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Abstract
We consider diffusions corresponding to the generator
d 9> 9
L1(a) = D ainle) 53 (0) + bila) g fa),

T € Rf’l_, for continuous 7Y;, bl . Rf’l_ — R with 7Yi nonnegative. We show uniqueness for the corresponding
martingale problem under certain non-degeneracy conditions on bi, 7Yi and present a counter-example when these
conditions are not satisfied. As a special case, we establish uniqueness in law for some classes of super-Markov chains

with state dependent branching rates and spatial motions.
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1. Introduction
Let

iy b Ri — R, be continuous functions and each ~; be strictly positive. (1.1)

We consider the operator £ on C?(R%) defined by

Lf(@) =) wim() ng; (x) + bi(a:)g—;;(x), z € RY. (1.2)

We also consider the diffusion X; associated to £; this is the process on ]Rd+ that solves the
stochastic differential equation

dX! = \/2X}v;(X,)dB! 4 b;(X) dt, Xi>0 i=1,...,d, (1.3)
t t t t

where By is a standard d-dimensional Brownian motion. The purpose of this paper is to prove
uniqueness of the martingale problem for the operator £. As is well known, this is equivalent
to proving weak uniqueness (i.e., uniqueness in law) to the solution of (1.3).
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Let Q@ = C(Ry,R%), let X;(w) = w(t) be the usual coordinate functions, let F be the
Borel o-field on €2, and let F; be the canonical right-continuous filtration on (2, F). If v is a

probability on Ri, we say P is a solution to the martingale problem for £ with initial law v
(or MP(v, L)) if

P(Xp€ ) =v(), and Nf = f(X,) — f(Xo) - / LF(X,)ds

is an Fy-local martingale under P for each f € CZ(R%,R).

(1.4)

We say that an Rﬁlr—valued process (Y, t > 0) with a.s. continuous paths is a solution to
the martingale problem for £ if its probability law is a solution in the above sense. Y (or its
law) is a strong Markov solution if, in addition, it is a strong Markov process with respect to
FY =Ngst0 (Y, r < s). Add 9 to R? as a discrete “cemetery” point.

Theorem 1.1. Let L be as in (1.2) and suppose (1.1) holds. Assume that for alli =1,...,d,

Here is our main result. Let ||z| = max;=1, 4

bi(x) >0,  x€dRL, (1.5)
[bi(z) | <CO+|z]), =eRi. (1.6)
(a) For any initial law v, there exists a unique solution to the martingale problem for L.

(b) If P* is the solution in (a) with initial law ¢, then (P*, X}) is a strong Markov process,
and for any bounded measurable function f on ]Rﬁlr, its resolvent

s =B ([ e ar),

is a continuous function of x.

The following corollary of Theorem 1.1 is relevant for applications to superprocesses. Let
TO = T()(X) = ll’lf{t > 0: Xt = 0}

Corollary 1.2. Assume (1.1) and (1.6), and let L be as in (1.2).
(a) If for some C > 0,
bi(z) > —Cz; on OR% — {0}, (1.7)

then for every initial law there is a solution PP to the martingale problem for L and
P(X (- ANTp) € -) is unique.
(b) If, in addition to (1.6) and (1.7),

d

> bi(x) =0 on RS, (1.8)

i=1
then there is a unique solution to the martingale problem for L.

Note that (1.7) implies that b;(z) > 0 if z; =0 and = # 0.
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The degeneracy of the diffusion coefficients on the boundary means that one cannot apply
the results of [SV79] directly to establish uniqueness for the martingale problem (1.4). Unique-
ness of the martingale problem is of course equivalent to uniqueness in law for solutions (in
Ri) to the stochastic differential equation (1.3), and would follow from pathwise uniqueness.
However, the presence of the square root in (1.3) means that the coefficients are not Lipschitz,
the standard condition for pathwise uniqueness. In the special case where v;(z) = 7;(z;) de-

pends only on x;, each \/x;v;(x;) is Holder continuous of order %, and each b; is Lipschitz
continuous, pathwise uniqueness can be proved by a well-known local time argument (see
[YWT1] or Sec. V.40 of [RW8T]). However, this method fails in general, and even in the case
when ~;, b; are smooth and bounded away from zero, pathwise uniqueness for (1.3) remains
an open question. (See [S02] for a related but special case where pathwise uniqueness can be

established.) Therefore we needed to develop new techniques to handle (1.4).

Our principal reason for studying this problem comes from the theory of superprocesses
with state dependent interactions. A superprocess on a state space E is a diffusion taking
values in the space Mp(E) of finite measures on E. To describe it more precisely consider
a conservative generator A of a Hunt process £ on E, a bounded continuous drift function
g : E — R, and a bounded continuous branching rate 2y : E — Ry. Write pu(yp) for [ odpu,
and let D(A) denote the domain of A. The Dawson-Watanabe superprocess with drift g,
branching rate 2v, and spatial motion A is the Mp(FE)-valued diffusion X whose law on
C(Ry, Mp(F)) is characterized by the law of X and the following martingale problem: for
each p € D(A)

Xi(0) = Xolp) + / X.((A+ g)p)ds + M), (MP)x,

where M;(p) is a continuous local martingale with square function (M (p)); = fg X, (2vp?)ds.
See [D93] and [P01] for this and further background on superprocesses.

These processes arise as the large population (IV), small mass (1/N) limit of a system
of branching &-processes. At y € E each particle branches with rate N+(y) and produces a
random number of offspring with mean 1+¢(y)/N and variance approaching 1 as N — oco. The
independent behaviour of the individual particles makes these models amenable to detailed
mathematical study and is the key fact underlying the usual exponential duality proof of
uniqueness in (M P)x,. From the perspective of potential biological applications it is clearly
desirable to have the individuals in the population interact through the drift g, spatial motion
A, or branching rate 2v. One could allow these quantities to depend on the current state
X; and hence introduce g : Mp(F) x E — R, v : Mp(E) x E — R, and state dependent
generators (A,),ecn, (p) defined on a common domain, D. It is not hard to see that, under
appropriate continuity conditions, the interactive analogues of the above branching particle
systems in which b, v and A are replaced by their state dependent analogues produce a tight
sequence of processes whose limit points will satisfy, for each ¢ € D,

Xi() = Xolp) + / X,((Ax, + 9(X.)))ds + Mi(), (IMP)y,

where M,(p) is a continuous local martingale with (M (p)); = f(f X (29(Xs)p?)ds. The ques-
tion then is: Are solutions to (/M P)x, unique in law?
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In the case when + is constant, uniqueness can be proved for a wide class of g and A —
see [D78], [P92], [P95], [PO1], [DK99] and [K98]. The change of measure technique in [D78]
allows one to assume g = 0 in quite general settings, and we will do so below. The case when
~ depends on X is much harder, although weak uniqueness has been proved in some special
cases by duality methods — see [M98] and [DEFMPX00].

In the Fleming-Viot setting [DM95] established uniqueness in the martingale problem for
some state-dependent sampling (i.e. branching) rates which are very close to constant. They
used the Stroock-Varadhan perturbation technique in an infinite dimensional setting (using
completely different methods than those in this work). However, the strength of their norms
meant that it was not possible to localize and so obtain a general uniqueness result. Athreya
and Tribe [ATO00] used a particle dual to calculate the moments for the solutions of a class of
parabolic stochastic PDEs, some of which could be interpreted as examples of (IMP) with a
purely local branching interaction, £ = R and Af = f” /2. These duality arguments can be
used to show uniqueness for certain degenerate stochastic differential equations as well, though
under rather strict conditions on ~; and b;.

If the state space E is the finite set {1,...,d} then (IMP) reduces to the d-dimensional
stochastic differential equation in the following example.

Example 1 (Super-Markov Chains). When E = {1,...,d} is finite uniqueness in law for a
class of the interactive branching mechanisms described above follows from our main result.
By [D78] we may assume that the drift ¢ = 0. In this setting Mp(E) = Ri and one easily
sees that (I M P)x, reduces to (1.4) where

x) = Z:L'jqji(x), x=(x1,...,24) € ]Rﬁlr, (1.9)

and so
Z[ viyi(a i e )]. (1.10)

Here g;;(z) is the jump rate from site j to site ¢ in when the population is x, and 7;(z) is the
corresponding branching rate at site .

Corollary 1.3. Let g;; : ]Ri — R, fori,j =1,...,d, be bounded, continuous and satisfy

Y qij(z)=0, i=1,...,d  zeRY, (1.11)
¢ij(x) >0 for all i # j, zeRY, (1.12)
gij(x) >0 for all i # j, if x; =0 and x # 0, j=1,...,d. (1.13)

If L is given by (1.10), then there exists a unique solution for the martingale problem for L.

Proof. We apply Corollary 1.2 with b;(z) = Z;l:l xjqji(x). Clearly (1.1) and (1.6) hold, and
(1.8) is immediate from (1.11). To verify (1.7), note that if C' > sup;, ||¢ii|| and z; > 0, then

bi(x) > xiqii(x) > —Cux;.
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On the other hand if z; = 0, then gj;(z) > 0 for all j # i by (1.12) and so b;(x) > 0 unless
x = 0. This verifies (1.7) in either case. Corollary 1.2 (b) now gives the desired result. O

Remark 1.4. By using a stopping argument as in the proof of Corollary 1.2(a), (see Section
7), one can weaken the non-degeneracy condition on «; in (1.1) to v;(x) > 0 for non-zero
S Ri.

Conditions (1.11) and (1.12) simply assert that (g;;(-)) is a state dependent generator
of a chain. Unfortunately, however, (1.13) rules out such simple chains as nearest neighbour
random walks on {1,...,d}. One might hope that the condition (1.5) could be replaced by

bi(x) >0, for all i, x € ORY, (1.14)

but this is not possible in general — we give a one-dimensional counter-example in Section 8.
See, however, [BP01], which considers the case b;(z) > 0 on {z; = 0} with 7; and b; Holder
continuous.

Example 2 (Generalized Mutually Catalytic Branching). Assume qu : Ri —Rforl1<1,7<
d are bounded and continuous, and for each k < K, (¢};(x)) is the generator of a Markov chain

on {1,...,d} (ie., (1.11) and (1.12) hold for each ¢*) and (1.13) holds for each of these K
generators. Let vy ; : Rff — (0, 00) be continuous for i =1,...,d and k =1,..., K. Consider
the system of stochastic differential equations in Ri for1<i<d, 1<k<K,

d
AXP' =" XMk (XF)dt + \/27k,i(X§’Z, L XXy (1.15)
j=1
Here X} = (Xf’l, e ,Xf’d), and B!, ..., BX4 are Kd independent one-dimensional Brown-

ian motions. This represents K populations undergoing state dependent migration on d sites
where the branching rate of the kth population at site 7 is a function (v ;) of the mass of the
K populations at the same site i. The intuition is that the presence of the different types at
a site effects the branching of the other types at the site.

We claim that Corollary 1.2 (and its proof) gives uniqueness in law for the solutions of
(1.15). By a result of Krylov it suffices to prove uniqueness of strong Markov solutions starting
from an arbitrary constant initial condition (see Theorem 12.2.4 of [SV79] and its proof which
applies equally well to diffusions in Ri). Note first that for some C' > 0,

d
bk,i@l: )= Zxqufz(xk) > —Czhtif 2% #£ 0.
i=1

This follows exactly as in Corollary 1.3. Now let T% = inf{t : X} = 0} and T = ming<x T*.
As in the proof of Corollary 1.2 X (- A T') is unique in law. Since the total mass of each
population is a non-negative local martingale it will stick at zero when it hits zero. Hence
after time T one population is identically zero and the other K — 1 will satisfy a martingale
problem of the same type. The obvious induction now gives uniqueness in law of X (7" + -).
Piecing the solution together we obtain uniqueness in law of X, as required.
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The standard mutually catalytic branching model (see [DP98]) has K = 2, the branching
rate of each type is given by the amount of the other type at the site, and so

’7171(.131’i,1132’i) — :122’i, 72,1.(.,131,1'7332,1') -

1,i
For this model and constant (g;;) uniqueness in law can be proved by duality, but the ar-
gument does not extend to more general branching rates. The nondegeneracy condition we
have imposed on the v; ; unfortunately excludes this model from those covered by our result.
However, for more than two types (see Fleischmann and Xiong [FX00]) the result above seems
to be the first uniqueness result which allows branching rate of one type to depend on the
other types at the site.

Example 3 (Stepping Stone Models). Assume g¢;; : [0,1]¢ — R for 1 < i,j < d are bounded

continuous and for each x, (¢;;(x)) is the generator of a Markov chain on {1,...,d} such that
d
Z ¢ij(x) =0 for all x, (1.16)
i=1
and
g¢ij(x) > 0 for all 7 # j whenever z; =0 or 1. (1.17)
Fori=1,...,d, let 7; be a strictly positive continuous function on [0, 1]¢. Then Corollary 1.2

implies that for any fixed Xg € [0, 1]¢, there is a solution {X;,t > 0} € [0, 1]? of

d
dXi = 3 X qu(X0)dt + /% (X)X} - X})dB] (1.18)
j=1
that is unique in law. Here again B?, i = 1,...,d are independent one-dimensional Brownian

motions. X} represents the proportion of the population with a given genotype at site i, qi; (+)
is the state-dependent migration rate from state i to state j and ;(+) is the state-dependent
sampling rate at site ¢. Existence of solutions is standard.

Uniqueness is a local result in that it suffices to show each starting point has a neigh-
bourhood on which the coefficients equal other coefficients for which uniqueness holds. This
follows as in the well-known Stroock-Varadhan localization result on R (see Theorem 6.6.1
of [SV79] or Theorem VI.3.4 in [B97]). For starting points in the interior of [0,1]¢ we may
change the diffusion coefficient outside a small open ball so that it is uniformly elliptic and
then apply standard results from [SV79]. For initial points 2 in 9]0, 1]¢ satisfying max z; < 1,
local uniqueness is clear from Corollary 1.3. If x is in the boundary with some coordinates
equal to 1, we want to make the transformation taking X} to 1 — X} for those i where x; = 1.
We do this by setting ¥;(y) =1 —y if z; = 1 and ;(y) = y otherwise. We then perform the
transformation (y1,...,y4) — (¥1(y1), ..., %a(ya)). After this transformation we have reduced
the problem to the situation where the starting point satisfies maxz; < 1.

The interested reader may now combine the previous two examples to obtain uniqueness
in law for a multi-type stepping stone model in which each type migrates according to its own
state dependent ()-matrix and the sampling rate at each site may depend on the proportion
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of each of the types at the particular site. This last example was motivated by recent work of
Greven, Klenke, and Wakolbinger [GKW99].

In Section 2 we give an overview of the proof of Theorem 1.1. Section 3 contains the
necessary resolvent bounds, while Section 4 establishes key properties of the zeros of Bessel
functions which are needed in Section 3. Section 5 and Section 6 deal with norm-finiteness and
continuity of the resolvent respectively. Theorem 1.1 and Corollary 1.2 are proved in Section
7, and in Section 8 we give the one-dimensional counterexample which shows that we cannot
weaken the condition b; > 0 on 8]1%1. Constants which appear in the statements of Lemmas
(and propositions), say Lemma 5.2 are denoted by c5.2. Elsewhere in the paper, ¢, ¢; denote
constants whose value may change from line to line.

Acknowledgment. We thank D. Dawson for a number of helpful conversations on the unique-
ness problem for interactive branching. We also thank the referee for a very careful reading of
the paper.

2. Overview of proof

In this section we give an outline of the proof of Theorem 1.1, and state the main results
that we will need. Since existence of a solution to the martingale problem for L is relatively
straightforward (see Section 7), we concentrate here on uniqueness.

If X is a process in ]Ri and B C R?, write

Tp=inf{t>0: X, € B}, 7p=inf{t >0: X, € B},

for the first hitting times of B and B¢. We will sometimes use the notation 75(X), Tp(X)
when the process X is not clear from the context. Fix M > 0, and define the upper boundary
of [0, M4 by

U= UM = {(xl,...,xd) € [O,M]d . T V---\/xd :M}.

Let 7ar = Tjo,arye. If v is a probability on [0, M)?, we say that a continuous R U {0}-valued
process X is a solution to the stopped martingale problem for (£, [0, M)9) with initial law v,
(or SMP(v, L,[0, M)?)) if Xg has law v, X, = 9 for t > 7), and for each f € CZ([0, M]?) the

process N tJ;\ (rar—)

(Here N7/ is as in (1.4) and Ntf/\(TM_) equals NfM_ ift >m7p.) If

is a continuous local martingale, and hence a martingale as it is bounded.

0% = {w e C(Ry,RYU{D}) : whenever 0 < s < t, w(s) = d implies w(t) = 0}
and F? is its Borel o-field, then we also say that the law of X on (22, F9) is a solution of the
stopped martingale problem for (£, [0, M)?) with initial law v.

A localisation argument, similar to that in [SV79] or [B97], (see Section 7) reduces the
proof of Theorem 1.1 to the following case.

Proposition 2.1. For any ¢ > 0 there is a K = K (e,d) so that if b;(-), vi(-), 1 <i < d are
as in (1.1), and there exist constants b9 > 0, 49 > 0 such that

167 = bi( Moo < CE)TY 7 = %C)llee < 2K)7Y, i=1,....d, (2.1)
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e < bi(x),yi(x), 09,4 < e, zeRL, i=1,...,d (2.2)
bi(z) _ bily) | € i

2 > + —, zr,yeRY, i=1,...,d, 2.3

vi(w) ~ wly) 2 - (23)

then uniqueness of solutions holds for M P(L,v) for any law v on R%.

Most of the remainder of this paper will be concerned with proving Proposition 2.1. Let

d
LOf(x) = Z O )+ Zbo af (2.4)

Note that £° is the generator of a process whose components are independent scaled copies
of the square of a Bessel process of dimension 2b? /79 (see Sec. V.48 of [RW87]). We write Y
for this process killed (i.e. set equal to the cemetery state 0) at time Ty. Analytically this
means we 1mpose zero boundary conditions on U. Set b = (89,...8Y) and 4° = (7?,...499).

Let Ry = RA 7" denote the resolvent of this killed process Y. The measure on [0, M]¢ which

makes £Y with these boundary conditions formally self-adjoint is pu(dx) = Hf 1 x(b /7= ;.
We write L? for L2([0, M]%, u) and || - ||z will denote the associated norm, hence suppressing
dependence on (b°,~") in our notation.

Those familiar with the localization technique (and those not) may find (2.3) rather
puzzling. It arises because, unlike the Brownian case, the natural reference measures p depend
on the constants (b°, 7). It is used in the proof of Proposition 2.3 below and more specifically
in the proof of Lemma 5.3.

We now give the key perturbation estimate needed to carry out the Stroock-Varadhan
argument. This result introduces the constant K (g, d) needed in Proposition 2.1. Set

Cs = C5([0. M]%) = {f € C*([0, M]) : flv = 0}.
Proposition 2.2. There exists a dense subspace Dy C L?([0, M]%, 1) with
Rx(Dy) C Dy C C2 (2.5)

satisfying the properties below. For each ¢ > 0 there exists K = K (e,d), independent of M,
o _.0
such that if e <b?,7? <e~! then (recall Ry = RI;\ ),

d
0°
Z(H%a QRAsz + Ha -Ryf]|, ) < K||f||2 for all A > 0 and f € Dy. (2.6)

=

In particular the operators x;(9%/0z2)Ry and (9/0z;) Ry extend uniquely to bounded opera-
tors on L? satisfying (2.6) for all f € L.

Using Theorem 12.2.4 of [SV79], we will see that uniqueness in general will follow if we
can prove uniqueness for Borel strong Markov solutions of the stopped martingale problem for
any M. So let (X¢,P}), k = 1,2, be two Borel strong Markov processes, such that for each x
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the probability P¢ is a solution to the stopped martingale problem for (£, [0, M)?) started at
z. Let

oo Ty
SEf(x) = E;g/ e MF(X,)dt = E;g/ e MF(X)dt, k=1,2,
0 0

where the process X; is killed (set equal to d) upon exiting [0, M)? and f(d) = 0. Some
elementary stochastic calculus (see Section 7) shows that for f in Dy,

SNf(x) = Raf(x) + SY(L = LO)Raf(z),  k=1,2. (2.7)

We want to use a perturbation argument in L2, but sup{|S¥f(z)| : ||f]l2 < 1} will not be
finite in general; in fact |Ry f(z)| can be infinite even if || f||2 < co. So we integrate (2.7) with
respect to the measure v(dx) = p(z)u(dz) for p € L2, take the difference for k = 1,2, and
obtain

/ (S} — 82) f(x)w(dr) = / (S} — S3)(L — LO)Raf (x)v(de).

Set 6 = sup{| [(S) — S3)f(z)v(dz)|: || f|l2 < 1}. Using Proposition 2.2 and (2.1), we obtain

N D

|[(s = Shs@wian)| < 511
Taking the supremum over f € C2([0, M]¢) such that ||f|2 < 1, we obtain

h< . (2.8)

| D

To eliminate the possibility that § = oo we apply the following proposition.

Proposition 2.3. Let X be a solution of SMP(v, L, [0, M)?), where v(dx) = p(x)du(x) for
some p € L2([0, M]%, 11). Set S\f =E [;° e f(X,) dt, where f(d) = 0. If there are constants
e > 0,09, Y satisfying (2.1), (2.2), and (2.3), then for all A > 0

(2

2
sup{If1 - 17 < 1 < 222 < o

This implies that § < oo, and so we conclude from (2.8) that § = 0. It follows that
S%\ f(z) = S3f(x) for almost every x. To extend this to equality everywhere, we prove that
S f are continuous.

Proposition 2.4. Assume v; and b; are as in Theorem 1.1. Let M € (0,00] and assume
{P* : x € [0, M)4 U {d}} is a collection of probabilities on (29, F?) such that:

(i) For each z € [0, M)9, P* is a solution of the stopped martingale problem for (L, [0, M)%)
with initial law 6,, and w(-) = 0 P?-a.s.,

(ii) (P*, X) is a Borel strong Markov process.

Then for any bounded measurable function f on [0, M)9, and any X > 0,

Sxf(z) = E* ( /0 s f(Xt)dt>
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is a continuous function in x € [0, M)®.

Note that if M = oo, solutions to the stopped martingale problem for (£, [0, M)9) are
just solutions to the martingale problem for £. This Proposition allows us to conclude that
Skf(z) = S3f(x) for every z. It is then standard to deduce from this the uniqueness of the
solution to the martingale problem.

We say a few words about the proofs of Propositions 2.2, 2.3, and 2.4. To get the estimates
we need for Proposition 2.2, we first consider the case of one dimension in Section 3. We look
at an eigenfunction decomposition of L2, and an explicit calculation shows that if Vy is the
resolvent operator for a one-dimensional scaled squared Bessel process, then d(Vy)/dz is a
bounded operator on L?. This entails some detailed estimates of Bessel functions and their
zeros, which is done in Section 4. To handle the d-dimensional estimates, we use the fact that
the transition density for the process corresponding to £° factors into a product of transition
densities for one dimensional processes and some eigenvalue analysis. After we have a bound
on the first derivatives, a bound on z;0?(R))/0x? is easily achieved using some more eigenvalue
calculations and the diagonal form of the diffusion matrix.

The proof of Proposition 2.3, given in Section 5, is similar to the proof in [SV79] of the
analogous estimate. We “freeze” the coefficients of (1.3) at a finite number of fixed times, and
prove finiteness of the corresponding resolvent. Combining this with a uniform estimate on the
resolvent obtained from Proposition 2.2, and using an analogue of (2.7), we then obtain bounds
independent of the approximation, which allows us to take a limit. Some care must be taken
here because, unlike the uniformly elliptic setting, the natural reference measures depend on
the “frozen” coefficients. This complication leads to the odd-looking condition (2.3).

Proposition 2.4 is proved in Section 6. Its analogue for uniformly elliptic diffusions is a
well-known result of Krylov and Safonov (see e.g., Section V.7, p. 116 of [B97]). The proof
uses the classical Girsanov theorem, scaling and the result of Krylov and Safonov to prove
that X; enters certain sets with positive probability.

In Section 7 we carry out the details of the argument described above.

Remark 2.5. One should note that the above approach also simplifies the analytic part of
the classical results of Stroock and Varadhan on uniformly elliptic diffusions [SV79]. Instead
of using LP estimates in the analogue of Proposition 2.2, which require some difficult estimates
for singular operators, one can get by with much simpler L? estimates which follow easily from
Parseval’s equality — see for example Appendix A.0 and A.1 in [SV79]. The price for this
is that one must use Krylov selection to reduce uniqueness to the Markovian setting and the
Krylov-Safonov results to obtain continuity of the resolvent operators. Both of these, however,
have nice probabilistic proofs.

3. Resolvent Bounds
Fix M > 0, let b,y € (0,00), and let
Af(x) = vz f"(x) + bf' (), x€[0,M], fe€D(A),

be the infinitesimal generator of a scaled squared Bessel diffusion killed when it hits M. In
this section v and b are constants and do not depend on z. Let

oo —1)™(x a+2m
Ja(z) = mZ—:O (mllI)‘(a(-l-/TQn)-i— 1)’ z29, (3.1)
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be the Bessel function of the first kind with parameter a > —1, and let
wy, = wi(b’) be the kth positive zero of Jy_1(-) for ¥’ > 0, k € N. (3.2)

Proposition 3.1. Let b’ = b/v, and set

Jp 1 (Wi /=
- ”,1( Vi) z € [0, M]. (3.3)
\/M[L’(b _1)/2 | Jb’ (’Ujk.> |

Then ¢y (x) is in C?([0, M]) with @i (M) = 0, ¢}, satisfies

or(r)

Apr, = =y on [0, M], (3.4)
where )
YWy,
Ap = —2 )

and {¢y, : k € N} is a complete orthonormal basis in L2([0, M], 2" ~dz).

Proof. Using (3.1) one can see that ¢ € C%([0, M]). The definition of wy guarantees that
wr(M) = 0. A direct calculation shows that ¢y satisfies (3.4); perhaps the easiest way to see
this is to write ¢ as a power series using (3.1) and perform the differentiations term by term.
The fact that the ¢, are orthonormal follows from the fact that {v/2zJy _1(wi2)/|Jy (wi)]| :
k € N} is a complete orthonormal system in L?([0, 1]),dz) ([H71], p. 264) and the change of
variables z = \/x/M. To check completeness, suppose f € L2([0, M ],xb/_lda:) is orthogonal

to all of the ¢y. By the change of variables z = /2 /M the function F(z) = f(22M)z"~1 can
be seen to belong to L?([0,1],2zdz) and to be orthogonal to Jy_1(wxz) in this space for all
k. Since {Jy _1(wgz)} is a complete basis in L?([0,1], 2dz), then F(z) = 0 a.e., which implies
that f(x) =0 a.e. O

We will need three technical lemmas on Bessel functions and their zeros. We defer the
proofs of Lemmas 3.2, 3.3, and 3.4 to the next section.

Lemma 3.2. For each € > 0 there exists c32 depending only on & such that for any b €
[e2,e72] and all 1 < j <k,

1
‘/ Jb/ (wkZ)Jb/ (ij)Z_l dZ S 03-2(wj/wk)b//\(1/4)-
0

Lemma 3.3. For each € > 0 there exists ¢33 > 0 depending only on ¢ such that for b’ €
[e2,e72] and all k € N,
Wi 2 03_3l€.

Lemma 3.4. For each € > 0 there exists ¢34 > 0 depending only on ¢ such that for b’ €
[€2,e72] and all k € N,

—1/2
| Ty (wie)| > cs.qwy, /2.

We will also need the following classical analysis result-see Theorem 318 in [HLP34]. As
it is neat, short and fun, we give an alternate proof.

11
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Proposition 3.5. Suppose v >0 and K(j,k) = 1(j<i)j"" 2k 2 Y . Then

oo

Y lajllal KGk) < (vA1/2)71 ) oyl

1<j<k<o0 j=1

Proof. As the left side is clearly decreasing in v it suffices to consider v < 1/2. Fix N for the
moment and consider the bounded linear operator Ky on ¢? defined by

note

N
m=1
J/\k 11 11
— Z m'T 2572  YmYT2kT2 T Vl(j\/ng)
m=1

1. D SR
§g(]/\k)2j 2 7 VET2 T Py

< 2—1V<K7v<j, k) + K0, k).

In the next to last inequality we have used the fact that v < 1/2. If x = (z1,29,...) € £2, let
= (1], |z2],...). We have

1

(KN En)x);| < (KNEN)Y); < 50 (Ky + EN)Y);,

SO
IENEN)xlle < o (BN + BN DY = K] Il

Hence 1
IKn|? = |[KnEn| < ;HKNH»

which implies |[Ky|| < L. Let b; = |a;|. By Cauchy-Schwarz,
Ligwa Ly 1o
D JeillanlEGi ) = 320y (ixt)y < Pl bl <TI0 = ol
1<j<k<N
Now let N — oo. U

Now let V) denote the resolvent associated with the generator A. Set b’ = b/~. The

L2([0, M], 2" ~'dx) norm will be denoted by || - ||2. Let D = D(b,~) be the dense subspace in
L? consisting of finite linear combinations of the eigenfunctions (. Note that the constant
c3.¢ in the next result does not depend on M.

12



Proposition 3.6. For each ¢ > 0 there exists c3 g > 0 depending only on € such that if
b,y € [e,e7 1], then

av;
iupHﬁfHQ < csg|fll2 forall f eD.
>0

Proof. Let b,y € [e,e71], so that b' = b/~ € [¢2,e72]. From p. 45 of [W44] we have

d / /
%(z_(b _1)be—1(2)> = ).
From this and (3.3) we have

pr(z) = m«fb' (wp/x/M)z="/2,

This implies that if f = 22;1 arpr then, since Vipr = (A + M) " Lor,

1

dV,\f —ay,  (wrJy (We/TM™2)
Z)\—i-/\ Pl ZAH,@( b_/>’

2M | Jb/(wk) | x 2

where the A\, are as in (3.4). Hence

M
/ |dV,\f( T) o 2 214y
0

1 1
:/ E aka; wiw; Jy (Wi /T M ™ 2) Jy (wj/s M 2)51: L
1<j k<N (A+25) (A + Ar) AM?2 | Jy (wi) Sy (wy) |
E Ak QW W; 2dz
- J/ J/
ADMZONE A )N+ M) | o (we) Ty (w5) |/ b (wiz) Ty (wjz)—

1<j5,k<N

In the last line we substituted z = \/x/M.
Set v = 0" A (1/4) and use Lemmas 3.2, 3.3 and 3.4 to conclude that for some constants
which depend only on ¢,

d 2 |aj|ag|w? w? w;\Y
Izl <en 3 MQ(/\-I-AJ)Z/\-i-)\k)(w_;)

1<j<k<N

3 3
— Z |aj||ak|wj2wk2: (&)V
- (MA+ Zw?)(MA + Jw}) \wy

1<j<k<N
wy_%
< 3 lasllenl (=)
J<k<N wy,
<o Yo Ll < Yl (3.6)
jihen K72 J<N

13



Here we used Proposition 3.5 in the final line. Since ||f||3 = >_ |a;|? this completes the proof.
U

We now show that the one-dimensional result, Proposition 3.6, is all we need to handle
the higher-dimensional situation. Let b2, € (0,00) for i = 1,...,d, fix M > 0, let p;(dz;) =

x?;_lda;i, where b, = b? /7. Define pu(dx) = H?Zl x?;_lda;i. Let ||-||2 denote the L2([0, M]%, 1)
norm.

Set
o f

2
(933j

0 0f

d .
]8—:1:](33)7 [IJE[O,M] 71§J§d7

Ajf () =555 (@) +b

for f € C?([0, M]9) such that f(x) = 0 whenever x € Uy;. We will also need
Ajfz) =z f"(x) + b3 f'(x), = €0, M]

for f € C%([0, M]) with f(M) = 0. Thus A; is the operator A; considered as an operator

in one dimension. Let Vi be the resolvent for A;. For each j let {gofC : k € N} be the
complete orthonormal system of eigenfunctions for A; on L?([0, M], p;(dx)) and let XJ, be the

corresponding eigenvalues. If k = (k1,...,kq), then px(x1,...,24) = H?:l gpij (x;) defines a
complete orthonormal system in L2([0, M]%, 1). Let A(k) = Z;l:l )\{Cj. Recall that
d d
0*f of
£07() = 3 A ) = S0 )+ 0o (), (3.7
= = JZj l’j

and therefore
Lok = —A(k)px. (3.8)

Proof of Proposition 2.2. Recall that R} is the resolvent of the operator £° with zero boundary
conditions on Uj,;. Set

Dy = {Z axpx : ax # 0 for only finitely many k}. (3.9)
Kk

Since Rypx = (A + A(k)) Lok, we have Ry(Dg) C Do C CE.
We begin by proving that

OR\f
===,
J

o < cz¢llfll2 forall f € Dy. (3.10)

We will do the case j = 1; the proof for other j is exactly the same. Suppose



Set

g(xb k27 ) kd) = Z akgpllcl (.’131)
ki=1

Set o(k) = Aj, +---+ Al . We have

At k) Tk (1).

N
1
V)\1+g-(k)g($l;k27"'7kd): § ax 2 1 ka( )Z
ky= )‘+)‘k2+"'+)‘ A, k=1

It follows that
Bf@ = 3 spgee@
= > on (@) of, (@) (Voo (905 K2, - ka))) (1),

and hence that

ORAf al d
>\ 2 DY d —_— 1 .
6.111 ( ) . z k:d_l (70]@2 (332) (pkd (l‘d) dl’l (V)\—I—a(k) (g( ) kQ: ) k‘d)))($1>
Ifm=(mq,...,mq),

||—RAfHLz<H>— / / 3 Z A2 (oa) ol )l (o)

ko,....,kgq=1 ma,...,

x dia;1<v,\1+a(k)(g(‘;k2v'~'7kd)))(x1)di (Vi) (9032, - ma))) (21)

X po(dza) -+ - pra(dzq) pa (d).

Since [ o}, (i)l (xi)pi(de;) = 1 if k; = m; and 0 otherwise,

0
||8—leAf||§= Z /| (Vigoao (9(s ka2, - ka))) (1) P pa (dn)

ka=1

d
= Z Hd—.’El(V)\—'_g(k)( ('77k27"'7kd)))|’%2(u1)

ka,...,kq=1
N
< c36 Z ||g(.;k‘.27"'7]{7(1)”%2(”1)’
ka,....kq=1

15



using Proposition 3.6. But

N
g5 ka, - Rl Ty = IIZakwklllm(m) > laf.

ki1=1 ki1=1

Therefore
P N N
||873Af”§ <ess Y, Y lal* =l fI5,
1 koyookg=1ki=1
and so (3.10) is proved.
If f=75" akpk € Dy, then
J

A;R\f = Zak)\+>\<k)90ka

and so ,
J

A%
A1 = Y ek () < k= I
k

Kk
Finally, note that for f € Dy,

92 1 b9 9
l‘ja—w?R,\f(fE):$AjR,\f() —E)ﬁ— Ry f(z);

J

the proposition therefore follows by the bounds (3.10) and (3.11).

4. Bessel functions and their zeros

(3.11)

In this section we prove Lemmas 3.2-3.4. Each is standard for a fixed o', but we need

estimates that are uniform over b’ € [e,e71]. We first prove

Lemma 4.1. Let J, denote the Bessel function of the first kind with parameter b’ > —

x mz
(a) Jy(z) < 1(“(142421) exp(m> for all z > 0.
(b) For any € > 0 there is a c4.1(¢) such that for all -1 < b’ < &2

2
Jy () =1/ — cos(x — b'w/2 — 7/4) + Ey () where |Ey (2)| < ca1z™>/? for all z > 1.

Proof. (a) follows from the series expansion of Jy (see (1) on p. 44 of [W44]).
(b) This is a very simple case of the asymptotic expansions on p. 206 of [W44].
() =z(x+1)...(x+n—1) and {z} be the least integer k > x. Define

i () = (—1yfm/2 (/2= P)m(1/2+ B

ml2m

16
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Choose the smallest positive integer p so that 2p > 72 — 1/2. Then (1) on p. 206 of [W44]
gives (for —1 < b’ <e72)

Ty (z) = \/g (Cos(x - %” - %)P(w, b) — sin(z — %” - %)Q(m, b’)) ,

where .
.
P(z,b) = Y agm(b)a™>™ + Ryp(V, 2),
m=0
p—1
Qz,0) = Y azmyr (1)~ ™Y 4 Ry (W, 2),
m=0
and

|R, (b, )] < |ag(b')|z7 for ¢ = 2p or 2p + 1.
This shows that (b) holds with

2 br  w , _ br  w ,
By (z) = E(Cos(x = 2 = D(P,) = 1) = sin(z — = = D)Q(x,b )).
The above bounds now give the required bound on Ey (x). O

Proof of Lemma 3.2. Let v =V A % and combine the bounds in Lemma 4.1 to see that for
g2 <Y <eg?

Y

']b’ (JJ) < Cowyl(mgl) + Clx_l/Ql(m>l)7

where ¢y and ¢ are constants depending only on €. This implies that for j < k,

! dz
[tz
0 z

1
e w5 d
g/ " Cg(wkwj)”zQ”_ldz—i—/ " eoer (wiz)” (wjz)’j?z
0

Nl

+c2 / (ijk)_l/Qz_zdz
1

Wi

< g (2v) " (wy/wi)” + coer(1/2 = v) T (w; fwy)” + & (w; /wp) '/

< |ca(2e? A1/2)7 1 4 degey + cf] (w;/wg)"” .

Proof of Lemma 3.3. First consider k£ = 1. Note that

PO w) = s w) 0 = S () D

m=

17



is a jointly continuous function of (b',w) € (0, 00) x [0, 00). Since

inf  f(b',0)= inf 2"YT@W)'=n>0,

e2<bh/ <g—2 e2<b'<e—2
by uniform continuity there exists é > 0 depending only on ¢ such that

f,w) =n/2. (4.1)

inf
(b, w)€le?,e=2]x0,5]

This implies
inf w1 (b/) > 0. (42)

e2<b/ <g—2

Let N(R,b') be the number of zeros of Jyy—; in [0, R]. We claim that

sup N(R,b') < oo for all R > 0. (4.3)

e2<b/ <g—2

If this is false there is a sequence {b/,} in [e?,e72] which converges to by such that the number
of zeros of f(b],,-) in [0, R] approaches co. Now the series defining f(b’, ) shows that we may
extend it to an analytic function in the complex plane for each b > 0. Moreover as n — oo,
f(b.,-) converges to f(bg,:) uniformly on compact subsets in the complex plane. Rouché’s
Theorem now shows that the number of zeros of f(b,-) inside a smooth simple closed curve
on which f(bg,-) does not vanish approaches the number of zeros of f(bg,-) inside the same
curve. This implies that f(bo,-) has infinitely many zeros in [0, R] which is impossible for a
non-constant analytic function.

We claim that there exist R,co > 0 depending only on e such that if w/ (b’) is the nth
largest zero of Jy—1 in (R, 00|, then

w! (b') > con  for all b € [¢%,67%] and all n € N. (4.4)

Let I, = [(b/ = 1)7/2+7/2+nm, (b)—1)r/24+m+nx|. It follows from Lemma 4.1(b) that there
is an R > 0 depending only on ¢ so that all the zeros of Jy_; are included in U2, I,, U [0, R].
Suppose Jy 1 has two zeros in I,, N (R, 00). Since the zeros of Jy_1 and Jy are interleaved
(see p. 479 of [W44]), this means J,» must have a zero in I,,. Now on I,

[Ty ()| = [\) — cos(z = b'm/2 = 7/4) + By ()]

3
awﬁ‘

(mx

—sin(z — (b — 1)7/2 — w/4) + Ey (z)|

v

Y2 a7 s ()72 /2> 0,

\_/

where the last line holds if we take R sufficiently large (depending only on ¢). This contradic-
tion proves that J,—; has at most one zero in I,, N (R, 00). (It is in fact easy to use Lemma
4.1(b) to see it has exactly one zero in this interval but we will not need this.) This implies
that

w (b)) > (b —1)7/2 4+ 7/2 + nm,

18



and so (4.4) is proved.
Now use (4.3) to obtain an integer N depending on ¢ which bounds the number of zeros
of Jy—1 in [0, R] for all b" € [¢?,e72]. Therefore (4.4) implies that

Wnyn (0) > w! (b)) > con > (n+ N) for all n € N. (4.5)

Co
N+1
For n < N note that (4.2) implies that for all ¥’ € [¢2,72],

J

N>§>—n
wp (b)) >0 N

This and (4.5) complete the proof. O

Proof of Lemma 3.4. Let b/ € [¢2,672] and assume w, (b') > R > 1, where R depending only
on ¢ will be chosen below. By Lemma 4.1(b) we have

2 V-1 7
0=Jy_1(w,) = p— cos(wy, — % — Z) + Ey_1(wy,)
and so, as w, > 1, Lemma 4.1(b) implies
(V' — 1)7T RS 1
- 7 < = 4.
os(un — T = Ty 12 /29 — g (16)

Use the equality cos(x — m/2) = sinx to see that for w, (V') > R > 1 and b’ € [¢2,e7?]

/ O -Dr =
J’ n —} n _) Ey n
| Ty (wp)| 7Twnsmw 5 4+b(w)
1
> 1— w2 - —3/2 > . 4.7
_\/mun\/ S N (4.7)

We have chosen R large enough so that the last inequality holds, and in the next to last
inequality we have used (4.6) and Lemma 4.1(b).

Assume next that o’ is as above and w,, (b') < R. Implicit in the normalization in (3.3)
(or see p. 258 of [H]) is the fact that

Y

1 Wn
2 Ty (wn)? :/0 2JE (wpz)dz = w;Q/O uJy _1(u)? du.

Therefore

%Jb’<wn)2

v

w1 (b")
R_Q/ uy 1 (u)? du
0
5
_ 1 Jor—1(u)\?
2 20 —1( Jb’'—1

19
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In the last line § = 0(¢) is as in (4.2). If is as in (4.1) then (4.1) shows that (Jy _1 (u)/u? ~1)% >
n?/4 for (b, u) € [€2,672] x [0,8]. So (4.8) now implies

5
| Ty ()] > 1%—17727 > c(e) > ee)Vow V2

(the last by (4.2)). This together with (4.7) gives the required lower bound. O

5. Finiteness of resolvents

In this Section we prove Proposition 2.3. Our strategy is to approximate X; by processes
X7 of the form (5.1) below, obtain the analogue of Proposition 2.3 for these processes, and
then pass to the limit; cf. [SV79], Theorem 7.1.4. One complication that arises here and that
is not present in the work of Stroock and Varadhan is the following. In order to ensure that
1Sy f| < oo for f € L? we must start the process with an initial distribution that is absolutely
continuous with respect to the measure p. This requires us to show that the distribution of
X' at each of the times [s], is also absolutely continuous with respect to pu; this is used in
Lemma 5.3.

Let £ be given by (1.2), M > 0, and assume X is a solution of the stopped martingale
problem for (£, [0, M)9) with initial distribution v on [0, M)?. Recall that we write 7 = T3/
for the first time | X|| = M and if f : [0, M]? — R we set f(9) = 0 and let

S\f = E(/ e—”f(Xt)dt>
0
be the resolvent operator associated with X. Let

1Sl = sup{[Sxfl = ([ fll2 < 13

We may assume there is a d-dimensional (F;)-Brownian motion B; = (B}, ... B?) such
that

¢ ¢
Xf:Xé-i-/ \/27¢(XS)X§ng+/ bi(Xs)ds fort <rTandi=1,...,d.
0 0

Let v;(0) = 72, b;(9) = b?, and define X, = 9 for s < 0. Set [s], = ([ns] — 1)/n, and
approximate X by the unique solution of

t t
th’z = X(Z) —|—/ \/2%(X[S}n)X?’l dBé +/ bi(X[s]n)dS, t>0andi=1,...,d. (5.1)
0 0

Note that for j > 0 on [%, %] and conditional on Fj,,, X" = (X™1 ..., X™9) has generator
of the form (3.7) but with 7 and ) replaced by the random coefficients ~;(X(j_1)/n) and
bi(X(j—1)/n) (which will equal these constants for j = 0 or j large enough), respectively. With
this in mind, one sees that pathwise uniqueness in the above equation for X™ is immediate

from the classical result in [YWT71]. Note also that, unlike X, X[* # 0 for all ¢ > 0.
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Lemma 5.1. For any T > 0, sup,.pa, | X{* — X¢|| L0 asn — .

Proof. Since the b; and ; are bounded on [0, M]<, it is routine to show that the sequence
{(X"(-A(7=)), X(-A(7=)), B) : n € N} is tight in C(R4+,R%)? x C(Ry,R?). Let (X*°, X, B)
denote any weak limit point. Then standard arguments (e.g. see [Ke84] ) show that on an
appropriate filtered space (2, F, F;, P), B is an F;-Brownian motion and (X°°, X, B) satisfies
fore=1,...,d

. . EA(T=) - tA(T—)
Xt A (1—)) :X5+/ \/27i(X5)X§°’ZdB;+/ bi(X,)ds
0 0

tA(T—

| | ) )
Xi(tA (1=)) = X + V2i(X)XidB! + / bi(X,)ds.
0

0

Using the inequality VvV —/y < o —yfor 0 <y <z, we can bound the local time at zero
of X°* — X" (see [RY91]) by

tAT
(o) (X% = X7) = 1im6_1/0 29 (Xs) (VX3 = VXL yooii _xic (0.2 48

el0

L
tAT ) )
< plltime™ [0 = XD 1m0 @

tAT
< 2pullectitg [ Lo 45 =0

By Tanaka’s formula this means that E(|Xf/c\>&i_) — XZA(T_)D =0 and so X*° = X as. It

follows that sup, 7, [|X? — X0, and hence also converges to 0 in probability. O

Now let T, = inf{t : | X[*|| = M}, set

v — Xp o ift<T,
1o ift>T,,

and let ST f = E( IS f(Y)e ™ dt) be the resolvent associated with Y™ (with the fixed initial
law v), where as usual f(0) = 0. We will prove Proposition 2.3 by obtaining an upper bound
on ||SY|l, = sup{|SYf| : || fll2 < 1} which is uniform in n.

Let £° be as in (3.7) for 82,42 > 0 as in the statement of Proposition 2.3, let X7
be a solution to the stopped martingale problem for (£, [0, M)%), denote the corresponding

770" d - bi/v-1 - ~%.0°
resolvent operators by R} * , and recall pu(dz) = [[,_, ; dz;. The notation ||R} " ||2
will refer to the norm as an operator on L2([0, M]% u). A trivial eigenfunction expansion
shows that

IR 2 < A7 for all 72,50 € (0, 00)% and A > 0. (52)

0 ;0
Lemma 5.2. For any § > 0 there exists 5.9 = ¢5.9(0) such that if ¢] ** (z,y) is the transition
density of X4 with respect to p and t > 0, %Q >4, and 61 > bg/%o > ¢, then

0 bO
g 7 oo < c5.2.
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0 ;0
Proof. 1t suffices to consider d = 1 since g, *" factors into the product of its one-dimensional
marginals. It also suffices to show the required bound holds for the corresponding transition
0 ;0
density, p; b (z,y), of the process which is not killed upon exiting [0, M). Dropping the

superscript zeros, and using the above notation for these unkilled processes, we note first that
%X? s equal in law to X22%/7 and so is the square of a Bessel process of dimension 2b/v. If

a=b/y—1,and ho(z) =D _, W’ then (see p. 411 of [RY91])

0 ;0
i () = (0t) 7 exp(— (@ + y) [yt halwy/47E).
The fact that sup,>_115 .e[0,k] fta(2) < 0o for any 4, K > 0 now implies the result. O

Lemma 5.3. Assume v(dx) = p(z)u(dz) for some p € L?(p). Suppose (2.2) and (2.3) hold.
Then ||S%|, < oo for each A > 0, n > 1.

ko oky
Proof. Set % = V(X (k=1)/n)s bk = b(X(k—1)/n), and pp(dy) = H?Zl :L'gbi /%) 1d:r:i for k >
0. Let f be a non-negative function in L?(x) and let Ex(f(XVk’bk)) denote the (random)

expectation with respect to the solution of the stopped martingale problem for (£°, [0, M)9),
with initial law &, where (v°,8°%) = (v¥, %) are now random. By the definition of ST we have,

Sif =Y B (Exy, ( /01/n M7t ) )

k>0
< [ B p@ptaldnto) + > e (R £ Fioryn)
k=1
<A fllllell
+3 e Mg [ B r@a, " Ko@), (63
k=1

k—1 3k—1
,b

where (5.2) is used in the last line and ¢/, (0,:) = 0 by definition. Now use Lemma

5.2 and (2.2) to bound the (random) transition density in the above summation and conclude
that the expectation in the above summation is at most

B ([ R @)
ATy 12 @A) T 205 ) \ L2
< an<</R>\ 7 f(x) uk(dx)) </[0 M}dei i sz B dx) )
MY =1 i=1

d
. 25 o E )~ (b -1, \ 12
< ea 1||f||2E((/[OM}dei(z PED=CED10) ), (5.4)
’ i=1

In the first inequality we have used Hélder’s inequality and in the second we have used (5.2).
Now use (2.2) and (2.3) to see that




and hence (5.4) is at most

d d
cn)\—1||f||2(/ d(H x§€2/2)_1 n Hl’?672)d$) 1/2'

[0,M]4 ;4 i=1

We use this bound in (5.3) to conclude that

Svf < N Hlolle + A e(n, e, M) £l

The required result follows by applying the above to the positive and negative parts of an
arbitrary function in L?(u). O

Proof of Proposition 2.3. Using the notation f;; = 92 f/0z?, define

LY f(a Z% )i fia(x) + bi(y) filw), f € C*(RY),

so that in particular £ f = £Of, and let BWY f(z) = (LW — L£O)f(z). If f € C?([0, M]%),
flv =0, and f(0) = 0, then by It6’s lemma,

FOP) = F(Xo) + Nfur + / LX) (Y ds,

where Ntf is a martingale. The above is clear for ¢ < 7 but then follows for all £ > 0 because
our assumption on f implies that f (Yc}?n_) = 0 and so both sides vanish for ¢ > 7. Therefore
if A >0,

ST f = E(/OO e [f(XO) + /t L(X([S]”))f(YS")ds} dt)
0 0

= A\E(f(Xo)) + A‘lE(/OO e—*8£<X<[S1n>>f(1g”)ds). (5.5)

0

Recall the definition of Dy from (3.9), and write Ryg for Rzo’bog. Let g € Dy. Since
(A — LYY Ryg = g, we have

LYDRyvg=BYRyg+ L°Ryg=BYRyg+ AR\g — g. (5.6)

Now set f = Ryg in (5.5): using (5.6) we have
AS}(Rag) = E(Rag(Xa)) + B( | M LOCI Ryg(V7)s)
0

= B(Rag(X0) +E( [ BEEI Ryg(yemds) + A3 (Rag) - S,
0
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Therefore by (2.1) we have

57| = ’E(R,\g(XO)) +E</0 B(X([S}n)RAg(YSn)e—Ast)‘
d

<1 [ Raa@p@ntan) + 5B [ [V IRt + (R ()] as)

d
< lipllzA " gl + 2K) ISR (3 s Raghialla + 1 (Rag)ill )
1

where (5.2) is used in the last line. By (2.2) we may apply Proposition 2.2 and conclude that
for all g € Dy,
15Xl < A7 Mlpll2llgllz + (2EK)~HISH L K lgll2

= 2" ol2llgllz + 315X 9]l
Since S¥ is a bounded linear functional on L? by Lemma 5.3 and Dy is dense in L?, we see that

1521, < 2(1S%lw + [|pll2A~". Lemma 5.3 implies that || S¥||, < oo and so the above implies

2
szl < 2020k, (57)

By Lemma 5.1 and by taking a subsequence, if necessary, we may assume

sup || X7 — X]|0.
t<TAN

This implies liminf 7,, > 7 a.s. and therefore lim,,_, Y* = X, for all 0 < s < 7. Therefore,
Fatou’s Lemma and (5.7) show that for f € C([0, M]%),

2|

pll2
1f1l2-

Sn(1]) < limnf S3(1f1) < =1

The above inequality now follows easily for all f € L2. O

6. Continuity of resolvents

In this section we prove Proposition 2.4. The main step in the argument (in Theorem 6.4)
is the prove the continuity of harmonic functions for the process X. This is done by adapting
an argument of Krylov and Safonov. All the difficulty is at the boundary; if Xy € 8Ri then
we have to control the behaviour of X as it leaves the boundary. Using a comparison with
Bessel processes (Lemma 6.2) we show X leaves the boundary sufficiently rapidly so that the
other components of X do not change much. Once X has left 8Ri we can use the estimates of
Krylov and Safonov (extended in Proposition 6.1 to diffusions with bounded drift) to deduce
an oscillation bound, which is then used to imply the continuity of harmonic functions.

The Lebesgue measure of a Borel set G will be denoted by |G|. Recall that T and
T¢ are the first hitting times of G and G¢, respectively. A closed box is a set of the form
[a1,b1] X -+ X [ag, bg]. We use Int(Q) to denote the interior of Q.
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Proposition 6.1. Let Qo and @ be closed boxes in R? with Q, C Int(Qo). Let Y satisfy
the stochastic differential equation

dY; = 0;(V)dB} + B;(Yy)dt, i=1,....d, (6.1)

where B is a d-dimensional Brownian motion, a; and (; are functions on R?, the «; are
continuous and the (3; are Borel. Let {PY,y € R?} be the laws of Y with Yy = y. Suppose
there exists A > 0 such that

A <aily) <A 1Biy) <A, yeRL (6.2)

Let G C Qo with |G| > %|QO|. Then there exists a constant p; > 0, depending only on d, g,
Q1 and X\ such that
PY(Tq < 1q,) >p1 forally e Q.

Proof. Let QY denote the unique solution to the martingale problem corresponding to the
stochastic differential equation

dY} = a;(Y)dB!, i=1,...,d.

Since the «; are continuous and uniformly elliptic, both PY and QY are uniquely defined by
[SV79]. The Girsanov theorem tells us that the Radon-Nikodym density of QY with respect
to P¥ on ft/\TQO equals

t 1t
M= exp (S| #iami— 5 [ 1pas).

where the H® are adapted processes with |H!| < \2.
By the theorem of Krylov and Safonov (see, e.g., [B97], Theorem V.7.4) there exists pa > 0
(depending only on d, A\, Q;) such that

QY(Ta < 1qy) =2p2 forallye@.

Also, by the Dubins-Schwarz theorem ([B95], Theorem I1.5.11) there exists ¢ > 0 sufficiently
large so that

QY(rg, >t) < %pg for all y € Q1.
Therefore if F' = {T < 7¢g, < t}, we have QY(F') > %pg forall y € Q1. So, writing T' = tA1g,,

1ps < QY(F) = BY1p My < PY(F)Y2(EEMZ)Y? for all y € Q.
Since EY M7 < exp(2dA*t), the result now follows. O

Remarks. 1. Since this result only concerns the behaviour of the process Y up to its first
exit from @y, we only need assume that Y satisfies (6.1) for 0 <t < 7¢,(Y).

2. As the proof of Proposition 6.1 is invariant under translations in R¢, the constant p; =
p1(d, A, Qo, Q1) can be chosen so that it is not affected by a translation of the boxes @Q;.
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Lemma 6.2. Let H and J be predictable processes satisfying, for some constant 1 < k < 0o
m‘lgHsgm, /{_ISJSS/{, s> 0.

Let B be a Brownian motion and let V satisfy, for some vy > 0,

t t
Vi = vg -I-/ H,\/2V,dB, +/ Jsds.
0 0

Let tg > 0, and S be a random variable uniformly distributed on [%to,to], independent of B,
H and J. Then for each € > 0 there exists a constant § > 0, depending only on tg, Kk and &,
such that

P(Vg <§) <e. (6.3)

Proof. Let Ay = fg Hszds and o; be the inverse of A. For any process X we write )A(:t = X,,.
Note that we have the bounds

K2t < Ay < K%, kT3 < oy < K2t

The process V satisfies, for a Brownian motion B’,

t t
W=v0+/ \/ 2VsdB;+/ JoH;?ds.
0 0

. t — t
Ut:/ 2U5dB;+/ Kk 3ds:;
0 0

then as k3 < J,H;2 by a comparison theorem (see Theorem V.43.1 in [RW87]) we have
U <Viforallt > 0. Set Uy = Un,. Write p(s) = (2/t0)1(z,/2,t,)(8) for the density of S. Since
S is independent of U and A we have, for any A > 0

Let U be defined by

P(Vs <A) <P(Us < \) =P(Ua, <N
—-F / 1o (TUa,)p(s)ds
0
_E / Lo (T)p(o) 2t
0

toK,2 —
< K2R / Lo (00)(2/to) dt
t

0/2%2

The process U starts at 0 and has transition density q; * as in Lemma 5.2 with respect to u,
with d =1, v =1 and b = k3. Therefore

P(Vs < \) < (262 /to) / d:r:/ gt (0, 2)2" " lds. (6.4)
t0/2n2
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The integral (6.4) converges to 0 as A — 0 by Lemma 5.2, and so, taking § small enough we
have proved (6.3). O

Remark 6.3. Write Ty = inf{t : V; > M}, and T}, = inf{t : U; > M}. Then we have, using
the comparison between U and V above, that Ty < h?T},. Since a squared Bessel process
with a positive parameter has integrable hitting times, we obtain

ETy < h2ETy, < h?c(h™3, M) < oco.

Definition. Assume Dy is a domain in ]Ri and ((P*)zep,u{ay, X¢) is a Borel strong Markov

process taking values in DyU{d}. If D is open in Dy, a Borel function h : D — R is X-harmonic
in D if h(X(t A7p)) is a PP-martingale for every x € Dj.

Theorem 6.4. Suppose that M € (0,00, and ((P*, z € [0, M)?), X,) satisfies the hypotheses
of Proposition 2.4. Let D be open in [0, M )¢, and h be a bounded X -harmonic function in D.
Then h is continuous on D.

Proof. Tt is enough to prove that h is continuous at each z € D. If z € (0, M)?, then by
changing the diffusion coefficients outside of a small ball B, centered at z, we may assume
that h is X’-harmonic on B where X’ is a diffusion with bounded, continuous, and uniformly
elliptic diffusion coefficients. It is then well-known that h is continuous on B — see [B97],
Theorem V.7.5.

Now let z € 8]1%1 N D; by permuting the axes if necessary we can assume that z =
(#1,-++,2k,0,...,0) where 0 < k < dand z; > 0 for i < k. (If z = 0 then k£ = 0: this is covered
in the calculations below, but some of the estimates required for the general mixed case are
not needed.) Choose ¢ € (0, 1), and for n > 0, set

k

Rn(2777) = H[Zz — qn’ Z3 + qn] X [77777 + q2n]d—k.
i=1

Choose N = N(z) so that Ry(z,0) C D and 2¢"¥ < min(z1,...z;). The hypotheses on b; and
~; imply that there exists a constant €1 = €(z) > 0, (depending on z) such that

g1 <bi(z) <ejl, e <myix)<el', we€Ry(20), 1<i<d.

If D' € D let Osc (D', h) = sup{|h(x) — h(y)| : x,y € D'}. To prove that h is continuous
at z it is enough to prove that there exists p = p(z) < 1 such that

Osc (R;42(2,0),h) < pOsc(R,(2,0),h), n>N(z). (6.5)

Fix n > N(z). By looking at c1h + ¢ for suitable ¢; and ¢z, we may assume supp h =1
and infr h = 0. Define 9 : Ri — ]Ri by ¢¥(z) = (¢ "x1,. .., ¢ "Th, ¢ " Tha1, .-, @ 2Tg).
Note that if w,, = ¥(z) then ¥(Rpuim(2,0)) = Ry (wn,0). For any function g : RT — R
write G(y) = g(¥ 1 (y)). Let Yi = ¢(Xgony), PY(-) = P¥ W(Y € .), and P? = P?; then
((@y,y € ([0, M)%) U {9}),Y) is a Borel strong Markov process, and R is Y-harmonic in
Ro(’wn,O).
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We use 7., T' for the exit and hitting times of the process Y. To prove (6.5) we only need
consider Y up to the time o = TR (w,,0)- The process Y satisfies

Yy = q"*\[2Yi%,(Y)dB] + ¢"b(Ye)dt, i<k, 0<t<o (6.6)
dY;} = \/2Y;7:(Y)dB: + b;(Yo)dt, k+1<i<d, 0<t<ao (6.7)

Here B is a d-dimensional Brownian motion. For i < k, set o;(y) = ¢"/%(2y;9:(y))*/%. Then
since for x € R, (z,0),
52 <zi—q" <x <z +q" < 2z,

we have %q_”zi <wy; <2¢ "z for y € Ro(wy,,0). Thus
(2612:)Y% < ay(y) < (2e7%2)Y%,  y € Ro(wn,0), i<k (6.8)

The k-dimensional process on Ro(ws,,0) defined by (6.6) therefore has uniformly elliptic diffu-
sion coefficients, but with the ellipticity bounds depending on z. To prove (6.5) it is sufficient
to prove

Osc (Ra(wn, O),?L) < p Osc (Ro(wp, O),ﬁ), (6.9)

for a constant p = p(z) < 1. We do this by, first, finding n > 0 such that Y hits R;(w,, 2n)
with high probability, and then using Proposition 6.1 to handle the behaviour of Y in the
cubes Ri(wp,2n) C Ro(wy,n).

Standard estimates for semimartingales imply that there exists ¢ty > 0, depending only on
z and €1(z), such that

PY(max sup [Yi., —Yi|>3(a—¢*) <} vE Ra(wn,0). (6.10)
1<:i<k 0<s<to

This controls the oscillation of the process (Yli, ..., Y*). We now look at (Y*+1, ... YY),
Define processes 71 for K+ 1 <1 < d by setting 71 = YtZ for t < o, and
AV, = \/2Y}7,(Y, )dBi + by(Y,)dt, t> o.

So Y satisfies the hypotheses of Lemma 6.2 with k = el(z);l, and therefore there exists
1/2 > n =n(z) > 0 small enough so that if S is independent of Y and is uniformly distributed
on [tg/2,to] then

PY( min Y. > 3 . .
P (krilil;ldys >2n) >4, Y€ Ra(w,,0) (6.11)
Write 7; = TR, (w,,00(Y), j = 0,1, and T1 = Tg, (w,,,27)(Y). From (6.10) and (6.11) we obtain
PY(Ty <71) >3, y € Ry(w,,0). (6.12)

Now let Qf = Ro(wn,n), Qf = Ri(wa,2n), and G = {y € Qf : hly) > 3}; replacing h by
1 — h if necessary we can assume |G| > 3|Qp|. Use (6.8) for i < k, and for i > k note that on

Q8.
Vyidi(y) =V 2mi(y) = eyn
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to see that the coefficients of (6.6), (6.7), restricted to Qf, satisfy the hypotheses (6.2) of
Proposition 6.1 with a A which may depend on z but is independent of n.

Using Proposition 6.1 and the remarks following we deduce that there exists a constant
p3 > 0, depending on z but not n, such that

@y(TG < TRo(wn,m)) > P3, Y € Ri(wp,2n). (6.13)
So for y € Ra(w,,0), (6.12), (6.13) and the strong Markov property imply
BV (T < 70) 2 B 1, <) P (T < 70) = dps.
Thus if y € Ro(wy,0), the Y-harmonicity of h on Ro(wn, 0) gives
ﬁ(y) = IAEZ“@(YTG/\TO) > Eyl(Tg<To)/ﬁ(YTG) > 1ps.
So, taking p =1 — %pg and recalling that Osc (Ry(ws,, O),?L) = 1, we have proved (6.9). O

Proof of Proposition 2.4. Fix A > 0, and a bounded Borel measurable function f: we can
assume || f||c = 1. Let B(z,d) denote the set of points in R% within a distance ¢ of z € RY.
Fix z € [0, M)? and £ > 0, and choose § > 0 so that B = B(z,d) C [0, M)?. We claim that
we can choose § > 0 sufficiently small so that

sup EV7p < e. (6.14)
yeB

If z € (0, M), then we can take § so that B(x,d) is bounded away from OR% and so the
diffusion coefficients are uniformly elliptic on B(x,d). A simple application of the Dubins-
Schwarz theorem (see Theorem 1.5.11 of [B95]) now gives the required J. If z € ORY | then we
can argue as in Remark 6.3 to bound the left-hand side of (6.14) by the mean hitting time of
0 by a squared Bessel process with some positive parameter starting at 0. This can be made
arbitrarily small by making § small by dominated convergence and so (6.14) is proved in either
case.

Let D = B(xz,9). For z € D set
hD(l‘) :EmS)\f(XTD).

Note that as Sy f(x) < A%, hp is bounded, and since it is X-harmonic in D, hp is continuous
in D by Theorem 6.4. If y € D we have

Sf(y) =B / e F(X,)ds + EVe ™0 83 f (X ).
0
Therefore
1Sxf(y) — hp(y)| < EY7p + A1EY(1 — e P) < 2BY7p < 2, (6.15)

where (6.14) is used in the last line. By the continuity of hp we can choose 0 < ¢ < 4 so
that y € B(x,d’) implies that |hp(y) — hp(x)| < e. This together with (6.15) shows that
|Sxf(x) — S\f(y)| < be if y € B(x,d’), and hence S) f is continuous at x. d
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7. Proof of main theorem

Proof of Proposition 2.1. Let P;, i = 1,2 be distinct solutions to M P(v,L). A standard
argument (see p. 136 of [B97]) shows that for v-a.a. x, the regular conditional probability
P;( - |Xo = z) solves M P(d,,L) and so it is enough to consider v = d,. In the setting the
local martingales in M P(6,, L) are all martingales. The construction in Theorem 12.2.4 of
[SV79] (Krylov’s Markov selection theorem) now gives a pair of Borel strong Markov processes
(Q7,X,), i = 1,2, so that Q7 solves M P(§,, L) for each z € R%, and Q]° # Q3° for some .
Here we are applying this result in the positive orthant rather than R¢ but one can extend the
coefficients to all of R? by replacing x; with xj' and note that solutions starting in the orthant
must remain there by a comparison argument as in the proof of Lemma 6.2. Recall that 7,
is the exit time from [0, M)? and let

o Xt, ift < T™
Yt_{a if t > 1. (7.1)

Then Y is a Borel measurable function of X because 7, is the hitting time of a closed set by
a continuous path X (it is the increasing limit of a sequence of hitting times of open sets).
If P*(-) = Q*(Y € -), and P? is point mass at the trivial path, then (P¥, X;) is a Borel
strong Markov process for ¢ = 1,2. This follows as in Section III.3 of [BG68], but universal
completions can be avoided by the Borel measurability noted above. It is also clear that P¥
solves SM P (6, L, [0, M)?) for each x € [0, M)¢ and that we may take M sufficiently large to
ensure P7° # P3°. To obtain a contradiction and hence complete the proof we now show that
these Borel strong Markov solutions to the stopped martingale problem must coincide.

First consider an initial law v(dz) = p(z)du(z) for some p € L?(u). Extend any function
f on [0, M]¢ to [0, M]? U O by setting f(9) = 0. Recall that C2 is the set of functions in
C?([0, M]?) such that f(x) = 0 if x € Ups. Let Dy be defined as in (3.9). For f € C2 we have
by Itd’s formula

FO0) = F%0)+ [ £ )ds+ 8, (7.2)

where the last term is an F;¥-martingale under each P¥. Note that as f(X,,,—) = 0 both sides
of (7.2) are zero for t > 7). Let

—k o0 _
Shf= /S’;f(x) v(de) = /E;g (/ e ”f(X,th) v(dz).
0
Taking expectations and integrating (7.2) we have,
—k —k <k 0 <" 0
AS\f= [ fdv+ S \Lf = | fdv+ S\ (L—L")f+ S, L°f. (7.3)

Let g € Dy, and set f = Ryg. Then f € Dy by Proposition 3.1, and rearranging (7.3) by using
the fact that (A — LO)Ryg = g, we get

—k —k
S\g = /RAg(x)dy(x) +85(L — L% Ryg.
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Hence, writing Wg(z) = (£ — L°)Rag(z), we have
=1 =2 =1 =2
(S\ —S\)g= (S, —S\)Wg for all g € Dy. (7.4)
Apply Proposition 2.2, and (2.1) to see that for g € Dy,
-1 =2 -1 =2 -1 =2
[(Sx = SN)gl < 1Sy = SilluWall2 < 311Sx = Sxllvllglle-

Since the gi are bounded linear functionals on L? by Proposition 2.3 and Dy is dense in L?
by (2.5), this implies ||§}\ - gi”,, < %Hgf\ - giHl,. By Proposition 2.3 again we conclude that

/ SLf(2)p(e)dplz) = / $2 f(x)pla)dp(x) for all f,p € L2, (7.5)

We therefore conclude that S} f(z) = S3f(x) for almost every x (with respect to u). But by
Proposition 2.4 S’)f f is continuous, k = 1,2, hence we have equality for all z € [0, M)9. With
this fact, we now appeal to Corollary 6.2.4 and Lemma 6.5.1 of [SV79] or Theorem VI1.3.2 of
[B97] to conclude that P = P§ for all z, and we are done. O

Proof of Theorem 1.1. For existence it suffices to consider v = ¢,, (e.g. by Exercise 6.7.4 of
[SV79] and the uniqueness below. We first prove existence in the case when v;, i = 1,...,d,
are bounded. This is a well-known result of Skorokhod (see Theorem 6.1.6 of [SV79]) when
the state space is all of R? (rather than the non-negative orthant). To apply the above result
to the orthant, extend z;v;(z) and b;(z) to all of R? by replacing z; by q:;r for j < d. In
particular, z;v;(x) = 0 if z; < 0 and b;(x) > 0 for = outside the positive orthant, the latter by
(1.5). Since these extended functions are continuous, we have a solution P to the martingale
problem for £ on R? by the above. As in the proof of Lemma 6.2 we can apply a comparison
argument to see that each coordinate of X is locally bounded below by the square of a Bessel
process. This implies that if X starts in Rﬁlr, it will remain there and so PP is a solution to the
martingale problem for £ on Ri.

To remove the boundedness condition on the 7;, let X = (XM:?) be a solution of the
above martingale problem with v} in place of 7;, where these functions agree on [0, M]?¢ and
M is bounded. We will assume X™ satisfies the associated stochastic differential equation
driven by Brownian motions B*. Set

t t . ‘
YM’i(t):xé-i—/ |bi(X§”)|ds+/ \/2X§”’17}4(X§4)d32(s).
0 0

Then Y™ is a non-negative submartingale dominating X% and a standard argument using
the linear growth of b; shows that first E()_, | X2") and then E(}, vt is bounded above
uniformly in M. An application of the weak maximal inequality to ), Y Mt now shows that

SUpPy<7 D X" is bounded in probability uniformly in M for each T' > 0. It is now standard

to establish tightness of {X™ M € N} and show that any weak limit point satisfies the
martingale problem for £ with initial law v.
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We now turn to uniqueness. As in the proof of Proposition 2.1 we may assume v = §,.
Since the 7; and b; are continuous, the 7; are strictly positive, and the b; are strictly positive
on 6Ri, for some e > 0, every point y € [0, M]¢ has a neighborhood V,, = B(y,n(y)) N ]Rﬁlr in
Rﬁlr such that either:

(a) V, NORE =0,

or
(b) (i) e <bi(z),vi(z) <elforzeV,i=1,...,d;

(i) |bi(z) = bi(y)l, [vi(z) — vi(y)| < (2K (e,d))~ ! for z € V}, it = 1,...,d, where K(e,d)

is given by Proposition 2.1;

(iii) 2b;(x)/vi(z) > bi(2)/7i(2) + (£2/2) for , 2 € Vyy, i = 1,...,d.

In case (a) an appropriate truncation will allow us to define bounded continuous coeffi-
cients a;(z) and b;(x) on all of R? which agree with 2;;(x) and b (), respectively, on V,, and
for which the matrix a is uniformly continuous and positive definite. Existence and uniqueness
in law of solutions to the martingale problem for Lf = . ai; fi; +b; fi follows from the classical
theorem of Stroock and Varadhan [SV79].

Assume now that case (b) holds. It is easy to use the values of these coefficients on 0V}, to
define coefficients 7;, b; on all of Ri which agree with v; and b;, respectively, on V,, and which
satisfy the hypotheses of Theorem 1.1 and (b) on all of the non-negative orthant, not just V,.
Now apply Proposition 2.1 with b? = b;(y) and 7? = v;(y) to see that there is uniqueness in
law for solutions to the martingale problem for £f = 3=, ;4 (x) fui(z) + bi(2) fi(x). Existence
of solutions was already established above.

We therefore have shown that in a neighborhood of each point we can find diffusion
coefficients which agree with our given coefficients and for which the martingale problem
is well-posed. We now apply Stroock-Varadhan’s localization argument (Theorem 6.6.1 of
[SVT79]-see also Theorem VI.3.4 in [B97]), trivially modified to our positive orthant setting,
to see that solutions to the martingale problem for £ are unique. (Note the measurability
required in Theorem 6.6.1 follows from the uniqueness of the martingale problem as in Ex.
6.7.4 of [SVT79]).

The Borel and strong Markov properties now follow from the uniqueness and existence
established above by well-known arguments (see Theorem 6.2.2 of [SV79] and the ensuing
comments). The claimed continuity of the resolvent operators associated with this Markov
process follows from Proposition 2.4 with M = oc. O

Proof of Corollary 1.2. The existence of a solution follows by a minor modification of the
proof of Theorem 1.1 (existence only requires (1.1), (1.6) and (1.7)). To prove the uniqueness
assertion in (a), first assume (1.7) with C' = 0. For M > 0 one can suitably change ~;, b;
outside the set {z € R% : 37 < ||z||} so that (1.5) and (1.6) hold. If

T(M) = inf{t > 0: ||X,|| < 1/M},

then T'(M) 1T Ty < oo a.s. Apply Theorem 1.1 to the martingale problem for these mod-
ified coefficients to see that P(X (- A T(M)) € -) is uniquely determined, and hence so is
P(X (- ANTp) € -). Turning now to the general case under (1.7), note first that by considering
the solutions up to the first time they exit from [0, M]? we can assume without loss of gener-
ality that b; and ~; are bounded and ~; is bounded away from zero for all 7. With Girsanov’s
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theorem in mind, set £ = L+, C’xzaa where C'is as in (1.7). Then b;(z) = b;(z)+Cxz; > 0
for all z € ORY /{0}. If P is any solution of the martingale problem for £, then the C' = 0

case proved above shows uniqueness in law of P(X (- ATp) € -) and so the same is true for any
solution PP of the martingale problem for £ by Girsanov’s theorem. Here we have used the fact
that ~; is bounded away from zero and b; and ~; are all bounded. This establishes (a).

For (b), note that >, X} is a non-negative supermartingale by (1.8) and so must be
identically 0 after T. Therefore X is a.s. equal to a fixed Borel function of X (- A Tp) and so
uniqueness of the solution of the martingale problem for £ follows from (a). O

8. A Counter-example

The following example shows that, even if d = 1, we do not have uniqueness in Theorem
1.1 if we weaken (1.5) and only assume b > 0.

Proposition 8.1. Let b(x) = (c/ log™ ) A1 for x > 0, and let b(0) = b(0+) = 0. If ¢ > 1

then the stochastic differential equation
dX; = (2X,)V2dB, + b(X,)dt, Xo =0, (8.1)

has a solution X > 0 which is not identically 0. Since 0 is also a solution, uniqueness in law
fails for solutions of (8.1).

Remark 8.2. X will solve (8.1) if and only if X is a solution of the martingale problem for

L= x% + b(m)%. This Proposition is an exercise in the classification of boundary points for
one-dimensional diffusions (see, e.g., Section 16.7 of [B68]). 0 is a regular boundary point for
the generator £ on (0, 00) if and only if ¢ > 1. It follows that there are non-trivial solutions to
(8.1) if and only if ¢ > 1. We give a direct construction of a non-trivial solution for the sake
of completeness.

Proof. Let g = ¢~¢ and u(x) = [ exp{ [o (b(2)/2) dz}dy Then u : [0,00) — [0,00) is a

strictly increasing continuous functlon whose range is all of [0, 00). Let s(y) denote the inverse
function to u, and set

W) 2p(2)
z

o?(y) = 2s(y) eXp{— /

Zo

dz}, y > 0.

Clearly o2 is a strictly positive continuous function on (0,00). It is easy to see that 02(0) =
02(04+) = 0. Note that u'(z) is strictly positive and continuous on (0, 00) and has right-hand
limit co at = 0. It follows easily that s’ is continuous on [0, c0) and

s(y)
s'(y) =/ (s(y)) "t = exp{/ bz )dz} for ally >0, s'(0) =0. (8.2)

Zo

It follows from the above that

=+/2s(y) forall y > 0. (8.3)
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It is clear from (8.2) that s’ is differentiable on (0, c0) and if we differentiate both sides of (8.2)
we easily derive

s"(y)o%(y)/2 = b(s(y)) for all y > 0. (8.4)

Now let Z; = W; + LY(Z) be a reflecting Brownian motion in R, starting at 0, where
W, is a Brownian motion starting at 0 and L{(Z) is the local time at a of Z;. Set A; =

f(f 07 2(Zs)ds = [, o(a) 2L{(Z)da. An easy calculation shows that

[ o @ = [ - tont1/a) s < o

because ¢ > 1. Therefore A is finite. Clearly A is strictly increasing and as Z is recurrent,
lim; .o, A; = 00 a.s. Therefore A has a continuous inverse 7, t > 0. Let Y; = Z,,, so that ¥
satisfies

Yy = My + L{(Y).

Here LY(Y) is the local time of Y at 0, and M is a martingale with (M); = ft

o 02(Ys)ds. Hence
we can write dMy = o(Y;)dBy, where B is a Brownian motion.

We now define X; = s(Y;). Since s’ is increasing (by (8.2)), we may apply Tanaka’s
formula to see that

t 1 o0
X, = / S (Y.)dY, + - / Lods'(a)
0 2 0

oo

¢ t
1
:/ s'(Y,)o(Y,)dB, -|—/ s'(V,)dL2(Y) 4 = lim L¢s" (a)da
0 0 2610 Js

t 1 t
_ / S (V)o(Y,)dBy + ~ lim / S (Y,)02 (V) ey, ) dr-

In the last line we have used the fact that s’(0) = 0 (see (8.2)). Now use (8.3) and (8.4) to see
that

: t
Xt:/ \/EdBﬁgfrol/ b(Xs)l(y,>s)ds-
0 0

Since b(0) = b(0+) = 0, it is clear that (8.1) follows from the above. As it is clear that X is
not identically 0 from its definition, we are done. ([l

Note added in proof. In Theorem 1.1 (1.5) may be weakened to b;(z) > 0 if x; = 0 by
a Girsanov argument (see Theorem A and the ensuing remark in [BP01]).
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