = 1,2, 3, namely

Yi(t)=r1 —ht + LY (t) > Ya(t) = B(t) > Y3(t) = —r1 + ht — L2(1), 0<t<oo.

Consider the set E of all w € Q for which f/\l (T) = ?2(T) = ?3(T) =:y holds for some T =
T (w) € (0, 00). Then, for each ¢ € [0, T') we have

YH+hT =)=y +h(T —1) = L' (T)+ L' (t) = Y1 (1) > Ya(t) = y + B(T) — B(t)
>Y3(t) =y —h(T —t)+ LA(T) = LA(t) > y — k(T —1)

thus also

- B(T)— B(1) -

=S—7_-; =
In conjunction with the PALEY, WIENER AND ZYGMUND theorem (cf. page 110 in Karatzas

and Shreve [23]), we conclude that E is included in an event of [P-measure zero, so (6.15) follows.

(We are indebted to DR. JOHANNES RUF, for pointing out the relevance of the PALEY-WIENER—

ZYGMUND theorem here.)
Let us define now

—h h.

01() :=11(), 02() = |2 ()| (6.17)

and apply the companion TANAKA formula (2.10) to get Q2(-) = fo sgn(Ya(2))dY2(z) + L2().
In conjunction with (6.13), the fact that L' (-) = LY172(.) is flat off the set {t > 0: Y»(t) =
Y1(¢) > 0}, and the fact that L2(-) = LY27¥3(.) is flat off the set {r > 0: Y»(r) = Y3(r) < 0}, this
leads to

02() =V () = J(LN 20+ LI+ ()) 4 L2, (6.18)



2478 T. Ichiba, 1. Karatzas and V. Prokaj

where
70 = [ sg(ra) s = [ sen(va(0) abo

is standard Brownian motion (for this last equality, we have applied the second property of (2.3)
to the semimartingale Y5 (-) in (6.13)). From (6.17), (6.13) and (6.14), we have then

Qi()=r —ht +3(LN 2 () + L2 (), (6.19)
0= 01() = Q) =r —ht = V() =L + (L") + L"2()). (6.20)

But the continuous, increasing process LYYy 4 LN+ s flat away from the set {Q1(-) =
02()} = {Y1(:) £ Y2(-) = 0}, so the theory of the SKOROKHOD reflection problem gives the
P-a.e. identities

o0
LYI_YZ(') + LY1+Y2(.) = LQI—QZ(,)’ / 1{Q1(t)>Q2(t)}dLQ1_Q2(t) —=0.
0

With this identification, the system (6.20), (6.19) is written equivalently as

Q1(t) =r1 —ht + SL2 =2 (1), (6.21)
Qx(t) = V(1) = 31272 (1) + L2 (1) (6.22)
with [° 1{0,(n=0) ALL2(t) =0, [~ 1{0,(1)> 0> (1)) AL L1 ™92 (r) = 0; that s, precisely in the form

(6.7)—(6.9) with g =0, r, = 0. Thus, the pairs (Q(-), Q2(-)) and (N(-), M(-)) have the same
distribution, so the property P(N (t) > 0, V¢ € [0, 00)) = 1 follows now from (6.16) and (6.17).

6.2. Proof of Proposition 4.4

In the nondegenerate case o> < 1, the properties of (4.17) follow from Theorem 1 in Reiman
and Williams [31]; see also Theorem 7.7 in Bhardwaj and Williams [3]. In the degener-
ate case 0% = 1, they follow from (4.9), (4.12) — which give A(-) = fo 1{6()=0y dA(t) and
A() = fo 1{pm()=0y dA(2), respectively — and the nonattainability of the corner that we just
proved.

7. Questions of uniqueness

Let B(-) = (B1(-), B2(-)) be a planar Brownian motion, and define the matrix- and vector-valued
functions ¥ : R? — R?*2 and p: R? — R? by

X(x) = 1{x1>x2} diag(p,0) + l{xlsxz} diag(o, p),
[L(.X) = 1{x1>x2}(_h’ g)/ + l{xlfxz}(gv _h)/
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for x = (x1, x) € R%. We are interested in questions of uniqueness for the system of stochastic
differential equations (2.15) and (2.16), written now a bit more conveniently in the vector form

dX (0 = p(X (1) dr + Z(X(0) dB(1) +dLY (). (7.1)

Here we have denoted the vector of semimartingale local time processes accumulated at the
origin by the components of the planar process X (-) = (X1(-), X2(+)) as

LYy = (L), L% () (7.2)

these local times are responsible for keeping the planar process X (-) in the nonnegative quadrant.

7.1. Pathwise uniqueness

For any given initial condition X' (0) in the punctured nonnegative quadrant of (1.7), we have
shown that the stochastic differential equation (7.1) has a solution. We want to show that this
solution is pathwise unique, up to the first hitting time of the corner of the quadrant. Under the
condition (1.6), the origin is never hit by the process X (-), so pathwise uniqueness will hold then
for all times. The key step is to define the new planar process

Z()=(21(). 22())  with Z;():=X;() — L5 () (=1,2), (7.3)
and note, from the SKOROKHOD reflection problem once again, that

L¥Xi(t)=Z} (1) := max (=Zi($)) VO, 0=t <oo. (7.4)
<s=<t

(In particular, each X;(-), i =1, 2 is the SKOROKHOD reflection of the semimartingale Z;(-) in
(7.3).) We observe that X' (-) solves the equation (7.1), if and only if Z(-) solves the stochastic
differential equation with path-dependent coefficients

dZ@)=p(Z@) + Z2*(1)) dt + Z(Z(1) + Z*(1)) dB(@), Z0)=X0)e&, (7.5)

where, with the notation of (7.4), we have set
/
ZM1) = (270, Z5(1) = (Omax (=zZi) vo, [max (=Z2() v 0) . (7.6)
<s<t <s<t
Indeed, if (X'(-), B(-)) is a solution of (7.1) with the vector process LX(~) given as in (7.2),
and if we define Z(-) in accordance with (7.3), then (Z(-), B(-)) is a solution of (7.5). And
conversely, if (Z(-), B(-)) is a solution of (7.5) and we define

XO:=Z0)+ 2% .7

in the notation of (7.6), we identify Z*(-) as the coordinate-wise local time of X'(-), namely
Z*) = £x (-) as in (7.2). In particular, pathwise uniqueness for the equation (7.5) with path-
dependent coefficients, implies pathwise uniqueness for the equation (7.1) with local times.
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For the equation (7.5), this pathwise uniqueness result can be seen by exploiting the fact that
the only critical time-points occur when the process X'(-) of (7.7) hits either the boundary of the
quadrant, or its diagonal. Thus, we set tp := 0, and introduce inductively the stopping times

Tt = 1nf{t > 1 (Z1(0) + ZT(0))(Z2(1) + Z5 (1)) =0},
42 1= inf{t > Top41: Z1(8) + Zik(l‘) =Zy(t) + Z;(l‘)}

for n € Ny. It might happen that 71 = 79 = 0 holds with positive probability, if X (0) = Z(0)
is on one of the faces of the quadrant. Apart from that, we have 734 > 7} for all k£ > 1; and
with T := sup, .y Tk, We observe that X'(t) = Z(t) + Z*(r) lies on one of the faces of the
quadrant and also on its diagonal, hence X (7) = (0, 0). Whereas, under the condition (1.6), we
know that X'(-) never reaches the corner of the quadrant, so 7 is almost surely infinite. Then
pathwise uniqueness up to 7 can be established by induction; namely, by showing that on each
time-interval [tx_y, Tx] with & > 1 the process Z(-) solves an equation with pathwise unique
solution.

Assume first that k — 1 is odd; then on the time-interval [tx_1, tx] the drift and diffusion
coefficients are constant, so pathwise uniqueness follows immediately. If k — 1 is even, then Z*(-)
is constant on the interval [tx_1, 7], and the process X' (-) = Z(-) + Z*(-) solves on [tx_1, T¢]
the equation studied in Fernholz ef al. [13], Theorem 5.1, where it was shown that the solution
of this equation is pathwise unique. This completes the induction argument.

Invoking the YAMADA—-WATANABE theory (e.g., Karatzas and Shreve [23], pages 308-311),
we obtain from all this the following result.

Proposition 7.1. For the system of equations (2.15) and (2.16), pathwise uniqueness holds up
until the first hitting time t of (1.8).

Under the condition 1/2 < 6> < 1 of (1.6) pathwise uniqueness, thus also uniqueness in dis-
tribution, hold for all times, so the solution of (2.15) and (2.16) is then strong; that is, for all
0 <t < oo we have

S(Xl,Xz) (l) - 3(31,32)(1‘)_ (78)

This completes the proof of Theorems 1.1 and 1.3. It is an open question to settle, whether
such pathwise uniqueness and strength hold also past the first hitting time of the corner, or not.

7.2. Uniqueness in distribution

This section will be devoted to the proof of Theorem 1.2 on uniqueness in distribution. In the
light of Proposition 7.1 and Theorem 1.3, this needs elaboration only when 0 < 6> < 1/2 as in
(4.16). In this case, the state process X' (-) = (X{(-), X2(-))’ of (7.1) can reach the corner of the
quadrant [0, 00)? in finite time, and the question is whether it can be continued beyond that time
in a well-defined and unique-in-distribution manner.

Proof of Theorem 1.2. It is quite straightforward to see that the weak solution construction
of Section 4, culminating with the continuous, nonnegative processes X1(-), X»2(-) defined in
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Section 4.4, makes perfectly good sense also for an initial condition (X1(0), X2(0)) = (x1,x2) =
(0, 0) at the corner of the quadrant. Together with the independent Brownian motions B (-), B> (-)
of (4.21), (4.22), these processes X1(-), X2(-) are constituents of a weak solution for the system
(7.1), and from (7.2)—(7.4) we have the representations

Xi()=Z() + max (=Zi(9), i=1,2.

Now, on an extension of the filtered probability space on which (Bj(-), B2(-)) is still planar
Brownian motion, we unfold these continuous, nonnegative semimartingales as

Xi()=12]()

, where Z?(-) = /0‘ sg_n(Z?(s)) dZ;(s).

This is done using the Prokaj [29] construction of Section 4.2 once again. It follows that the pro-
cess 2°(-) := (Z2(-), Z(-))’ with component-wise absolute values |Z°(-)| := (127 ()], |Z3()])’
= X'(-) satisfies the vector stochastic differential equation

d2°() =I(2°®) (m(X (®) dt + Z(X (1)) dB(@))

(7.9)
=12 0)r(|2°0])dt +1(2°O)Z(|2°(1)]) dB(), 0=t < o0,

with the initial condition Z°(0) = 0, the indicator matrix function
1(z) := diag(Sgn(z1). 5g0(z2))  and the notation z = (z1,22)’ € B2, |z] = (|z11. l22) .

The functions I(-) (| - |) and I(-)X(| - |) are piecewise constant in the interior of each one of the
eight wedges

{@1.22): 21 20,22> 0,21 > 22, (z1,22): 212 0,22 > 0,21 <229,

oo }
(z1,22): 21 < 0,222 0,21 222}, {(21.22): 21 < 0,22 20,21 <22},
oA }

{z1,22): 212 0,22 <0, 21 > 22}, (z1,22): 21 20,22 < 0,21 < 22,

(z1,22): 21 < 0,22 <0, 21 > 22}, {z1.22): 21 < 0,22 < 0,21 < 22}.

Theorem 2.1 of Bass and Pardoux [2] (see also Theorem 5.5 in Krylov [25], as well as Ex-
ercise 7.3.4, pages 193-194 in Stroock and Varadhan [32]) guarantees that uniqueness in dis-
tribution holds for the system of equations (7.9) with piecewise constant coefficients. (For the
applicability of this result, the nondegeneracy condition po > 0 is crucial.) Whereas, because
the distribution of Z(-) is uniquely determined from (7.9), it is checked fairly easily that the
distribution of X'(-) = | 2°(-)| is uniquely determined from (7.1). O

The proofs of all three Theorems 1.1-1.3 are now complete. We have shown in particular that,
under the condition 0 < 0% < 1/2 as in (4.16), the planar process X (-) can hit the corner of the
quadrant but then “finds a way to extricate itself”” in such a manner that uniqueness in distribution
holds. This aspect of the diffusion is reminiscent of Section 3 of Bass and Pardoux [2]; we will
see in the Appendix that these features hold also in the other degenerate case 0 =0, p = 1.
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8. Alternative systems and filtration identities

Throughout this section, we shall place ourselves under the condition
12<0%<1

for simplicity. We disentangle the pair (B1(-), B2(-)) from (Wy(-), Wa(-)) in (3.3) and (3.4), and
rewrite (4.28), (4.29) in the form of a system of equations driven by the planar Brownian motion
W) = (Wi (), Wa(-))', namely

t t
X1(t) =x; +/ ELx,()<x205)) — Mx,(9)>X2(s))) ds + p/ 1ix, (9> X200} AW1(s)
0 0
(8.1)

t
+f 11X, (5)<X2(5)} (0 dWa(s) + dLXlAXz(S)), 0<t<oo,
0

t t
Xo(1) = x2 +/ (81x1(5)>X2(9)) — M{x () <x2(90)) ds — P/ Lix,(5)<Xa(s)) AW (5)
0 0
(8.2)

t
—I—/ I{Xl(s)>X2(s)}(_G dWs(s) —i—dLXlAXz(S)), 0<t<oo.
0

Repeating the argument of Proposition 7.1 and using once again pathwise uniqueness results
from Theorem 4.2 in Fernholz ef al. [13], one can show the pathwise uniqueness and strong
solvability of the system (8.1) and (8.2), under the condition (1.6). In particular, we have

FELXD) (1) < gV W2) (1) Y0 <t < o0. (8.3)

e In a similar manner, recalling the expressions for (Bj(-), B2(-)) in terms of (V1(-), V2(-)) in
(4.21), (4.22) and disentangling the former from the latter, we can rewrite the system of equations
(4.28), (4.29) in the form

t t
X1(1) =x; +f (81ix,(5)=x209)) — ML(x,(5)>X2(5))) s + P/ Lix(9)> X200y dV1(5)
0 0
(8.4)

t
+/ 1(x, ()< X2} (0 dVa(s) + drXinxe (5)), 0<t<oo,
0

t t
Xo(t) =x2+ fo (811x1(5)> X209 — M{x, ()< X250} ds + P/O Lix, (s)<Xa (s V1 (s)
(8.5)

t
+/ Lix (=X (0 dVa(s) +dLY12(5)), 0 <7 <oo.
0

This system admits a unique-in-distribution weak solution (recall Remark 4.2), but not a strong
one. Indeed, pathwise uniqueness cannot hold for (8.4) and (8.5) if the process X'(-) hits the
diagonal of the quadrant; but the diagonal is hit with positive probability during any time-interval
(0,1) with 0 < ¢ < 00, so in conjunction with Remark 4.3 we have (with strict inclusion)

FVV2 (1) = FRLR) (4 ; FELXD) (), (8.6)
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8.1. Filtration identities

Let us recall the equations of (4.21) and (4.22), written now a bit more conspicuously in the form

t t
B1(1) =/ 1ix, (9> X2} AV (S)+/ Lix, (s)<x2(s)) AV2(s),
0 0

t

t
Bz(f)Z[ l{x](s)gxz(s)}dVl(S)+/ 1ix,(5)>X2(s)) AV2(s).
0 0

From these equations and the filtration inclusion 5V (1) € FX1X2) (1) of (8.6), we conclude
that the reverse inclusion F51-82) (1) € FX1:X2) (1) of (7.8) also holds. We have thus argued, for
all 0 <t < oo, the filtration identity

S(X],Xz)(t) — S(Blsz)(t). (87)

Similar reasoning, applied to the equations

t

t
W1(t)=/O sgn(X1(s) — X2(s))dVi(s) and Wz(l)=—/(; sgn(X1(s) — X2(s)) dVa(s)

from (4.23), (4.24), leads in conjunction with (8.3) to the filtration identity
FEXD () =MW (1), 0<r<oo. (8.8)

e We conclude from these two identities and (8.6) that, under the condition (1.6), both of the pla-
nar Brownian motions (B1(-), B2(-)) and (W1 (-), Wa(-)) generate the same filtration as the state-
process (X1(-), X2(+)); whereas the planar Brownian motion (V1(-), V2(-)) generates a strictly
smaller filtration, that of the ranked processes (R1(-), R2(+)) in (3.14).

9. Questions of recurrence and transience

Hobson and Rogers [19] (see also Dupuis and Williams [9] and Chen [6]) study a reflecting
Brownian motion Z(¢) := (X (¢), Y(¢)), 0 <t < oo where the coordinate processes satisfy the
equations

X(t)=x+ B@t) +put +aLY (1) + L* (1), 9.1)
Y@)=y+ W@ +vt+BLX@)+ LY (1). 9.2)

Here «, B, u, v are fixed real numbers with (u, v) # (0, 0); the process (B(-), W(-)) is a planar
Brownian motion with nonsingular covariance; and LX(-) (resp., LY (-)) is the local time process
at the origin of X (-) (resp., Y (*)).

Consider a bounded neighborhood A of the origin in [0,00)?, and let T :=
inf{s > 0: (X(s), Y(s)) € N} be the first entry time in N. Theorem 1.1 in Hobson and Rogers
[19] provides a classification of recurrence and transience for the reflecting Brownian motion:
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1. For every initial point Z(0) = z € [0, 00)2, we have
n+av” <0, v+ Bu” =0 < P(T<oo)=1.
2. For every initial point Z(0) =z € [0, 00)? and for some constant C > 0, we have
EY(T) <00 <<= p+av <0, v+BuT <0 = EYT) <C(1+]zl).

Here the dichotomies are determined by the effective drift rates ;t + av™ and v + Su~, rather
than the pure drift rates « and v. This is because the local time LX (¢) grows like ;2 7t, so the
effective drift rate of the process Y () is v + S~ ; similarly, the local time LY (@) grows like v™¢,
so the effective drift rate of the process X (-) is u +av™.

e Let us apply this result to the system of (4.35) and (4.36) for the ranks R;(-) = X1(-) V X2("),
Ro() = X1(-) A X2(+) of the processes X (-), X2(+) constructed in (4.28) and (4.29), assuming

A>0 and O<o <1
in (1.1). Comparing (9.1)—(9.2) with

Ri(t) — Ro(t) = (r1 —r2) — A + pVi (1) —a Va(t) + LR Rty — LRy, (9.3)
Ro(t) =ra+ gt + o Va(t) — (LR "R (1) /2) + LR ), 9.4)

an equivalent form in which the system of (3.21)—(3.22) can be cast, we make the identifications
u=-r=—(g+h) <0, v=g>0, oa=—1, B=(—1/2).

The first passage time takes the form T :=inf{s > 0: (R;(s) — R2(s), R2(s)) € N}, and the
effective drift rates become

—(g+h+(=1)-0=—(g+h) <0, g+ (=1/2)(g+h)=(g—h)/2.

Thus, from Hobson and Rogers [19], for every initial point (r; — 2, r2) € (0, oo)2 we have:

P(T<oo)<1,if g>h;
P(T <o0)=1,if g <h;and
E(T) < oo, if g < h.

We translate this observation to the following claims for (X(-), X2(-)):

e Ifg>h, we have P(info<; <o R1(t) =0) < 1;

e If g <h, we have P(info<;<c0 R1(t) = 0) = 1. Furthermore, the condition g < h is neces-
sary and sufficient for positive recurrence, that is, for the hitting time of any given Borel set
with positive Lebesgue measure by the vector process (X1(-), X2(+)) to have finite expecta-
tion for all starting points z € [0, 00)2.

The reflection and covariance matrices in (9.3)—(9.4) do not satisfy in general the so-called
“skew-symmetry condition” of Harrison and Williams [18], Williams [34]. Hence, the unique
invariant distribution is not of “exponential form” in general. It is an open problem to identify
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the general form of the invariant distribution for the process (R1(-) — Ra(:), R2(-)); but we de-
scribe this invariant distribution in a special case in the subsection that follows, based on results
of Dieker and Moriarty [8].

9.1. Densities of sum-of-exponentials type

In this subsection, we shall study a special type of invariant densities for the ranks (R (-), R2()),
applying Theorem 1 of Dieker and Moriarty [8]. This result provides, in certain cases, a formula
for the invariant probability density of a reflected Brownian motion with drift, in a wedge with
oblique constant reflection on its faces. If « = (8 + 0,) /& = —¢ for some integer £ > 0, then the
invariant probability density p(-, -) is of the sum-of-exponentials type, that is, proportional to

t
w(x) =Y ci[(m. @ — Rote), e~ - TRWD (g (I, — Refy)v)e™ - BRWI] (9.5)
k=0

for x € {(x1,x2) € (0,00)%: 0 < x» < x; tan(&)}. Here Rot; and Refy, are rotation and reflection
matrices, respectively,

Rots ‘= — cos(201 +2kE) —sin(201 + 2ké)
k= sin(20 + 2k&)  cos(20; + 2ké§)
Refy := RotiJ,
J:=diag(1l, —1)

>, k=0,1,...,¢,

and

= (=DE- [o<i<j<ei,jzk#: (ROt —Rot;)e) k=0.1.....0.

(m, (Refy —Rotg)vy) ’

In formula (9.5) and in the definition of ¢, the vector v; denotes the reflection vector on the ith
face; see Figure 2. This vector is usually normalized so that (v;, n;) = 1. Note, however, that this
normalization is made just for convenience; it does not affect either the reflected process itself,
or even the formula (9.5) (as its effect cancels out). Thus, we can safely apply the result with
unnormalized reflection vectors that we have already computed in Section 6.

To apply Theorem 1 of Dieker and Moriarty [8], first we transform (3.16) and (3.17) into
Ri() =R, -)/p, Ra() = R>(-)/o. The resulting process (R1("), R2(»)) takes values in

{(x,y) eR* 0 <y <tan(§)x},
where we use the notation cos(§) = o from (6.5). The data of the reflection problem become

n=(h/p,—g/o), n=v; =(0,1), m=(p,—0), vo=(1/p,—1/0),
6,406, T
(x:7:2 —_—

T
b1=0. =26~ ; %



2486 T. Ichiba, 1. Karatzas and V. Prokaj

Figure 2. The wedge with the reflection parameters and the drift.

The result of DIEKER AND MORIARTY can be applied if « is a nonpositive integer —¢, and this

amounts to § = %, that is, o = cos(§) = cos(%). In particular,

a=0,if 0% =1/2;
o=—1,if6e?>=3/4;... and
£10,0,) —7/2, | —00,as ¢4 1 in the limit.

Note that the way of measuring the reflection angles in their paper is to add /2 to the angles
(01, 0>) of Varadhan and Williams [33] but the parameter « is the same in both papers. Harri-
son [15], Foschini [14] and Dai and Harrison [7] also studied the stationary distribution of the
semimartingale reflected Brownian motion.
elnthecase h > g >0, 02 =p>=1/2 witha =0=1¢, §; =0 = 0,, we may compute the
invariant distribution of the ranks explicitly. From (9.5), the stationary density function p(&;, &2)
of (R1(-), Ry(+)) is given by

p(&1, &) = 16h(h — g) exp(—4(h&1 — g&2)), 0<& <& <oo. (9.6)

In fact, by direct computation the second term of (9.5) is zero. The first term of (9.5) is propor-
tional to the exponential form exp(—2(u, x)). We obtain (9.6) by observing that x = \/5(51 &)
and p = V2 (h, —g)’. The value of the normalizing constant comes from the fact that the invariant
density of (R;(-) — R2(+), Ra2(+)) is the product of exponentials with parameters (44, 4(h — g)).

Remark 9.1. The skew-symmetry condition of Harrison and Williams [18] holds for the process
(v2R1(-),v2R>(+)) in the case of equal variances. Under this skew-symmetry condition, the
invariant density has the form of a product of exponentials.

These parameters may be derived from the following heuristics. By (3.15) and (3.16) and the
strong law of large numbers for Brownian motion, the local time grows linearly with

Jim (L @)/1) = lim (Ri(0) + Ro(t) —§ —vi = V() /1 =h —3g,

. Y _
tl_l)rrolo(L (t)/t) = h, a.s.
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Thus, with these growth rates of the local times, the effective drift rate of Ry(-) — R>(-) in (3.15)
is heuristically —At — AR2(t) ~ —(g + h)t — (h — g)t = —2ht for the large ¢ > 0. Similarly, from
(3.16) the effective drift rate for Ro(-) is (g —h)/(1/2) = —2(h — g), where we divide (g — /) by
1/2 because the quadratic variation of o V(-) is a half of that of the standard Brownian motion.
Since the invariant density of Brownian motion in Ry with drift rate —1 < O reflected at the
origin is known to be exponential (21), we derive the parameters (4h,4(h — g)) for (R(:) —
R>(), R2(+)); this is consistent with the consequence of (9.6) mentioned in the first paragraph of
this Remark.

e Similarly, in each case of @ = —¢, £ € N we may compute the invariant density of (R (-), R2(-))
from (9.5). For example, in the case & > g > 0, p2 =1/4, o= 3/4 with

o=—1=—¢, 6, =0, 0, =—m/6, E=m/6,

substituting X' = (xp, xp) = (2&1, 2&2/«/?) and u' = (2h, —2g/\/§) into (9.5), we obtain for
0 < & < &1 < oo the invariant density p(§1, &) of (R1(-), R2(-)) as a linear combination of

mo(x) oc exp{—8[h& — g&/31}.

3
exp{_ﬂ/(«% 5 )X}:exp{—[(6h—2g)é1—2(g+h>sz]} and

2 2
3 B
ewf-u' (5 7 )x| =eml-[oh 206+ @h - 269
2 2

Since lims 41 @ = —0o0, the invariant distribution of (R1(-), R2(-)) in (3.21), (3.22) with 0 = 1
is conjectured to be proportional to the infinite sum of exponentials as the limit of (9.5). It is an
interesting open problem to determine the invariant distribution for the degenerate case o> = 1,
as well as for general values of o2 that correspond to noninteger scalars o = (01 + 05) /& = —£.

Appendix: The other degenerate case, 0 =0

We have assumed throughout this work that the variance of the laggard is positive. In this Ap-
pendix, we shall discuss briefly what happens when the laggard undergoes a “ballistic motion”
with positive drift g > 0, and the leader has unit variance, thatis p =1 and o =0.

Let us assume then that we have, on some filtered probability space (2,F,P),F =
{$(#)}o<t <0, two continuous, nonnegative and adapted processes X (-), X2(-) that satisfy

dX1(1) = @lix, ) <x200) — Mx 0> X201 4 + 1ix, (0> X0y AV (2), (A.1)
dXo(1) = (@1ix1(n>x20) — Mlx,(0<x201) 4 + Lix iy <x,(0y AV () +dA(@) - (A2)

for 0 <t < oo; here V (-) is standard Brownian motion, and A(-) is a continuous, adapted and
nondecreasing process with A(0) =0 and

o0
/o Lix, >0y dA (1) =0, a.e. (A.3)
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The system of (A.1), (A.2) corresponds formally to that of (8.4), (8.5), in light of the notation
(3.7). No increasing component (such as A(-) of (A.2)) is needed in (A.1) because, when the
process X (-) finds itself at the origin, the positivity of its drift g > 0 and the fact that its motion
is purely ballistic at that point are sufficient to ensure that X (-) stays nonnegative.

With the notation of (1.1), (3.1) it is fairly clear that the difference Y (-) = X1(-) — X2(+)
satisfies the equation

dY (1) = sgn(Y (1)) (=2 dr +dV (1)) — dA(2); (A.4)

we recall also the TANAKA formulae dY1(z) = Liyy>0,dY (¢) + dLY (r) and (2.8), the latter
written now in the form

dlY (1) = —adt +dV (1) —sgn(Y (1)) dA @) +2dLY (o). (A.5)

With their help, we express the rankings of (3.14) as

t
Ri(t) = Xa(t) + Y1) = r1 — hi + V(1) + /0 L )=xaen dAE + LY (1), (A6)

t
RO=Xi)-Y"t)=r+gt+ f Lix,(5)>Xa(5)) A (s) — LY (2). (A7)
0
We claim that we have the P-a.e. identities
o0 o0
f Lix, (=X, df =0, / Lix, (X, dA () =0. (A.8)
0 0

Indeed, the first identity is a direct consequence of (2.3) and (A.5). As for the second, we
observe that for any point ¢ at which 1(x,()>x,()dA(:) increases, we have X5(t) = 0, thus
R>(t) = 0; but since g > 0, we see from (A.7) that + must then be also a point of increase for
LY (-), therefore X (1) — X2(t) = Y (1) = 0. We conclude [5° 1{x,(1)>x,(1)} dA (1) = 0, thus

A(')Z/O 1ix, (<X ()=0} dA(t)Z/O 1R, =0y dA(2)

in conjunction with (A.3), and so
d(R; — Ro)(t) = —Adt +dV (1) — 1{g,()=0; dA(?) + 2dLY(t);

a comparison with (A.5) gives now the second identity of (A.8). In particular, we have shown
that the process A(-) is supported on the set of visits by the process (X1(-), X2(-)) to the corner
of the quadrant:

supp(A() € {r=>0: Ri(1) =0} € {r = 0: Ra(t) =0}. (A.9)
After all this, the equations of (A.6), (A.7) take the particularly simple form

Ri(t)=r1 —ht + V(1) + A1)+ LY (1), Ra(t) =ry+ gt — LY (1), (A.10)
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and give

X1t)+X20)=Ri1(t) + Ro(t) =&+ vt + V() + A1), (A.11)
Ri(t) — Ry(t) = |y| — At + V() + A(t) +2LY (0). (A.12)

e We observe from (A.9), (2.3) that supp(A(-) + 2LY () C {t =0: Ri(t) — Ry(t) =0}, so it
follows from (A.12) that the process Ri(-) — Rz(-) > 0 is the SKOROKHOD reflection at the
origin of the Brownian motion with negative drift

Z(@t)=|y|—Art+V(), 0<t<o0, (A.13)
namely

AW +2LY (1) = max (—Z)" = ma (=l +rs = V)", 0<r<oo. (A4
<s<t <s=<t

e On the other hand, we observe from (A.10) that
0 <2Ry(t) =2y +2gt — (A1) +2LY 1)) + A1), 0<1t< o0,
so in light of (A.9) and the theory of the SKOROKHOD reflection problem once again, we obtain

A(t) = max (—2r2 —2gs+ A(s) + ZLY(S))+, 0<t<oo0. (A.15)

0<s<t

Remark A.1. Likewise, from (A.9) the support of A(-) is included in the zero-set of the process
R1(-) + Ry(-) = 0; then (A.11) and the theory of the SKOROKHOD reflection problem give

A() = max (=& —vs - vi)',  0<r<oco. (A.16)

In other words, the sum X1 (-) + X2(-) = R1(-) + R2(-) is Brownian motion with driftv=g — h
and reflection at the origin; we are indebted to DR. PHILLIP WHITMAN for this observation.

Consequently, if & > g, the process (X1(-), X2(+)) visits the corner of the nonnegative quadrant
with probability one; whereas, if 4 < g, we have

P(X1(1) = X2(1) =0, for some t > 0) = e 2&—hE

Remark A.2. Applying the TANAKA formula (2.8) to the continuous, nonnegative semimartin-
gales X1(-) + X»(-) in (A.11) and R;(-) — R2(-) in (A.12), we obtain the identifications

AC)=L¥%0), A +2LY () =L R, (A.17)
thus also
L|X1*X2|(,) _ 2LX17X2(-) — LX1+X2(~).

On the other hand, we have the P-a.e. properties fooo 1r, =0y dt =0, fooo LR, ()=Ry(1)} dt =0
from (A.10), (A.12) and (2.3). In conjunction with (2.4) and (2.2) — in particular, the fact that
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LX(-) =0 holds for a continuous semimartingale X (-) of finite variation — we obtain from these
equations and (A.9) the identifications

LR = /0 Lk, o0y AR (D) = AC) + /0 1z, 0 ALY (1),

0=1LR() Z/o 1(R,(1)=0) dRz(t)=g/0 1(R,(1)=0) dt—/o 1(R,(1)=0) dLY @),
thus also
/O Lig =0y dLY (1) = ¢ /O Ligi=0ydt =0,  A()=L*¥1V*2(). (A.18)

It is rather interesting that the same process A(-) should do “triple duty”, as the local time of
both the sum X (-) + X»(-) and the maximum X (-) V X2(-), and as the increasing process in the
SKOROKHOD reflection for the minimum X (-) A X»(-).

Synthesis: Now we can reverse the above steps. Starting with a standard Brownian motion
V(-), we define Z(-), A(-) and LY () via (A.13)=(A.15); then R;(-), R2(-) via (A.10), and

G():=Ri()—Ra()=Z()+AC)+2L" () (A.19)

as in (A.12). It is clear from (A.14) that this process G (-) is the SKOROKHOD reflection at the
origin of the Brownian motion with negative drift Z(-) in (A.15), thus nonnegative. It is also clear
that the process A(-) satisfies (A.9), as well as (A.16)—(A.18).

On a suitable extension of the probability space we need to find now a continuous semimartin-
gale Y () of the form (A.4), with the help of which we can “unfold” the process G(-) of (A.19)
in the form G (-) = |Y (-)|. Once this has been done we can define

X1():=R(O)+Y"(), X0 =R(O-Y*()

and verify the equations (A.1), (A.2) in a straightforward manner. In order to carry out this
unfolding, the method outlined in Section 4.2 is inadequate; it has to be modified as follows.

We enumerate the excursions of G (-) away from the origin, just as before, but now distinguish
between those that originate at the corner of the quadrant (R; = 0), and the rest (R; > 0). Ex-
cursions of the first type are always marked & = —1; while excursions of the second type are
assigned marks @ = %1 independently of each other, and with equal probabilities (1/2), just as
in Section 4.2. The resulting process Y (-) = ®(-)G(-) satisfies G(-) = |Y ()| and
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=sgn(Y (1) (=rdr +dV (@) — L{g,1)=0) (dA () +2dLY (1))
=sgn(Y (1)) (—rdt +dV (1)) — dA(D),

that is, the equation of (A.4), as promised. We have used (2.4), (A.9), (A.17), (A.18) as well as
the IP-a.e. properties fooo 16 (=0 dt =0, fooo 1{6(>0yd(G — Z)(t) = 0; the first of these is a
consequence of (2.3), and the second of SKOROKHOD reflection.
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