A DIRICHLET PROCESS CHARACTERIZATION OF A
CLASS OF REFLECTED DIFFUSIONS

WEINING KANG AND KAVITA RAMANAN

ABSTRACT. For a general class of stochastic differential equations with
reflection that admit a Markov weak solution and satisfy a certain LP
continuity condition, p > 1, it is shown that the associated reflected
diffusion can be decomposed as the sum of a local martingale and a con-
tinuous, adapted process of zero p-variation. In particular, when p = 2,
this implies that the associated reflected diffusion is a Dirichlet processes
in the sense of Follmer. As motivation for such a characterization, it is
also shown that reflected diffusions belonging to a specific family within
this class are not semimartingales, but are Dirichlet processes. This fam-
ily of diffusions arise naturally as approximations of certain stochastic
networks that use the so-called generalized processor sharing scheduling
policy.

CONTENTS

1. Introduction

1.1. Background and Motivation

1.2. Notation

2. The Class of Reflected Diffusions

2.1.  Stochastic Differential Equations with Reflection
2.2.  Main Assumptions

2.3. A Motivating Example and Ramifications of the Assumptions
3. Statement of Main Results

4. Reflected Diffusions Associated with Class A SDERs
4.1. The Zero Drift Case

4.2. The General Drift Case

4.3. The Semimartingale Property for Z

5. Dirichlet Process Characterization

5.1. Localization

5.2. Proof of Theorem 3.5

Appendix A. Elementary Properties of the ESP
Appendix B. Auxiliary Results

References

N O T = NN

10

12
26
28
31
31
32
37
37
38

Date: October 3, 2008.

The second author was partially supported by NSF grants DMS-0406191, DMS-

0405343, CMMI-0728064.
1



2 WEINING KANG AND KAVITA RAMANAN

AMS Subject Classification. Primary: 60G17, 60J55; Secondary: 60J65

Key words. reflected Brownian motion, reflected diffusions, Skorokhod
problem, Skorokhod map, extended Skorokhod problem, semimartingale
property, Dirichlet process, zero energy, generalized processor sharing, dif-
fusion approximations.

1. INTRODUCTION

1.1. Background and Motivation. This work identifies fairly general suf-
ficient conditions under which a reflected diffusion can be decomposed as
the sum of a local martingale and a continuous adapted process of zero p-
variation, for some p greater than or equal to one. As motivation for such
a characterization, it is also shown that a large class of multidimensional,
obliquely reflected diffusions fail to be semimartingales, but are nevertheless
Dirichlet processes in the sense of Follmer [15]. Dirichlet processes are pro-
cesses that can be expressed (uniquely) as the sum of a local martingale and
a continuous process that has zero quadratic variation and, as such, are an
extension of the class of continuous semimartingales. As is well-known, semi-
martingales form an important class of processes for stochastic integration,
they are stable under C? transformations and admit an It6 change-of-variable
formula. However, there are many natural operations that lead out of the
class of semimartingales and motivate the consideration of Dirichlet pro-
cesses. For example, C! functionals of Brownian motion, certain functionals
of stationary symmetric Markov processes associated with Dirichlet forms
[18], and Lipschitz functionals of a broad class of semimartingale reflected
diffusions in bounded domains [26, 27], are all Dirichlet processes that are
in general not semimartingales. Moreover, Dirichlet processes exhibit many
nice properties analogous to semimartingales. They admit a natural, Doob-
Meyer-type decomposition [7], they are stable under C! transformations (see
Proposition 11 of [28] and also [2]) and there are extensions of stochastic
calculus and Itd’s formula that apply to Dirichlet processes (see [14], [16]
and Chapter 4 of [28]) or, more generally, to processes that admit a decom-
position as the sum of a local martingale and a continuous, adapted process
of bounded p-variation, for p € (1,2) [2].

The theory of reflected diffusions is most well-developed for semimartin-
gale or symmetric reflected diffusions. In particular, the Skorokhod problem
approach to the study of reflected diffusions [29, 10, 22] is automatically
limited to semimartingales, while the Dirichlet form approach is best suited
to analyze symmetric diffusions (see, e.g., [5], [18]). However, using the
submartingale formulation of Stroock and Varadhan [30] or the extended
Skorokhod problem [22], it is possible to construct reflected diffusions that
are neither semimartingales nor symmetric processes [3, 4, 23, 24, 31]. This
leads naturally to the question of determining when these reflected diffusions



REFLECTED DIFFUSIONS AND DIRICHLET PROCESSES 3

are semimartingales and, if they are not semimartingales, whether they be-
long to some other tractable class of processes such as Dirichlet processes.
There has been quite a lot of work that shows that, under a certain condition
on the domain and reflection directions (namely, the completely-S condition
and generalizations of it), the associated reflected diffusions are semimartin-
gales [22, 32]. In contrast, it has been a longstanding open problem (see
Section 4(iii) of [32]) to develop a theory for multidimensional reflected dif-
fusions for which this condition fails to hold (some results in two dimensions
can be found in [3, 4, 31]). As shown in [23, 24], such reflected diffusions
arise naturally as approximations of a so-called generalized processor shar-
ing model used in telecommunication networks. Thus the development of
such a theory is also of interest from the perspective of applications.

The first main result of this work (Theorem 3.1) shows that multidimen-
sional reflected diffusions belonging to a slight generalization of the family
of reflected diffusions obtained as approximations in [23, 24] fail to be semi-
martingales. In two dimensions and for the case of reflected Brownian mo-
tion, this result follows from Theorem 5 of [31] (also see [3] for an alternative
proof of this result). However, the analysis in [31] uses constructions in polar
coordinates that seem not easily generalizable to higher dimensions. We fol-
low a different approach, which is independent of dimension and allows us to
establish the result for uniformly elliptic reflected diffusions, with possibly
state-dependent diffusion coefficients, rather than just reflected Brownian
motion.

The next main result (Theorem 3.5) shows that a broad class of reflected
diffusions admit a decomposition as the sum of a local martingale and a
process of zero p-variation, for some p > 1. This class consists of Markov,
weak solutions to stochastic differential equations with reflection that have
locally bounded drift and dispersion coefficients and satisfy a certain LP
continuity requirement (see Assumption 2). This continuity requirement
is satisfied, for example, when the associated extended Skorokhod map is
Holder continuous with exponent greater than or equal to 2/p, but also holds
under much weaker conditions that do not even require that the (extended)
Skorokhod map be well-defined (see Remark 2.4). For the case when p = 2,
which holds, for example, when the corresponding extended Skorokhod map
is Lipschitz continuous, this implies that the associated reflected diffusion
is a Dirichlet process. Using this result, it is shown in Corollary 3.6 that
the non-semimartingale reflected diffusions considered in Theorem 3.1 are
Dirichlet processes.

The paper is organized as follows. Some common notation used through-
out the paper is first summarized in Section 1.2. The class of stochastic
differential equations with reflection under consideration is then defined in
Section 2, while Section 3 contains a rigorous statement of the main results.
The proof of Theorem 3.1 is presented in Section 4, while the proof of Theo-
rem 3.5 is given in Section 5. Some elementary results required in the proofs
are relegated to the Appendix.
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1.2. Notation. As usual, Ry or [0,00) denote the space of all non-negative
reals, and N denotes the space of all positive integers. Given two real num-
bers a and b, a Ab and a Vb denote the minimum and maximum, repectively,
of a and b. For each positive integer J > 1, R’ denotes J-dimensional
Euclidean space and the nonnegative orthant in this space is denoted by
R{={ze€R’: 2;>0 for i =1,---,J}. The Euclidean norm of z € R/
is denoted by |z| and the inner product of z,y € R’ is denoted by (z,v).
The vectors (ej,ea,...,es) represent the usual orthonormal basis for R/,
with e; being the ith coordinate vector. Given a vector u € R’, u” denotes
its transpose, with analogous notation for matrices For x,y € R’ and a
closed set A C R”, d(z, y) denotes the Euclidean distance between x and y,
and d(z, A) = infyca d(z,y) denotes the distance between z and the set A.
For each r > 0, N.(A) = {x € R/ : d(z,A) < r}. The unit sphere in R’
is represented by S1(0). Given a set A C R’, A° denotes its interior, A its
closure and 9A its boundary.

The space of continuous functions on [0,00) that take values in R is
denoted by C [0, 00), and, given a set G C R, Cg [0, 00) denotes the subset, of
functions f in C [0, co0) such that f(0) € G. The spaces C [0, 00) and C¢ [0, 00)
are assumed to be equipped with the topology of uniform convergence on
compact sets. Given f € C[0,00) and T € [0,00), Vargpf denotes the
Ry U {oo}-valued number that equals the variation of f on [0,7]. Also,
given a real-valued function f on [0, 00), its oscillation is defined by

Osc(f;[s,t]) = sup |f(u2) — f(u1)l; 0<s<t<oo.
s<ug <ua<t

For each A € R”, I4(-) denotes the indicator function of the set A, which
takes the value 1 on A and 0 on the complement of A.

Given two random variables U® defined on a probability space
(Q@, F@ PO)) and taking values in a common Polish space S, i = 1,2,

the notation U1 @) U® will be used to imply that the random variables
are equal in distribution. Given a sequence of S-valued random variables
{U(” n € N} and U, with U™ defined on (Q, (") P(™) and U defined

n (Q,F,P), U™ = U is used to denote weak convergence of the sequence
U ( ) to U. Also, if the sequence of random variables are all defined on the

same probability space (€2, F,P), the notation U™ (—2 0 is used to denote
convergence in probability.

2. THE CLASS OF REFLECTED DIFFUSIONS

In Section 2.1, stochastic differential equations with reflection under are
introduced, and the basic assumptions on the class under study is introduced
in Section 2.2. A motivating example and some useful ramifications of the
assumptions are then presented in Section 2.3.
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2.1. Stochastic Differential Equations with Reflection. The so-called
extended Skorokhod problem (ESP), introduced in [22], is a convenient tool
for the pathwise construction of reflected diffusions. The data associated
with an ESP is the closure G of an open, connected domain in R’ and a
set-valued mapping d(-) defined on G such that d(x) = {0} for z € G°, d(x)
is a non-empty, closed and convex cone in R’ with vertex at the origin for
every x € 0G and the graph of d(-) is closed. Roughly speaking, given a
continuous path ¢, the ESP associated with (G, d(-)) produces a constrained
version ¢ of ¢ that is restricted to live within the domain G by adding to it
a “constraining term” 7 whose increments over any interval lie in the closure
of the convex hull of the union of the allowable directions d(x) at the points
x visited by ¢ during this interval. We now state the rigorous definition of
the ESP. (In [22], the ESP was formulated more generally for cadlag paths,
but the formulation below will suffice for our purposes since we consider
only continuous processes.)

Definition 2.1. (Extended Skorokhod Problem) Suppose (G, d(-)) and
Y € Cql0,00) are given. Then (¢,n) € Cql0,00) x C[0,00) are said to
solve the ESP for i if ¢(0) = ¢(0), and if for all t € [0,00), the following
properties hold:

(1) ¢(t) = ¥(t) +n(t);

(2) ¢(t) € G;

(3) For every s € [0,t)
)

n(t) —n(s) € @ [Uyes gd(d(u))]

where TO[A] represents the closure of the convex hull generated by the
set A.

If (¢,m) is the unique solution to the ESP for 1, then we write ¢ = (),
and refer to I' as the extended Skorokhod map (ESM).

If a unique solution to the ESP exists for all ¢ € C¢ [0, 00), then the
associated ESM T is said to be well-defined on Cg [0, 00). In this case, it is
easily verified (see Lemma A.1) that if ¢ = ['(¢), then for any s € [0,00),
¢* = T'(¢%), where

(22) P(t) = o(s) +h(s +1) —o(s) ¢ = (s +1).
Moreover, a well-defined ESM is said to be Lipschitz continuous on C¢ [0, 00)
if for every T' < oo there exists Kr < o0 such that, for ¢ = 1,2, given
Y@ € Cq [0,00) with corresponding solution (¢, 7)), we have
(2.3) sup |6 (s) — 6@ (s)] < K sup [pM(s) = (s)].
s€[0,T] s€[0,7)]

The ESP is a generalization of the so-called Skorokhod Problem (SP)

introduced in [29]. Unlike the SP, the ESP does not require that the con-

straining term 7 have finite variation on bounded intervals (compare Def-
initions 1.1 and 1.2 of [22]). The ESP can be used to define solutions to

(2.1
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stochastic differential equations with reflection (SDERs) associated with a
given pair (G,d(+)) and drift and dispersion coefficients b : R/ + R and
o:R/— R/ xRV

Definition 2.2. Given (G,d()), b(-), o(-), the triple (Z;, By), (Q, F,P), {F:}
is said to be a weak solution to the associated SDER if and only if
(1) {F:} is a filtration on the probability space (2, F,P) that satisfies the
usual conditions.
(2) {By, Fi} is an N-dimensional Brownian motion.

(3) (f0|b )| ds+ [ |o(Z ))|2ds<oo):1 vt € [0, 00).

(4) {Z:, 7} is a J-dimensional, adapted process such that P a.s., (Z,Y)
solves the ESP for X, where Y =7 — X and

(2.4) /b ds+/ o(Z(s))dB(s) Vte|[0,00).

(5) The set {t : € 0G} has P a.s. zero Lebesque measure. In
particular,

(2.5) /0 T loa(Z(s)) ds = 0.

This is similar to the usual definition for weak solutions for SDEs (see, for
example, Definitions 3.1 and 3.2 of [20]), except that property 4 is modified
to define reflection and property 5 captures the notion of “instantaneous”
reflection (see, for example, pages 87-88 of [17]). A strong solution can also
be defined in an analogous fashion.

Definition 2.3. Given a probability space (2, F,P) and an N -dimensional
Brownian motion B on (Q,F,P), Z is said to be a strong solution to the
SDER associated with (G, d(-)), b(+), o(-) and initial condition & if P(Z(0) =
€) = 1 and properties 3-5 of Definition 2.2 hold with {F;} equal to the
completed and augmented filtration generated by the Brownian motion B.

For a precise construction of the filtration {F;} referred to in Definition
2.3, see (2.3) of [20]). In what follows, given the constraining process Y in
property 4 of Definition 2.2, the quantity L will denote the associated total
variation measure: for 0 < s <t < oo, let

(2.6) L(s,t) =Var Y and L(t) = L(0,1].

Observe that the process L in the second definition in (2.6) is {7 }-adapted
and takes values in the extended non-negative reals, R..

2.2. Main Assumptions. We now introduce certain basic assumptions on
(G,d(+)), b(-) and o(-) that will be used in the paper. In Section 2.3 we
provide a concrete motivating example of a family of SDERs that arise in
applications, which satisfy all the stated assumptions.

The first assumption asserts that Markov, weak solutions of the associated
SDER exist.
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Assumption 1. There exists a weak solution to the SDER associated with
(G,d(-)), b(-), o(-) that has the Markov property.

Next, we impose a kind of LP-continuity condition on the ESM.

Assumption 2. There exist p > 1,q > 2 and Kp < oo, T € (0,00), such
that the weak solution Z to the SDER satisfies, for every 0 < s <t <T,

(2.7) E[Y(t) = Y(s)[” | Fs] < K7E | sup |X(u) = X(s)|*| Fs |,

w€|[s,t]
where X is the process defined by (2.4) andY =7 — X.

Remark 2.4. Assumption 2 holds under rather mild conditions on the ESP
— for example, when the following oscillation inequality is satisfied for any
solution (¢, n) to the ESP for a given ¢: for every 0 < s < t < oo, there
exists Cs < oo such that

OSC(¢7 [Sa t]) S Cs,tOSC(1/}7 [87 tD
In this case, since (Z,Y) solve the ESP for X, we have for 0 < s <t < T,
Y (t) =Y (s)] < Osc(Y,[s,t]) < Cs,0sc(X, [s,t]) < 2Cr sup |X(u)—X(s)l,

u€[s,t]

where Cr = maxo<s<i<1 Cst < 00, and so Assumption 2 holds with p =
g = 2 and Kp = 40%. The oscillation inequality can be shown to hold
in many situations of interest (see, for example, Lemma 2.1 of [32]). If
the ESM associated with (G, d(-)) is well-defined and Lipschitz continuous
on Cg [0,00), then the oscillation inequality is also automatically satisfied,
and so Assumption 2 again holds with p = ¢ = 2. More generally, if the
ESM is well-defined and Hélder continuous on Cg [0, 00) with some exponent

a € (0,00), then Assumption 2 holds for any p > 1V («/2) and g = ap.

Assumption 3. The coefficients b and o are locally bounded, i.e., they are
bounded on every compact subset of G.

2.3. A Motivating Example and Ramifications of the Assumptions.
We now describe a family of multi-dimensional ESPs (G, d(-)) that arise in
applications. Fix J € N, J > 2. The J-dimensional ESPs in this family
have domain R and a constraint vector field d(-) that is parametrized by a
“weight” vector a = (o, ...,ay) witha; > 0fori=1,...,J and Z;-]:l o; =
1. Associated with each such « is the ESP (RZ,d(-)), where for z € G,

d(z) = { > ﬂz‘diiﬁizo}

’LLBZZO

with

1— oy

. _L for .7 7é i:
(di)j = o
1 for j =1,
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fori,7 =1,...,J. As mentioned in the introduction in Section 1.1, reflected
diffusions associated with this family were shown in [23, 24] to arise as
heavy traffic approximations of the so-called generalized processor sharing
(GPS) model in communication networks (see also [9] and [11]). Indeed,
the characterization of this class of reflected diffusions serves as one of the
motivations for this work.

Next, we define a broad class of SDERs that slightly generalizes the family
of GPS ESPs.

Definition 2.5. We will say (G,d(-)),b(:), o(-) are Class A SDERs if they
satisfy the following conditions.

(1) The ESM associated with the ESP (G,d(+)) is well-defined and Lip-
schitz continuous on Cg [0, 00).

(2) G is a closed convex cone with vertex at the origin, V = {0} and
there exists Vv € G such that

(V,d) =0 for all d € d(xz) N S1(0), z € 9G \ {0}.
(3) There exists a constant K < co such that for all x,y € G,
o () = o(y)] + [b(z) = b(y)| < K|z —y|

and
o(z)| < K [b(2)] < K(1+ |z]).
(4) The covariance function a : G — R7 xR’ defined by a(-) = o7 (-)o(-)
1s uniformly elliptic, i.e., there exists A > 0 such that

(2.8) ula(x)u > Aul? for allu e R',z € G.

The conditions in property 3 can be relaxed to a local Lipschitz and linear
growth condition on both b and o, and the main result can still be proved
by localization using the current arguments. However, to keep the notation
simple, we impose the additional restrictions above.

Remark 2.6. ESPs in the GPS family defined above were shown to satisfy
properties 1 and 2 (with Vv =e; + ...+ ey) of Definition 2.5 in Theorem 3.6
and Lemma 3.4 of [22].

In Theorem 2.7 we summarize some consequences of Assumptions 1-3,
showing in particular that Class A SDERs satisfy these assumptions. The
proof essentially follows from Theorem 4.3 of [22] and Proposition 4.1 of
[19]. To state the theorem, we will need to introduce the following set:

(2.9) V= {x € 0G : there exists d € S1(0) such that {d, —d} C d(z)}.

Theorem 2.7. Suppose (G,d(-)),b(-) and o(-) satisfy Assumptions 1 and
2,and let (Zs, Bt), (0, F,P),{F:} be a weak solution to the associated SDER.
Then Z is an Fi-semimartingale on [0,Ty), where

(2.10) Ty =inf{t > 0: Z(t) € V},
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and P a.s., Z admits the decomposition
(2.11) Z(-) = Z(0) + M(-) + A(-),
where for t € [0,T),

(2.12) M(t) = /0 o(Z(s)) - dB(s), A(t) = /0 b(Z(s))ds + Y (t),

and Y has finite variation on [0,t] and satisfies

(2.13) Y (t) = /0 +(s)dL(s),

where L is given by (2.6) and (s) € d(Z(s)), dL a.e. s € [0,t]. Moreover,
if (G,d(+)), b(-) and o(-) satisfy properties 1 and 3 of Definition 2.5, then
they also satisfy Assumptions 1, 3 and Assumption 2 with p = q = 2. In this
case, Z is in fact the pathwise unique strong solution to the SDER, satisfies
the strong Markov property and has E[|Z(t)?] < oo for every t € (0,00) if
E[|Z(0]?] < oo.

Proof. By property 4 of Definition 2.2, (Z, Z — X) P a.s. satisfy the ESP for
X, where X is defined by (2.4) and is hence a semimartingale. Theorem 2.9
of [22] then shows that Y = Z — X has a.s. finite variation on any closed sub-
interval of [0,7)). When combined with the definition (2.4) of X and the
fact that [ b(Z(s))ds is a process of bounded variation, this establishes the
first assertion that Z is an Fi-semimartingale on [0, 7)) with decomposition
as in (2.11)—(2.13).

Next, suppose (G,d(+)), b(-), o(-) satisfy properties 1 and 3 of Definition
2.5. Then property 3 of Definition 2.5 implies Assumption 3, and, by Re-
mark 2.4, property 1 ensures that Assumption 2 holds with p = ¢q. Moreover,
Theorem 4.3 of [22] and Proposition 4.1 of [19] show that, in fact, the as-
sociated SDER admits a pathwise unique strong solution Z, which has the
strong Markov property and, so in particular, Assumption 1 is also satis-
fied. Thus Assumptions 1-3 hold. The last assertion of the theorem can
be established using standard techniques, by a modification of the proof in
Theorem 4.3 of [22], in the same manner as this result is proved for strong
solutions to SDEs, and so we omit the details of the proof. O

We conclude this section by stating a consequence of property 2 of Def-
inition 2.5 that will be useful in the sequel. Let I'; denote the (extended)
Skorokhod map associated with the 1-dimensional (extended) Skorokhod
problem with G = Ry and d(0) = Ry, d(z) = 0 if > 0. It is well-known
(see, for example, [29] or Lemma 3.6.14 of [20]) that I'; is well-defined on
Cr, [0,00), and in fact has the explicit form
(2.14) Li()(t) = ¥(t) + sup [=e(s)] V0.

s€[0,t]
Lemma 2.8. Suppose that (G, d(-)) satsifies property 2 of Definition 2.5. If
(¢,m) solves the associated ESP for ¢ € Cg [0,00), then (¢, V) =T'1((¢, V)).



10 WEINING KANG AND KAVITA RAMANAN

The proof of this lemma is exactly analogous to the proof of Corollary 3.5
of [22], and is thus omitted.

3. STATEMENT OF MAIN RESULTS

Theorem 2.7 shows that if V = () then Z is a semimartingale. In fact, it
was shown in Theorem 1.3 of [22] that when V = (), the ESM coincides with
the SM. Our main focus is to understand the behavior of reflected diffusions
Z associated with ESPs (G, d(-)) for which V # (), with the GPS family
being a representative example. In [22] it was shown that, for the GPS
family of ESPs, 7 is a semimartingale until the first time it hits the origin.
However, our first result, Theorem 3.1, shows that Z is not a semimartingale
on [0, 00).

Theorem 3.1. Suppose (G,d(-)), b(-) and o(-) describe a Class A SDER.
Then the unique pathwise solution Z to the associated SDER is not a semi-
martingale.

The proof of Theorem 3.1 is given in Section 4.3, building on preliminary
results obtained in Sections 4.1 and 4.2. As mentioned in the introduction
given in Section 1.1, for the special case when G is a convex wedge in R? and
the directions of constraint on the two faces are constant and point at each
other, b = 0 and o is the identity matrix (i.e., Z is a reflected Brownian
motion), this result follows from Theorem 5 of [31] (with the parameters
a = 1 and the wedge angle 7 less than 180° therein). The fact that, when
J = 2, the reflected Brownian motion Z defined here is the same as the
reflected Brownian motion defined via the submartingale formulation in [31]
follows from Theorem 1.4(2) of [22]. This two-dimensional result can also be
viewed as a special case of Proposition 4.13 of [3]. However, the proofs in [3]
and [31] do not seem to extend easily to higher dimensions. In this paper,
we take a different approach that is applicable in arbitrary dimensions and
to more general diffusions, in particular providing a different proof of the
two-dimensional result mentioned above.

As is well-known, when a process is a semimartingale, C? functionals
of the process can be characterized using It6’s formula. Theorem 3.1 can
thus be viewed as a somewhat negative result since it suggests that Class A
reflected diffusions and, in particular, reflected diffusions associated with the
GPS family that arise in applications, may not possess desirable properties.
However, we show in Corollary 3.6 that these diffusions are indeed tractable
by establishing that they belong to the class of Dirichlet processes (in the
sense of Follmer). This follows as a special case of a more general result,
Theorem 3.5.

In order to state the theorem, we first recall the definitions of zero p-
variation processes and Dirichlet processes (see, e.g., [15], Theorem 2).
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Definition 3.2. For p > 0, a continuous process A is of zero p-variation if
and only if for any T > 0,

(3.15) S 1A - AP Do,

t;em™

for any sequence {m"™} of partitions of [0,T] with A(7™) = maxy,eqn (tiy1 —
t;) — 0 as n — oo. If the process A satisfies (3.15) with p = 2, then A is
said to be of zero energy.

Definition 3.3. The stochastic process Z is said to be a Dirichlet process
if the following decomposition holds:

(3.16) Z =DM+ A,

where M is an Fi-adapted local martingale and A is a continuous, Fi-
adapted, zero energy process with A(0) = 0.

Note that this is weaker than the original definition of a Dirichlet process
given by Féllmer [15], which required that M and A in the decomposition
(3.16) be square integrable and A satisfy E [}, o [As, — Ar,_,[*] — 0 as
A7n™ — 0, rather than (3.15) with p = 2. However, our definition coincides
with Definition 2.4 of [7] (see also Definition 12 of [28]).

Remark 3.4. The decomposition of a Dirichlet process Z, into a local
martingale and a zero energy process starting at 0, is unique. For any p > 1
and partition 7" of [0, 77,

Y A1) = AP < max [A(tier) — A(t:) P~ Varg 19(A).

t,em™
t,em™

Therefore, it follows that if A is continuous and of finite variation, then it is
also of zero p-variation, for all p > 1. In particular, this shows that the class
of Dirichlet processes generalizes the class of continuous semimartingales.

Theorem 3.5. Suppose (G,d(-)), b(-) and o(-) satisfy Assumptions 1 and
3, let Z be an associated weak solution that satisfies Assumption 2 for some
p>1,and letY = Z — X, where X is defined by (2.4). Then'Y has zero
p-variation.

As an immediate consequence of Theorem 3.5, Definition 3.3 and Theorem
2.7, we have the following result.

Corollary 3.6. Suppose (G,d(-)), b(-) and o(-) satisfy Assumptions 1 and
3, and also Assumption 2 with p = 2. Then the associated reflected diffusion

is a Dirichlet process. In particular, reflected diffusions associated with Class
A SDERs are Dirichlet processes.
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4. REFLECTED DIFFUSIONS ASSOCIATED WITH CLASS A SDERS

Throughout this section we will assume that (G, d(-)), b(-) and o(-) de-
scribe a Class A SDER. Let B be an N-dimensional Brownian motion on a
given probability space (2, F,P), let {F;} be the right-continuous augmen-
tation of the filtration generated by B (see Definition (2.3) given in [20]).
Also, let Z be the pathwise unique strong solution to the associated SDER
(which exists by Theorem 2.7), let X be defined by (2.4), let Y = Z — X
and let L be the total variation process of Y as defined in (2.6). We use E to
denote expectation with respect to P and, for z € G, P, (respectively, E,) to
denote the probability (respectively, expectation) conditioned on Z(0) = z.

This section is devoted to the proof of our first main result, Theorem 3.1.
The key step is to show that the constraining process Y in the extended
Skorokhod decomposition for Z has Py a.s. infinite variation. More precisely,
for a given € > 0, consider the hyperplane

(4.17) H. = {ceR: (¥,2) =¢} NG,

where V is the vector in property 3 of Definition 2.5 and let

(4.18) T =inf{t>0:2Z(t)€ H.} &>0.

Then we establish the following result.

Theorem 4.1. There exists T < oo such that Po(L(T) = o0) > 0.

A somewhat subtle point to note is that Theorem 4.1 does not immedi-
ately establish the fact that Z is not a semimartingale because we do not
know a priori that the decomposition Z = M + A given in (2.11) and (2.12)
must be the Doob decomposition of Z if were a semimartingale. However,
in Section 4.3 (see Proposition 4.2) we establish that this is indeed the case,
thus obtaining Theorem 3.1 from Theorem 4.1. First, in Section 4.1, we
establish Theorem 4.1 for the case when b = 0. The proof for the general
case is obtained from this result via a Girsanov transformation in Section
4.2.

4.1. The Zero Drift Case. Throughout this section we assume b = 0 and
we prove the following result, which implies Theorem 4.1 since Po(7! <

00) = 1 in this case (see Lemma 4.10).

Proposition 4.1. If b =0, then we have

(4.19) E, [e*MTl)} —0,
and hence,
(4.20) L(t') = 00 Py a.s.

The proof of Proposition 4.1 is given in Section 4.1.3. First, in Section
4.1.1 we establish a simple upper bound on Eg [e‘L(Tl)]. We then establish
a weak convergence result in Section 4.1.2, which is subsequently used to
obtain certain estimates in Lemmas 4.8 and 4.9.
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4.1.1. An Upper Bound. To begin with, we use the strong Markov property
of Z to obtain an upper bound on Ey[e *L(Tl)] For € > 0, recursively define

two sequences of times {75}, en and {af, }nen as follows: af = 0 and for
n €N,
(4.21) 7',5 = inf{t>af ,:Z(t) € H.}

of, = inf{t>7;:2Z(t) € Hp},

where Hp = {0} because G is a closed convex cone with vertex at 0. Also,
recall the definition of 70 given in (4.18) with ¢ = 0. Since Z is continuous
and H. and Hy are closed, it is clear that 79, 75 and of, are JFi-stopping
times. For conciseness, we will often denote 77 and aj simply by 7° and o,
respectively. Note that this is consistent with the notation of 7 given in
(4.18).

Lemma 4.2. For every e > 0,

E [IP’ e (7‘0 > 7’1)]
—L(rY) < 0 [TZ(re) )
B[] < Eo [Pyre) (7 2 71)] + Bo [E(re) [(1 = M) Loy ]]

Proof. From the elementary inequality

Z a5, /\7' L(T,Z/\Tl)),

n=1

it immediately follows that

e n=1

S L(ag ATV ) —L(TEATY))
(422) ]EO |:67L(7-1)i| S ]EO Z( ( )— ] '

On the set {a > 7!}, we have o A 7! = 75 A 7! = 71 for every n > 2.
Therefore, the right-hand side of (4.22) can be decomposed as

Z (L(ag ATYH—L(tEATY))

EO e n=1 ] — EO |:€7(L(a5/\71)7L(T5/\T1))]I{ae27_1}:|

o]

= 2 (L(agATh)—L(TATh)

+Eg [e =t H{a5<71}]'




14 WEINING KANG AND KAVITA RAMANAN

Conditioning on Foe and using the fact that Ir,e 1y, L(a AT!) and L(7¢ A
1) are F,--measurable, the last term above can be rewritten as

— 5 (L(agATh)—L(rsATY)

Eg |e n=t ]I{a5<7-1}

~ Eo [Eo [6_ Sai (e AT = L(rinTh))

]-'asH

= X (L(agAth)—L(TATY)
]I{as<7.1}E0 e n=2 ’fas

H{a5<71}
=Fy e—(L(OéE/\Tl)—L(TE/\Tl))

— EO e*(L(Oés/\Tl)fL(TE/\Tl))

-

]I{CME<’T1}EZ(O[E) e n=

= <L(azml>—L(Tsml>>”

__ _ & af 7_1 —L(7¢ ,7_1
=E, e*(L(aE/\TI)*L(Tf/\Tl))]I{aE<7_1}] Eo [e ngl(L( nAT) =LA ))] ’

where the second-last equality uses the strong Markov property of Z and the
last equality follows because Z(af) = 0. Combining the last two assertions
and rearranging terms, we obtain

.- S (L(ag AT~ L(zinTh) o [6—<L<QEAT1)_L<TEA71))H{aezfl}]
e n=1 = .
0 1 — Eg [e- @@ ATD-LEA o1y

This, together with (4.22), yields the inequality

EO |:€—(L(Oé£/\’7'1)—L(TE/\T1))

I[ 5 1
—L(r1) toter }}
(4.23) Eo [e } STz Eo [e~ (L@ A =LEA T e y]

We now show that the upper bound stated in the lemma follows from
(4.23). Indeed, using the non-negativity of L(a® A 71) — L(7¢ A 7!) and the
strong Markov property of Z, we obtain

EO e—(L(aE/\Tl)—L(TE/\’TI))

IN

H{OFZTl}} Eo [Taezr]
(4.24) = Eo [Eo T{aesr1y | Fre]]
= Eo [Py (70 > 71)],

where recall 70 = inf{t > 0: Z(t) € Hp}. Similarly, once again conditioning
on Fre and using the strong Markov property of Z, we obtain
Eo [67(L(aa/\Tl)fL(Ts/\‘rl))]I{as<71}:|

— EO ]EO |:€—(L(O¢E/\Tl)—L(TE/\Tl))H{a€<TI}

=y EZ(TE) [B_L(TO/\Tl)]I{To<T1}H .

)
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Therefore,
1—E, |:67(L(045/\7'1)fL(Ts/\Tl))]I{aE<Tl}]
(4.25) =g [1-Egge) [e 00 ||
= Eo [Py(re)(1° > 71)] + Eo [EZ(TE) {(1 - €_L(TO)> H{TO<71}H :
The lemma follows from (4.23), (4.24) and (4.25). O

Next, we establish an elementary lemma that holds when the drift is zero.
Recall the vector v of property 2 of Definition 2.5.

Lemma 4.3. When b =0, the process (Z,V) is an Fi-martingale on [0, 7]
and for every € > 0, Py a.s.,

(4.26) Proey(m? =71 =e.

Proof. First, note that Hy = {0} = V by property 2 of Definition 2.5 and so
Ty, defined in (2.10) coincides with 7°. From Lemma 2.8 and the continuous
paths of Y, it follows that for t € [0,7°], (Y (¢),¥) = 0 and so P a.s.,

(4.27) (Z(t),9) = (2(0),9) + 51, te 0,77,

where M = (Jyo(Z(s)) - dB(s), V) is an F; martingale on [0, 7"] since o is
uniformly bounded. This establishes the first assertion of the lemma. Now,
the quadratic variation (M) of M is given by

t
(M) (1) :/0 Va(Z(s))vds fort € [0,00),

where a = o”o. By property 4 of Definition 2.5, a(-) is uniformly elliptic.

Therefore, (M) is strictly increasing and (M)oo = limy_oo (M) (t) = oo P
a.s. Let
T(t) =inf{s >0: (M)(s) > t},

Gt = Fr) and B(t) = M(T(t)) for t € [0,00). Then {By,Gi}i>0 is a
standard one-dimensional Browni@n motion (see, e.g., Theorem 4.6 on page
174 of [20]). Let 7¢ = inf{t > 0 : B(t) = ¢}. Then by (4.27) we have Py a.s.,

Pyirey ("> 71) = P (%0 > 71| B(0) = s) —,

where the latter follows from standard properties of Brownian motion. This
proves (4.26). O

Remark 4.4. From Lemmas 4.2 and 4.3, we conclude that for every € > 0,

E [e_L(Tl)} < c - :
e+ Eo [Eze) [(1—eH0) Ipocry]]
Thus, to show (4.19), it suffices to show that

(428)  lminf éEg Bz [(1= 5 Lpoerny || = 0.
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This is established in Section 4.1.3 using scaling arguments. In Section 4.1.2,
we establish some preliminary results required for the proof. The reader may
prefer to skip forward to the proof of Proposition 4.1 in Section 4.1.3 and
refer back to the results in Sections 4.1.2 when required.

4.1.2. A Weak Convergence Result. Recall that we have assumed that the
drift b = 0. Now, let {ex}ren and {zg}ren be sequences such that e — 0
as k — oo and xy, € H,, for k € N. For each k € N, let Z;, be the pathwise
unique solution to the associated SDER with initial condition x;, and let
Xy, Yx) and Ly be the associated processes as defined in Definition 2.2
and (2.6). For k € N, consider the scaled process

B(ejt)

Bk(t) =
€k

t €10, 00),

which is a standard Brownian motion due to Brownian scaling. Similarly,

define

L Ag (ex’t)
D
and let FF = Fe2t for t € [0,00). Clearly, the processes Zk, BF Yk
and L* are {F}F}-adapted and LF(t) = Var[ojt]Yk for every t > 0. For
(r,R) € (0,00)? such that r < R, let

(4.30) 6 1 = inf {t >0 (Z81),¥) & (r, R)} keN.

(4.29) AF(t) A=X,Y,Z, L,

This section contains two main results. Roughly speaking, the first re-
sult (Lemma 4.6) shows that for the question under consideration, we can
in effect replace the state-dependent diffusion coefficient o(-) by ¢(0). This
property is then used in Corollary 4.7 to provide bounds on the total varia-
tion sequence Lk(é??’i r), as € — 0, which are used to obtain two important
estimates in Lemmas 4.8 and 4.9 of the next section. First, in Remark 4.5
we establish a simple equivalence between (X%, Z* Y*) and another triplet
of processes that will be easier to work with.

Remark 4.5. For notational conciseness, we define the scaled diffusion
coefficient
of(z) = o(Fx) zeR’ keN.
Then, by the definition of Z;) and the scaling (4.29), it follows that
e2t t
X0 =2+ [P oz aBls) = 2+ [ ot (Z(s) dBMG),

€ €k Jo €k 0
where the last equality holds by the time-change theorem for stochastic
integrals (see Proposition 1.4 in Chapter V of [25]). This implies Z* is a
strong solution to the SDER associated with (G, d(+)), b = 0, ¢* and the
Brownian motion {B*(t), FF} defined on (2, F,P), with initial condition
xy/er. If o satisfies properties 3 and 4 of Definition 2.5 then so does o*,
and thus (G, d(+)), b = 0 and ¢* also describe a Class .A SDER. Therefore,
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by Theorem 2.7 there exists a pathwise unique solution Z* to the associated
SDER for the Brownian motion {By, F;} with initial condition /. Let
X% Y be defined in the usual manner:

(4.31) X*(t) = Z—: + /Ot o (ZF(s))dB(s)  te0,00),

and Y* = ZF — X*. From the fact that solutions to Class A SDERs are
unique in law by Theorem 2.7, it then follows that

(4.32) (x*, Z0 vy @ Xk 7k vy,

d . .. .
where recall that @ indicates equality in distribution.

Lemma 4.6. Suppose b =0 and x/er, — = as k — oo. Then the following
properties hold:

(1) As k — oo,

(4.33) E | sup |Z*(t)—Z(t)|?

t€[0,T]

— 0

and (X*, 78 Y*) = (X,Z,Y), where (Z,Y) satisfy the ESP path-
wise for

(4.34) X =z +0(0)B.

(2) For all but countably many pairs (r, R) € (0,00)? such that r < R,

‘max sup YF(s)= max sup Y(s) as k — oo,
Z:1,...,J SE[U,@’ZR] 1217“.’]86[0757‘7]{}
where

(4.35) O r=1inf {t >0:(Z(t),V) & (r,R)}.

Proof. Note that since zy /e € H; for every k € N and H; is closed, we
must have z € H;. We first prove property 1. Let X*, Z¥ and Y* be as in
Remark 4.5. Then, by (4.32), it clearly suffices to show that (X*, Z¥ Y*) =
(X,Z,Y). From (4.31) and (4.34), it follows that for ¢ € [0, 00),

2

BO-XOF < |2 e+ [ (206 - o0) dBe)
4 (ok(Z(s))—a(O)) dB(s)
| (o526 - o* 2 (s))) aBs)
0

—;1:‘—#

_l’_

)2.
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Using the fact that (a+b+c)? < 3(a?+ b2 +c?) for all a,b, c € R and taking
the supremum over ¢ € [0,7] and then expectations of both sides, we obtain

E| sup %) - X(t)P
tel0,7
Tk 2 t L 2
<8|2—af +38 | wp /O (*(Z(s)) ~ 0(0)) dB(s)
t 2
k(zk —O'kis S .
HIE | sup /0 (H(Z4(s)) - o*(Z())) dB(s)

Since ¢ is uniformly bounded, the stochastic integrals on the right-hand side
are martingales. By applying the Burkholder-Davis-Gundy (BDG) inequal-
ity, the Lipschitz condition on ¢, the definition of ¢* and Fubini’s theorem,
we obtain

2

| sup / (c;’%Z’“(s))—a’“<z<s>>)dB<s>
< cguz[ 0 oH(Z4(s)) —o—k(Z(s))‘st]

< CoR2:2E [/OT ’Zk(s) - 7(5)]2 ds}

T
SCngsi/ E | sup |ZF(u) — Z(u)| | ds,

‘2
0 u€l0,s]

where Co < 00 is the universal constant in the BDG inequality. Using similar
arguments, we can also obtain

t 2 T
E | sup / (ak(7(s)) — a(O)) dB(s)| | < CQKQE%/ E | sup ‘Z(u)‘z ds
te[0,7] 1J/0 0 u€[0,s]
< C,K%TE | sup ‘7(1&)‘2 :
t€[0,T)
Combining the last three displays, and setting Cp = 3021’?%(1 VT) < oo,
we have
(4.36)
- _ - T . _ 2
E | sup |X*0t)—X @) < CTei/ E | sup Zk(u)—Z(u)’ ds
t€[0,T] 0 u€l(0,s]
+RN(D),
where
x S SENT:
(4.37) RM(T)=3 L + Creil | sup Z@®)|"| =0 ask— o0
€k t€[0,T]
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since i /e, — x, e, — 0 as k — oo and, by the assumed Lipschitz continuity
of T,

E| sup |Z(t)]?| < K2E| sup |z+0(0)B(t)]?
t€[0,T] te[0,T)
< 2KZ|z]* + 2K%|0(0)|*E S[lépT]|B(t)|2 < .
te|0,

Now (4.36), along with the Lipschitz continuity of the map I', shows that

E| sup |Z5(t) - Z(1)?

te[0,T

Z* () — Z(u) ‘2

ds.

sup

T
< K2RM(T)+K2Cre? /0 E .
ue|0,s

So, an application of Gronwall’s lemma shows that

E [ sup |Z8(t) — Z(1)|?| < KERF(T)eFH0rsk 0 as k — oo,

te[0,7

where the convergence to zero follows from (4.37), and the limit ¢ — 0 as
k — oo. This proves (4.33). In turn, substituting the last inequality back
into (4.36) and, again using (4.37) and the fact that e, — 0, we also obtain

sup |[X*(t) - X(t)]*| -0 ask — oo,
te[0,7

E

which implies X* = X. Since the mapping from X* — (X*, Z¥ Y*) is con-
tinuous, by the continuous mapping theorem it follows that (X k Zk. }7]“) =
(X,Z,Y) and property 1 is established.

We now turn to property 2. By property 1, we have (Z*,Y*) = (Z)Y)
as k — oo. This immediately implies that for all but countably main pairs
(r,R) € (0,00)? such that » < R, as k — 00,

(Z*(- N OFR), Y (- N0y R), 08 R) = (Z(- AOrR), Y (- AOy.R),Or R)-

(For an argument that justifies this implication, see, e.g., the proof of The-
orem 4.1 on page 354 of [13]). Using the continuity of the map (f,g,t) —
max;=1,..J SuPsejo g 9i(s) from C [0, 00) X C [0,00) x Ry to R4, an application
of the continuous mapping theorem yields property 2. O
Corollary 4.7. Suppose b = 0 and xy /e — x as k — oo. Then for each
pair (r, R) € (0,00) such that r < R, the following properties hold.

(1) P (supkeN Lk(Hf,R) < oo) =1.

(2) exLF(0% ) = 0.

(3) P(L(6,,r) <o0) =1 and if r < (z,¥) < R, P (L(0,r) > 0) > 0.
Proof. If (x,¥) < r or (z,V) > R, then 0, = 0 and Of,R = 0 for all k£

sufficiently large. In this case, properties (1)—(3) hold trivially. Hence, for
the rest of the proof, we assume that r < (z, V) < R.
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We start with property 1. Let Xk Zk and Y* be defined as in Remark
4.5, and let L¥ be defined as in (2.6), but with Y’ replaced by Y*. By (4.32),
it follows that (L¥, 01’5’ r) and (LF, 9{? ) have the same distribution for each

k € N, where 6% » i is defined in the obvious way:

O = mf{t >0 (Z5(t),¥) ¢ (r,R)}.

Using Lemma 2.8 and the uniform ellipticity condition, it can be shown that
P (éf R) = 1. Therefore, to prove property 1, it suffices to show that

P (sup f/k(éff,R ANT) < oo> =1 foreach T > 0.
keN

Fix T' € (0,00). Since r > 0, there exists 6 > 0 such that (y, V) < r for
all y with |y| < 6. Let &% =inf{t > 0: [Z¥(t)| < 6}. Then 6% , <&} for all
k € N. Let

Gk = sup |24 vV IXF(@)]
te[0,7

By property 1 of Lemma 4.6, we have Z¥ = Z and Xk = X as k — oo.
Also, due to the Lipschitz continuity of the ESM I' and (4.34), P-a.s., we
have

sup |Z(t)] < Kr sup [X(t)] < Kr <\fc|+la(0)! sup IB(S)|> < o0,
t€[0,T] te[0,T] s€[0,T7]

and hence P(supyey C* < 00) = 1. Moreover, V = {0} and for each w € Q,
(Z(-,w),Y (-,w)) solves the ESP for X(-,w). Therefore, from Lemma 2.8 of
[22], it is easy to see that there exist p > 0, independent of k, a finite set I =
{1,..., T} and a collection of open sets {O;,4 € I} of R that satisfy properties
1 and 2 of Lemma 2.8 of [22]. Moreover, from the proof of Lemma 2.9 of [22],
for each w € 2, there exist integers N(w) < oo and times {T,,(w), m € N},
defined for Z(w) in the same way as M and {T},, m € N} are defined in
terms of ¢ in Lemma 2.9 of [22], except that we replace p and § by p/2 and
§/2, respectively. Since (X*, Z¥,Y*) = (X,Z,Y) as k — oo and (X, Z,Y)
has continuous paths, by invoking the Skorokhod representation theorem,
we may assume without loss of generality that there exists Q with P(Q) =1
such that for every w € Q, (X*(w), ZFw), Y*w)) = (X(w),Z(w),Y (w))
uniformly on [0,T] as k — oo. Let k < oo be such that for all k > k,
SUPyefo, 7] |ZF(t,w) — Z(t,w)| < (p A S)/4. As in the proof of Lemma 2.9 of
[22], for each m < N(w), let k,, be the index of Oy associated with T,,.
Then, Z*(-,w) will stay in N,(Oy,,) during the interval [Ty, (w), Tpt1(w)).
Exactly as in the proof of Lemma 2.9 of [22] (note that the argument there
only requires that ¢(t) € N,(Oy,, ,) for t € [T},—1,Ty,)), we can then argue

that L*(T ATF (w),w) < (4C*(w)N (w))/p for w € Q. Together with the fact
that P(supyey CF < 00) = 1 and N(w) < oo for each w € §, this shows that
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P(LF(78F A T) < o0) = 1. Since f/k(éf’R AT) < LF(7F AT), we then have
P(supgen f)k(@’f’R AT) < o0) = 1. This completes the proof of property 1.
Property 2 follows directly from property 1 and the fact that e, — 0 as
k — oo. As for property 3, the first assertion follows from Theorem 2.7 and
the fact that @n r < Ty. For the second assertion, notice that, with positive
probability, the Brownian motion = + ¢(0)B will exit G before it hits one of
the two levels H, and Hg. Hence, L(6, r) should be positive with positive
probability in order to constrain x + o(0)B to stay in G, and the second
assertion follows. O

4.1.3. Proof of Proposition 4.1. Since the relation (4.20) follows from (4.19).
in order to prove Proposition 4.1, it suffices to establish (4.19). In turn, by
Remark 4.5, (4.19) is implied by the estimate (4.28), which we reproduce
below:

(438)  liminf éEo Bz [ (1= 50 Igocry] | = o0,

We will establish this estimate using the strong Markov property and scaling
arguments. First, we need to introduce some additional notation. Let A.
denote the following collection of hyperplanes:

(4.39) A, = U Hon...

For x € A¢, let N.(z) denote the pair of hyperplanes in A, that are adjacent
to the hyperplane on which = lies. More precisely, let

(4.40) N:(z) = Hon-1, U Hon+1, for x € Hong, n € Z.

Moreover, for € > 0, let {5 }nen be the sequence of random times defined
recursively by G5 = 0 and for n € N,

(4.41) B =nf{t > 6, : Z(t) € No(Z(5;,-1))}-

It is easy to see that {f%},cn defines a sequence of stopping times (for
completeness, a proof is provided in Lemma B.1).

Fix € > 0. Observe that L is non-decreasing and for x € H., P,-a.s.,
G5, < 1o for every n € N. Since Z(7%) # 0 when € > 0, this implies that for
every n € N,

(442) Egie) [(1- 5N Lrocny| 2 Byrey [ (1= 7200 ) To oy

Using the expansion

)

1— e L) =1 — oLy 4 LB ) (1 _ e (LB - L 2_1»)
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conditioning on Fg=_, and invoking the strong Markov property of Z, the
right-hand side of (4.42) can be further expanded as

Ez(re) [(1—e”200) H{r°<rl}]
=Ez(re) (1 — e L 1)) Teroer 1}]

|
+E 7 re) [EZ( ) [ L(B5_y) (1 _ e—(L(ﬁi)—L(ﬂz,m) Ti0cr
=Ez(r) [(1 — e M- 1)) H{TO<TI}]

B (o) [ PP VB 5 ) [(1 = 2D Ty
Observing that the first term on the right-hand side is identical to the term
on the left-hand side, except for a shift down in the index n, we can iterate

this procedure and use the relation L(85) = L(0) = 0 to conclude that for
any n € N,

Ezre) [(1 = eH00) Iro )]
(4.43) —leIEZ(Te [ B DB g [(1 _efL(ﬁ§)> H{TO<TI}H .

We now show that each term in the sum on the right-hand side of (4.43)
is O(e) (as € | 0) with a constant that is independent of m. This proof
relies on the estimates obtained in the next two lemmas. In both lemmas,
Z(kys Y(k), Lx) will denote the processes defined at the beginning of Section
4.1.2, and for € > 0, B(Ek),n is defined as /3, is in (4.41), but with Z(;, in place

of Z: ﬁk)O—OandforneN,

(444) By, =inf {t > Bieyn—1: Z)(t) € N (Z<k> (%a—l))} '

Likewise, the processes Z*, Y*, LF are defined in terms of Z(kys Yiy, Ly via
(4.29), and B¢ is defined as in (4.41), but with Z replaced by Z*. With
these definitions, due to the scaling, we have the equivalence

(4.45) oyt =06y, kneN

Foi|

Lemma 4.8. Suppose b= 0. Then there exists C > 0 such that

PR B (3
(4.46) hr?l%]nf z xlenbfls E, [(1 —e K 1)) ]I{TO<T1}:| >C.
Proof. Let e, k € N, with ¢, | 0 as & — oo, and z}, € H,,, k € N, be
sequences such that
1 -
liminf — inf E, [(1 — e_L(51)> H{TO<T1}:|

0 13 H.
(4.47) oeee

1. .1 (55
> illkn_1>£f ;Ezk {(1 — e LB )> H{To<71}} .

Since H; is compact and x /ey, € H; for every k € N, we can assume without
loss of generality (by choosing a further subsequence if necessary) that there
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exists © € Hp such that zy/e, — x as k — oo. Moreover, since the law
of (Z(ky, Yi), Lx) under P is the same as the law of (Z,Y, L) under P, , we
have

lim inf iIEggk Kl — e_L(Bik)> H{To<71}j|

k—oo Ef
| ~Ly (BF
S R N

(4.48)

with 37y, ; defined as in (4.44), and T and 7% defined as follows:
(4.49)

6y =inf{t>0: Zg(t) € HY} 75 = inf {t >0:28(t) € H?} .
Assume without loss of generality that k is large enough so that g, < 1.

Then applying the mean value theorem for the function fi(z) = 1 — e%k%,
we infer that for z > 0, there exists ¢ € (0,¢y) such that

xT

1 — e kT o« _
— =ge kT > ge .

€k

Thus, applying first the scaling (4.29) and then the above inequality, along
with the relation ﬁ(al’;) L= eiﬁf ’1, we have for all k£ sufficiently large,

ko nak,1
1 _L (ﬁgk ) 1_678161/ (51 )
SB[ ) ] = E o | Treocmy

> E [Lk(ﬂf’l)e_Lk(ﬁf,l)H{Tk,o<Tk,1}} .

Comparing this with (4.47) and (4.48), it is clear that to prove the lemma
it suffices to show that there exists C' > 0 such that

(4.50) lim inf E [LH@He O o iy ] 2 .
Choose r € (1/2,1) and R € (1,2) such that the convergence in property

2 of Lemma 4.6 holds. Then property 3 of Corollary 4.7 implies that there
exists 0 > 0 such that

P max sup Y;(¢t) >4 ] > 20
7,:1,--~7Jt€[0,9r,R]

Property 2 of Lemma 4.6 and the Portmanteau theorem then imply that

P| max sup Y;(t)>6| < liminfP | max sup YF(t)>6
Zzl""’Jte[O,ar’R] k—o0 121,.‘.,J te[o’g’l;;’R]

< liminfP (Lk (97’?,3) > 5) .
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The last two statements, along with the fact that ﬂf 1> 95? g for all k, imply
that there exists K < oo such that

(4.51) P (Lk (ﬂfvl) > 5) >6 forall k> K.

Next, choose ' € (0,1/2) and R’ € (2,00). Then "' < 0% p. By property
1 of Corollary 4.7, there exists ¢ < oo such that

J
P <suka(9,lf/ r) < c> >1—-.
keN ' 4

It follows that

: )
(4.52) sup P (e*Lk(ﬁf RES e*c) > sup P (Lk(ﬂfi r) < c) >1—-.
keN keN ’ 4

On the other hand, since ¢, — 0 as k — oo, by (4.26) of Lemma 4.3 we have
P(r70 < 701y = IP’(T(Ok) < T(lk)) =1l—-¢e,—1 ask— oo.

By choosing K larger if necessary, we can assume that for all k > K,
)

(4.53) P(rR0 < 71y > 1 — T

Now define the set
Sy = {Tk’o < Tk’l,e*Lk(ﬁllc’l) > e*C,Lk( fl) > (5} )

Then (4.51), (4.52) and (4.53), together show that for k > K, P(Sk) > ¢/2.
Therefore, for all £k > K,

E [Lk(ﬂ]f’l)B_Lk(ﬁfyl)H{Tk,o<Tk,1}
>E |:Lk(ﬁf’l)e*Lk(ﬁf’l)ﬂ{Tk,o<.,-k,1}]ng > (56763,

and so (4.50) holds with C' = §2¢~¢/2. This completes the proof of the
lemma. U

Lemma 4.9. Suppose b= 0. For everyn € N,

lim sup E, [1 — e*L(ﬂi)] =0.
el0 reH,

Proof. Fix n € N. We prove the lemma using an argument by contradiction.

Suppose that there exists §g > 0 and a sequence e, k € N, such that g | 0

as k — oo and for every k € N,

sup E, [1 - e*L(ﬁ’ik)} > .
IEHak

For each k € N, let z;, € H,, be such that

%
2

(4.54) E,, [1 - e—LWfL’“)} >
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Since, the law of (Z(y), Y{x), L(x)) under P is the same as the law of (Z,Y, L)
under P, , (4.54) is equivalent to

(4.55) E[1— e L®w6ia)] > %0

with ﬁ(sk)m defined by (4.44). Since H; is compact and /e, € H; for every

k € N, we can assume without loss of generality (by choosing an appropriate
subsequence, if necessary) that there exists € Hy such that x/e;, — = as
k — oo.

The definition (4.29) of the scaling and the relation szﬂﬁ’l = ﬁ(sl’;)’n show
that

(4.56) E [1 - e*L<k><5<6/5>m)} ~E [1 e (ﬁ”?l)] .

Moreover, since xy, € H., implies Z*(0) = z/ex € Hy, it follows that, on the
interval [O,ﬂfi’l}, (ZF(t),V) € [27™,2"]. Therefore, there exist 0 < r < 27"

and R > 2" such that gi' < Hfﬁ, where Hfﬂ is defined in (4.30). As a
result, we conclude that

E [1 — e‘skm(ﬁﬁ'l)] <E [1 — eiEkLk(ef»R)] -0 as k — oo,

where the last limit holds due to the weak convergence EkLk(Gfi r) =0

established in Corollary 4.7, and the fact that x — 1 — e is a bounded
continuous function. When combined with (4.56), this contradicts (4.54)
and thus proves the lemma. O

We can now wrap up the proof of Proposition 4.1.

Proof of Proposition 4.1. First observe that by Lemma 4.8, there exists C' >
0 and €% > 0 such that for all € < ¢°, the relation

. C
. —L(3
5 (- )]
is satisfied. In turn, this relation, together with the fact that Z(7¢) € H.
and, for any x € H,, P, -a.s.,

(4.57) (Z(Br-1),¥) < 2" e,
implies that for all € < 2= Deyand m=1,...,n,

w58) Egre) [PV Bggy ) [(1= e X00) 0]
° C _ £ =
> S By [ H00(2(85,10),9)]

When combined with (4.42) and (4.43), this shows that

Eo [Eze) [ (1- ¢*)) Ipocry ||

4.59 - "
( ) > % Z Ez(Ts) [e_L(ﬂm_1)<Z(/821—l)’G>} '
m=1
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Fach summand on the right-hand side can be rewritten in the more conve-
nient form

Ezrey ¢ " m(Z(85,_1). )| = By (25,21, 9)]
“Ez(rey | (1 - e H0n0) (2(55,,),9)] -

Since b = 0, Lemma 4.3 and the uniform bound (4.57) shows that (Z, >
a martingale on [0, #5]. In addition, because 5, _; < 5 and (Z(7°),V) =
it follows that

Eo [Ez(rey [(Z(B5n-1),V)]] = Eole] =

Furthermore, by (4.57), Lemma 4.9 and the bounded convergence theorem,
forany n e Nand m=1,...,n,

1 .
lim SuPg |0 —Eo |:EZ(T€) |:(1 - e_L(ﬁm71)> <Z(ﬁrsn—1)7 \7)]}
€
<27 1im, o Eg {sup E. [(1 — eL(ﬂfn1)H = 0.
xeH,
Combining the last three assertions, we see that for every n € N and m =

1,....,n,

h%nfé_EO [EZ(TE) [ ~L(%-1) (7 fn_l),v>ﬂ ~ 1.

Together with (4. 59) this shows that for every n € N,

lim inf IEO [IEZ(TE) [(1 _ e L )> H{TO<T1}:|:| > ﬂ

el € 2
Taking the limit as n — oo, we obtain (4.38), thus completing the proof of
the proposition. O

4.2. The General Drift Case. In this section we establish Theorem 4.1.
Specifically, we generalize the case of zero drift, established in Proposition
4.1, to arbitrary bounded, Lipschitz drifts (as mentioned in Section 2.3,
this can be extended to drifts satisfying the usual Lipschitz and growth
conditions) by using a Girsanov transformation. As usual, let Z be the
unique solution to the Class A SDER, which exists by Theorem 2.7, and let
71 be the first hitting time to Hj, as defined in (4.18). We begin with a
simple lemma that shows that 7! is finite with positive Py probability.

Lemma 4.10. We have

(4.60) Py (7! < 00) > 0.
Moreover, if infy., 3y<1(b(x), V) > 0, then
(4.61) Po (1! < 00) = 1.

Proof. Recall the definition of X and M given in (2.4) and (2.12) and let
H = <H V) for H = Z, M, X. By Lemma 2.8 and Theorem 2.7, we know
that Z = I'; (X), where I'; is the 1-dimensional Skorokhod map. Let T'(t) =
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o~

inf{s >0: (M)s; > t}. Then, due to the uniform ellipticity of a, T is strictly
increasing and M (7'(+)) is a 1-dimensional Brownian motion. In turn, this
implies Z is a one-dimensional reflected Brownian motion with drift

t . s O s
[ ez v are) = [ ). 9 g

Since (b(z), V) /¥ a(x)V is continuous on G, there exists x € (—o0,00) such

that
(b(2).9)

vla(z)v

Consider the process X defined by X (t) = xt+M (T'(t)) for t € [0, 00) and let
Z =T1(X) be a one-dimensional reflected Brownian motion with constant
drift k. Then )/(\'(T(t)) - )?(T(s)) > X (t) — X (s) for every 0 < s < t, and so
the comparison principle for I'; (see, for example, equation (4.1) in Lemma
4.1 of [21]) shows that Z(T(t)) > Z(t) for every t € [0,7!], where

> K for all z € G, (z,V) < 1.

7L =inf{t > 0: Z(T(t)) = 1}.
Since T'(7!) = 7!, it follows that

Po(Z(t A7) < Z(T(t) A7) for all t > 0) = 1.

1

Since T is strictly increasing, we have 7! = oo if and only if 7! = co. Then

on the set 71 = 0o, we must have
Z(t) < Z(T(t)) <1  forallte [0,00).

Since Z will hit 1 with positive Py probability, and in fact will hit 1 Py a.s.
if Kk > 0 (see, for example, page 197 of [20]), this implies (4.60) and (4.61)
and the proof of the lemma is complete. O

Proof of Theorem 4.1. The uniform ellipticity of a(-) ensures that a=1(*)
exists. Let = —bTa"'o, note that u’ = bab”, and define
(4.62)
. t 1 t
D) = exn { [z ane) - § [ wzenazen z)as)

for t € [0,00). Property 3 of Definition 2.5 guarantees that u” (Z(-))u(Z(-))
has linear growth and so {D(¢), F;} is a martingale by Corollary 5.16 of [20].

Fix T' < oo. Define a new probability measure Qp on (2, F,{Fr}) by
setting

Qo(A) = E[D(T)l4] for A € Frp.
Define
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By Girsanov’s theorem (see Theorem 5.1 of [20]), under Q, {Et,ft}te[o,T]
is a Brownian motion and

Z(t):/o o(Z(s)dB(s) + Y (1),  te 0,7,

where (Z,Y) satisfy the ESP pathwise for Z — Y. Since, under Qq, Z is the
solution to a Class A SDER with no drift, by Proposition 4.1, we know that

Qo (L(r") < o0, 71 <T) =0.
Since Py < Qg (with dPy/dQy = D~Y(T) on Fr), this implies
Po (L(t!) < o0, 78 < T) =0.

Since T' < oo is arbitrary, sending 7' — oo (along a countable sequence), we
conclude that

Py (L(Tl) < oo, Tl < 00) = 0.

However, Po(7! < 00) > 0 by Lemma 4.10. Hence, Po(L(7!) = oo, 7! <
00) > 0, which in turn implies that there exists 7' < oo such that Po(L(T") =
00) > 0. Note that if inf,eq. iz 99<1(b(), V) > 0, then Py(r! < 00) = 1 and
so we in fact have Po(L(7!) = c0) = 1. O

4.3. The Semimartingale Property for Z. Recall from Theorem 2.7
that the process Z has the decomposition Z = M + A, where

(4.63) M= /0 o(Z(s)dB(s) A= /0 b(Z(s)) ds +Y,

and Y is the constraining term associated with the ESP. M is clearly a
(local) martingale. However, as mentioned earlier, Theorem 4.1 does not
immediately imply that Z is not a semimartingale because we do not know
a priori that the above decomposition must be the Doob decomposition of
Z if it were a semimartingale. The following result shows that this is indeed
the case.

Proposition 4.2. If Z were a semimartingale then its Doob decomposition
must be Z = M + A.

Proof. Suppose that Z is a semimartingale, and let its (unique) Doob de-
composition take the form
Z =M+ A,
where M is an {F;}-adapted continuous local martingale and A is an {F;}-
adapted continuous, process with IP a.s. finite variation on bounded intervals.
Fix R < oo and let g = inf{t > 0: |M(t)| > R}. For each ¢ > 0, define

two sequences of stopping times {75 }nen and {&; }nen as follows: £§ = 0 and
for n € N,

e = inf{t>¢&_:Z(t) € Ho-} A,

& = inf{t>75:2(t)€ H o} NOg.



REFLECTED DIFFUSIONS AND DIRICHLET PROCESSES 29

(For notational conciseness, we have suppressed the dependence of these
stopping times on R.) From the equality Z = M + A = M + A, we have

Z(NE)— Z(EATE) = MENE) — MENTE) + A(ENE) — A(t ATE)
(4.64) = MEANE)— MENT) + A(AE) — At ATE).

By uniqueness of the Doob decomposition, clearly Z(- A &) — Z(- A 7))
is an {F;}-adapted semimartingale, with Doob decomposition (4.64). On
the other hand, since M is an {F;}-adapted continuous (local) martingale,
and M is uniformly bounded on [0, 8], the stopped processes M (- A&5) and
M(-ATE) are {F;}-adapted continuous martingales. Hence, M (-A&5) — M (-A
7¢) is also an {F;}-adapted continuous martingale. Moreover, Theorem 2.7
implies that Y (- A &) — Y (- A 75), and therefore A(- A &) — A(- A 75), has
P a.s. finite variation on each bounded time interval. By uniqueness of the
Doob decomposition, we conclude that for every ¢ > 0 and ¢ € [0, 00),

M(tNE) = M(tATT) = M(tAE) — M(EAT).

Summing over n € N on both sides of the last equation, we obtain

(4.65) Y (M(tAE) - MEATY)) =) (M(EAE) = MENT)).
n=1 n=1

On the other hand, P a.s., because M (0) = 0 and £ — 0r as n — oo, we
have the elementary relation

M(tAOR) =Y (M(EAE) = M(EAE, ), te[0,00).
n=1
Therefore, we can write

M(t A Gr) — S (Mt AE) - M(tATE))

n 1
= Z A7) = M{ENE, 1))
/ i) M)

/ Zﬂ(ﬁ s)o,o ((V, Z(s))) dM ().
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The last equality holds because (V,Z(s)) < e for s € (£&,_,,75;]. So, by
Doob’s maximal martingale inequality, it follows that

00 2

E | sup | (M(sA&)—M(sATs)) —M(sAOg)
s€[0,t] |,,—=

2

— 4E () (9, Z(5))) M (5)

n17

<4E i M(ENE) — M(EATE)) — M(t A OR)

< 4E /0 [0,s](<V7 2(s))) |a(2(s))] ds] |

Since a is bounded on the set {x : (V,z) < ¢}, by the bounded convergence
theorem we have

¢ t
B | [ 1oy a(Z(6)] ds] = a2 | [ 0200901 5] =0,
where the last equality is a consequence of the fact that (v, Z) is a uniformly
elliptic one-dimensional reflected diffusion (see Lemma 2.8) and consequently
spends zero Lebesgue time at the origin (see, for example, page 90 of [17]).

An exactly analogous argument, with 0p = inf{t > 0: |M|(t) > R} and
§n, 75 defined like &5, 77, but with 0g replaced by GR, shows that

00 2

imE | sup Z( (s A&) — M(s A7) — M(s A br)

e—0 s€[0,t] |,,=

J

< lmast3 B [ toattw. 2 atitys)
—4J22E[ [ 10 20 it )
- 4J2ZE [ oz i)

The last equality uses the property that Z;(s) = 0 for every i = 1,...,J
if and only if (V,Z(s)) = 0 (see property 2 of Definition 2.5). By the
assumption that Z; is a semimartingale with decomposition M, + A;, the oc-
cupation times formula for continuous semimartingales (see, e.g., Corollary
1.6 in Chapter VI of [25]) and the fact that the set {x : x; = 0} has zero
Lebesgue measure, we have, a.s.,

/ ]I{O}(Zi(s)) d<Mz>(3) = / ]I{()}(Zi(s)) d{Z;)(s) =0, 1=1,...,J.
0 0
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Combining the last four displays with (4.65), we conclude that M(tAfOg) =
M(t A éR), Po-a.s., for every ¢ > 0. This in turn implies that 8z = 0 Py
a.s. and, sending R — oo and invoking the continuity of both M and M,
we have M = M Py-a.s. In turn, this implies A = fl, thus completing the
proof of the theorem. O

The proof of Theorem 3.1 is now a simple consequence of Theorem 4.1
and Proposition 4.2.

Proof of Theorem 3.1. If Z were a semimartingale, then by Proposition
4.2 Z = M + A is the Doob decomposition for Z and so, in particular, we
must have Po(L(T') < oo) = 1 for every T' € [0, 00), where L(T) = Varjy nY .
However, this contradicts the assertion of Theorem 4.1 that there exists
T < oo such that Po(L(T) = oo) > 0. Thus we conclude that Z is not a
semimartingale. O

Remark 4.11. We expect that similar, but somewhat more involved, argu-
ments could be used to show that the semimartingale property fails to hold
for a more general class of reflected diffusions in the non-negative orthant, in
particular those that arise as approximations of generalized processor shar-
ing networks (rather than just a single station, as considered in [23, 24]).
Such diffusions would to satisfy properties 1, 2 and 4 of Definition 2.5 but
have more complicated V-sets (see [12] for a description of the ESP associ-
ated with such a network). This is a subject of future work.

5. DIRICHLET PROCESS CHARACTERIZATION

This section is devoted to the proof of Theorem 3.5. Specifically, here we
only assume that (G,d(+)), b(-) and o(-) satisfy Assumptions 1 and 3, and
let (Zi, By), (2, F,P),{F:} be a Markov, weak solution to the associated
SDER that satisfies Assumption 2 for some constants p > 1,q > 2 and
K < o00,T € (0,00). As usual, let Y = Z — X, with X as defined in (2.4),
and recall that Z admits the decomposition

Z(t):Z(O)Jr/O b(Z(s))ds+/0 o(Z(s))dB(s) + Y(t), te€[0,00),

and [ b(Z(s)) ds is a process of bounded variation, and therefore of bounded
p-variation for any p > 1 by Remark 3.4. As a result, in order to establish
Theorem 3.5, it suffices to show that under P, Y has zero p-variation.

In Section 5.1, we first show that it suffices to establish a localized version
(5.68) of the zero p-variation condition on Y. This is used to prove Theorem
3.5 in Section 5.2.

5.1. Localization. Fix 7' > 0, let {7",n > 1} be a sequence of partitions
of [0,T] such that A(x™) — 0 as n — oco. As mentioned above, to prove
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Theorem 3.5 we need to establish the following result:

(5.66) S ) -vite)r Do as AR — .

t,emn

For each m € (0, 00), let
(5.67) ¢M=inf{t >0: |Z(t)] > m}.

It is easy to see that P-a.s., ("™ — oo as m — o0o. We now show that the
localized version, (5.68) below, is equivalent to (5.66).

Lemma 5.1. The result (5.66) holds if and only if for each m € (0, 00),

(568) S YHLAC) =Yt AP D0 as A" —o.

tyemm

Proof. First assume (5.68) holds for every m € (0,00). For any m € (0, 00)
and 6 > 0,

P < MY () =Yt > 6)

tiemm

<P > V() Zl)|P>5§m>T>+IP(§m<T)

t,emm

=P Y YA =Y (i ACIP 208, ¢ >T | +P(C™ < T)

tienm™

<P ( YIYEAC) =Y (i AP > 5) +P(™ < T).

tienmm

Taking limits as A(7™) — 0, the first term on the right-hand side vanishes
due to (5.68). Next, sending m — oo, and using the fact that (" — oo P
a.s., the second term also vanishes, and so we obtain (5.66). This proves the
“if” part of the result.

For the converse, suppose (5.66) holds. Let 07" = sup{t;, € 7" : t; < ("}.
Then

DY EAC) =Y (Ea AP < Y Y (8) = Y ()P Y (M AT) = Y (0.
t,emm” t,emn

Taking limits as A(7™) — 0, the last term vanishes P a.s. since [(" AT —
07| < A(7") and Y is continuous. Therefore, (5.68) follows from (5.66). O

5.2. Proof of Theorem 3.5. For each € > 0, recursively define two se-
quences of stopping times {7 }nen and { }nen as follows: &§ = 0 and for
n €N,

(5.69) e = inf{t>¢&_:d(Z(t),V) = }}

£ wmi{tsedz <t> 3=/
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For each € > 0, we have the decomposition

YoV =Yt = DD V() = Yt Pl e (tin)

t;enm™ tiem™ k=1

+ YD Y () = Y (tio) Pligs oz g (i)

t;ET™ k=0
Therefore, for any given § > 0, we have

P ( oY) = Yt > 5)

tiem™

(5.70) <P Z Z Y (t:) = Y (tim1) [PLjre g2y (tio1) > 5)

2
tiem™ k=1
> )
w2 (5 S W Vit i > ).
t;em™ k=0

Under additional uniform boundedness assumptions on b and o, the proof
of (5.66) is essentially a consequence of the following two lemmas, which
provide estimates on the two terms on the right-hand side of (5.70).

Lemma 5.2. Suppose b and o are uniformly bounded. Then, as A(n™) — 0,
for each € > 0, we have

- 5
(5.71) P ( Z Z Y (t:) - Y(ti—1)|p]1[7,§,§;)(ti—1) > 2) — 0.
tiem” k=1

Proof. Fix ¢ > 0, n € N and let
G=qZm ¢y vte | (6.6 +A0")
kEN:EE<T
Also, define
N¢ =inf{k>0: either 7; >T or { > T}.

Observe that N¢ < oo P a.s., since Z has IP a.s. continuous sample paths and
therefore crosses the levels {z € G : d(z,V) =c}and {z € G : d(z,V) =¢/2}
at most a finite number of times in the interval [0,7]. The continuity of Z
also implies that for each € > 0,

(5.72) P(Q) —1 as A(r") — 0.
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On the set (),, we have

ZDY Y (bi-1) Pl g5 (ti-1)

t;en™ k=1

-1
< max [Y(t;) — Y (ti-1)” Z D L(tion, il e (timn)
(573) tieﬂ k;oiol
_ -t s .
= max [V(t;) — Y (ti-1)” DD L(tin, tillp oy (tioa)
t;em™ k=1
< max Y (1) =Y (fi) P zw;z AT, (& + A(x™) A T].

By definition, P a.s. (Z,Y") satisfy the ESP for X. Therefore by Lemma A.1,
for each k e N, (Z(1p NT +-),Y(1; NT + ) =Y (7, AT)) P ass. solve the
ESP for Z(tp NT) + X(1p NT +-) — X (1 AT). On £, Z is away from V
on [ty AT, (& + A(n™)) AT for each k > 1, and hence by Theorem 2.9 of
[22] it follows that L(1; AT, (& + A(7")) AT] < co. Together with the fact
that N¢ < oo P a.s., this implies that

o0
ZL T AT, (& + A(m")) ANT] < o0 [P almost surely on 2.
k=1

On the other hand, since Y is continuous on [0,7] and p > 1, we have

max Y(t:) =Y (t;i_)[Pt =0 as A(x") — 0.

Combining the above two displays with (5.72), we conclude that for every
d >0, as A(n™) — 0,

P (E%?T%IY( ) =Yl 3 L AT €6+ A AT > Z) —

Together with (5.73), this shows that (5.71) holds and completes the proof
of the lemma. g

Lemma 5.3. Suppose b and o are uniformly bounded. Then there exists a
finite constant C' < oo such that for each € > 0,

plm 0P<Z DY () =Y ()P g, (ti1) > )
(n")— tET k= 0
O k=0

if g > 2.

NGRS

(5.74)

EE
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Proof. Fix ¢ > 0. Then by Markov’s inequality (whose application is justi-
fied by (5.77) nd (5.78) below) and the monotone convergence theorem,

(Z S V() = Y(tia)P Ties re ) (tim1) > g)

t,em™ k=0

< % S SRV () - Y ()Pl o (1)

t;em™ k=0

(5.75)

Let @ = 0'c and let C > 1 be an upper bound on |b|, || and |a|.
Assumption 2, the definition (2.4) of X and the elementary inequality |z +
y|? < 29(|z|? + |y|?), there exists K7 < oo such that for each t; € 7",

(5.76)

E [|Y(tl-) Y (ti)P ] ftH]

sup X (u) = X(ti-)|” | 7,
uG_[ti_l,ti}

< KrE

q

< 29K7E sup
_ue[ti,l,ti]

+ sup /u o(Z(v))dBy q ‘}—till

ue[tl‘_l ,ti} ti—1
t; q
/ o(Z(v)) dB,

ti—1

/Zu1 b(Z(v)) dv

q
< KGR |CUt; — ti )T + (q 1)
-

‘fti—ll
< QqKTC_'q-A(ﬂ'n)qil(ti_l — ti)

a t q/2
+2qKT( q1) KE (/ la(Z(v))] dv) ‘ftH
- ti—1

¢\ ri
1) KCY2(t; —t;1)72.

< QqKTC_'qA(ﬂ'n)qil(ti_l — ti) + 29K (

Here, the third inequality holds due to the uniform bound on b(-), the
Markov property of Z and Doob’s maximal martingale inequality, while the
fourth inequality follows, with K < 00 a universal constant, by an applica-
tion of the martingale moment inequality, which is justified since the uniform
boundedness on a ensures that the stochastic integral is a martingale.

Define C' = 291K 7[C?V (q?C%?K /(g — 1)?)]. We now consider two cases.
If ¢ > 2, it follows from (5.76) that, for all sufficiently large n such that
A(m)™ < 1,

E[[Y(t:) = Y(ti)PP | Fri ] < CAE™Y? H(tior — ta).

Multiplying both sides of this inequality by H[fk:Tk 1)( i—1), which is F, |-
measurable since 7;; and £, are stopping times, then taking expectations and
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subsequently summing over £k =0,1,..., and ¢; € ©", it follows that
o
(577 > D E [\Y(m - Y(tH)\pn[gi,m)@i_l)} < CA(x™) /21T,
t;em™ k=0

Since A(7")4/2=1 — 0 as n — oo, combining this with (5.75), we then obtain

)
a0 (Zkzo'y i) Pligg o (ima) > 2) -

On the other hand, if ¢ = 2, again multiplying both sides of (5.76) by
H[fi:T§+1)(ti_1)’ then taking expectations, subsequently summing over k =
0,1,..., and t; € ©”, and then using the monotone convergence theorem,
we obtain with C' as above,

> SB[Vt - V(i) Pl ()]
t;em™ k=0
Z (ti — tifl) Z H[527T£+1)(ti1)] >
k=0

(5.78) ) B
<é(raEyt +E
t,emm

< CT(A(™) T +1).

Sending A(7™) — 0 on both sides of the first inequality in (5.78), and in-
voking the bounded convergence theorem, the right-continuity of H[ﬁi»ﬁiH) (+)

and the definition of the Riemann integral, we obtain

}}Fl_,OZE [|Y V(i) [Plige e, ) (Fica } <CE /0 Z lez,re, ) (8
k_
Together with (5.75), this shows that (5.74) holds with C' = 2C. O

Proof of Theorem 3.5. Due to Lemma 5.1, using a localization argument and
the local boundedness of b and o stated in Assumption 3, we can assume
without loss of generality that a,b and o are bounded. Then, combining
(5.70) with Lemmas 5.2 and 5.3, we have

1 P
Wlill_}gP(Z Y (¢ ti—1)] >5>
t,em™
/O Zﬂ[gk,ml dt] if ¢ = 2,

if ¢ > 2.

—E
)

for every € > 0, and so the result follows if ¢ > 2. If ¢ = 2, sending ¢ | 0 and
using the bounded convergence theorem and the definition of the stopping
times £ and 7, we see that the term on the right-hand side converges to

%E [/OT]IV(Z(t))dt} _
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where the last equality follows from the fact that V C G and (2.5). This
proves (5.66), and Theorem 3.5 then follows from the discussion at the be-
ginning of Section 5. 0
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APPENDIX A. ELEMENTARY PROPERTIES OF THE ESP

Lemma A.1. If (¢,n) is a solution to the ESP (G, d(-)) for i € Cq [0, 00),
then for each 0 < s < oo, (¢°,1°) is a solution to the ESP for ¢(s) + ¢°,

where ¢*(+) = (s + ),

V) =(s+)—(s) and  7°(-) =n(s+-) —n(s).
Moreover, if the ESM is well-defined and Lipschitz continuous on Cg [0, 00)
then for every T < oo, there exists Kp < 0o such that for every 0 < s <t <
T+ s, ~

In(t) —=n(s)| < Kr sup  [(s +u) —(s)].
u€[0,t—s]

Proof. Fix s € [0,00) and a path ¢ € D¢ [0, 00). The first statement follows
from Lemma 2.3 of [22]. It implies that 7° = T(y!) — !, where ! =
#(s) +¥*. On the other hand, consider the path 12 which is equal to the
constant ¢(s) on [0,00), i.e., 1?(u) = ¢(s) for all u € [0,00). Then clearly
(¢(s),0) is the unique solution to the ESP for 42, i.e., 0 = T'(1)?)(u) — 1?(u)
for all u € [0, 00). Using the Lipschitz continuity of the ESM, for ¢ € [0, T—s]
we obtain

7°(8) =0 < sup |T(e")(u) — ' (w) = T(&?)(u) + $*(u)]

u€[0,0]
< sup [P (w) = T(*)(w)| + sup_ [ (u) —9*(u)l
u€[0,d] u€(0,4]
< K sup [@°(u)| + sup [§°(u)],
u€[0,8] u€l0,d]

where K7 < oo is the Lipschitz constant of T' on [0, T]. The lemma follows
by letting K7 = Kr+1and d =1t — s. ([
APPENDIX B. AUXILIARY RESULTS

For completeness, we provide the proof of the fact that the sequences of
times defined in Section 4.1.3 are stopping times.

Lemma B.1. {5 },en, {ﬁ(ak) neN, k €N, are sequences of {F;}-stopping
times. Also, {ﬂf{’a}ne;\r, k € N, are sequences of {FF}-stopping times.
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Proof. Clearly, 85 = 0 is an {F;}-stopping time. Now, suppose [3_; is an
{F;}-stopping time and note that for each ¢ > 0, n € N and ¢ € [0, 00),

(B <ty = UBo1 <3N {Z(B;-1) € Hye ) N AL, (1)]

kEZ

where

rn(t) = sup (Z(s),v) > 28 b U inf  (Z(s),¥) < 2" le

SE[BE_q,t] SE[BE_4,t]

Then {B;_, < t} € F; because (;_; is an {F;}-stopping time. Since Z
is continuous we also know that {85_; < t} N {Z(85_,) € Hor.} lies in

Fi.

In addition, the continuity of (Z, V) and the fact that [2**1¢, 00) and

(—00, 2" 1e] are closed show that {35_; < t} N A, (t) € F;. When com-
bined, this implies that {35 < t} € F; or, equivalently, that g is an {F;}-
stopping time, and the first assertion follows by induction. The proof for

the other sequences is exactly analogous. ([l
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