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WITH SINGULAR DRIFT

CAMELIA A. POP

ABSTRACT. Motivated by applications to proving regularity of solutions to
degenerate parabolic equations arising in population genetics, we study ex-
istence, uniqueness, and the strong Markov property of weak solutions to a
class of degenerate stochastic differential equations. The stochastic differen-
tial equations considered in our article admit solutions supported in the set
[0,00)™ x R™, and they are degenerate in the sense that the diffusion matrix
is not strictly elliptic, as the smallest eigenvalue converges to zero at a rate
proportional to the distance to the boundary of the domain, and the drift
coefficients are allowed to have power-type singularities in a neighborhood of
the boundary of the domain. Under suitable regularity assumptions on the
coefficients, we establish existence of solutions that satisfy the strong Markov
property, and uniqueness in law in the class of Markov processes.

CONTENTS

Introduction
Generalized Kimura diffusions

3. Kimura diffusions with singular drift
Acknowledgments
References

1. INTRODUCTION

EXISTENCE, UNIQUENESS AND THE STRONG MARKOV
PROPERTY OF SOLUTIONS TO KIMURA DIFFUSIONS

The stochastic differential equations considered in our article are motivated by
their applications to population genetics, in the study of gene frequencies. One of
the earliest random models for gene frequencies was proposed by Wright [36] and
Fisher [211[22], and it is a discrete Markov chain. Because many quantities of interest
in biology are difficult to compute in the framework of the Wright-Fisher discrete
Markov chain, there has been extensive research [16}17]20}26,27,82H34] to make
precise in which sense and in which scaling regime does the discrete Markov chain
converge to a continuous diffusion process. In our article we are concerned with the
study of continuous stochastic processes, which arise as limits and generalize the
Wright-Fisher discrete Markov chain.
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A concise description of the continuous limit of the Wright-Fisher model, which
we will call the Wright-Fisher process from now on, is as follows. Assume that there
are d+ 1 alleles, and we denote by x; the frequency of the i-th allele, for all 1 <4 <
d+1. Weseethat 0 <z; <1,foralll1 <i<d+1,and 1 +...+ 2441 = 1. Fixing
an allele, say the (d + 1)-th allele, the remaining gene frequencies, (x1,...,zq),
follow a diffusion supported in the d-dimensional simplex,

Yy:={zreR:z; >0, foralli=1,...,d, and z; + ...+ 24 < 1}.

The Wright-Fisher model for gene frequencies is a (strong) Markov process sup-
ported in ¥; with infinitesimal generator,

d d d+1
~ 1
(11) Lwru := 5 Z xl(éz’J—xj)qu?—I—Z b, — x; ij Uy, YVue CQ(Ed),
i=1 j=1

i,j=1

where b; are nonnegative constants, for all 1 < i < d + 1; see [34, Equation (3.4)].
Above we denote by ¢; ; the Kronecker delta symbol.

In our article, we study a more general class of second order differential operators,
which we call generalized Kimura operators, and which extend the Wright-Fisher
operators, ([LI). Such operators have been introduced in the work of C. Epstein
and R. Mazzeo, [13], and versions of these operators have been studied previously
in the literature in connection with superprocesses; see [2l4]. Generalized Kimura
operators are defined on compact manifolds with corners, of which simplices and
polyhedra are particular examples, and they have the property that in an adapted
local system of coordinates the generalized Kimura operators take the form:

n

Lu= Z (@id; i (2)Uga; + bi(2)Us,) + Z 225d; 5 (2)Ug, o,

i=1 i,j=1
+ szici,l(z)uxm + Z At lon41(2)Uypy, + Zel(z)uy”
i=1 =1 k,l=1 =1

where n, m are nonnegative integers, and we denote Sy, ., := R} x R™, and Ry :=
(0,00); see [I3 Proposition 2.2.3]. The main difficulties in studying second order
operators of the form E, and the Markov processes associated to them, arise from
the following considerations:

1. The coefficients corresponding to the second order derivatives of L form
a degenerate nonnegative definite matrix because the smallest eigenvalue
converges to zero at a rate linearly proportional to the distance to the
boundary, 95y, .

2. The first order terms, b;(2)0;,, are not lower order terms, as it is the case
for strictly elliptic operators, because the second and first order terms in
the operator L scale identically. For this reason, the sign of the coefficient
b;(z) on the portion of the boundary 05, ,,, N {z; = 0}, for all 1 <i < mn,
plays a crucial role in the analysis. We always assume that b;(z) > 0 on
0Sn,m N{z; = 0}, which ensures that the Markov processes associated to
the operator L is supported in Sn)m.

3. The domain S, ,, is nonsmooth, it has corners and edges, which makes the
analysis of the regularity of solutions to the parabolic equation defined by
the operator L nonstandard.
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One of our main tasks is to prove that there is a unique Markov process associated
to the operator L. For this purpose, we consider the stochastic differential equation

n+m
dj(\rz( ) dt+ \/ Z 0y, k de( )
(1.3) .
dYi(t) = ei(Z() dt + Y o n(Z(t)) dWi(2),
k=1

where 1 <1 <mn, 1 <1 <m, {W( )hi>o0 is an (n + m)-dimensional Brownian
motion, and we denote Z () := (X (t),Y (t)), for all t > 0. Under suitable structural
and regularity conditions on the coefficients of ([L3]), described in Assumptions 2]
and [2.6] we prove that the generalized Kimura equation ([3]) has a unique weak
solution, and that it satisfies the strong Markov property; see Propositions and
24, and Corollary

We then extend our results to operators, L = L+ V, where V is a first order
vector field, which can include logarithmically divergent coefficients,

(1.4) Veilnzin(2)0y,, Inzn(z)0,, VYi,j=1,....,n, Vi=1,...,m

where 7 : Sn’m — [0,1] is a smooth function with compact support, or V' can
include power-type coefficients,

15)  VaElz 0, |z;799,, Vij=1,...n, Yi=1,...,m,

when the positive power, g, is suitably chosen. Specifically, we consider stochastic
differential equations of the form

dXi(t) = | bi(Z(0) + VX)) fig(Z(O)hiy(X;(1) | dt
j=1

n+m

+VX Z 0k (Z(1)) dWy(t),

(1.6)

dyi(t) = el(Z(t))+Zan,j(Z(t))hnH,j(Xj(t)) dt

n+m

Z Ont1k(Z(1)) dWi(t),

where 1 < i < n, 1 <1 < m, {IW(t)}i>0 is an (n + m)-dimensional Brownian
motion, and we denote Z(t) = (X(¢),Y (t)), for all t > 0. The functions h; ;(z;) are
required to satisfy condition (B.5]), which implies that the infinitesimal generator
of any Markov solution to the singular Kimura equation (.6 has the structure
L = L+ V, where the vector field V can contain singular terms such as ([L4]) and
([@T3). In Theorems Bl and BT we establish existence of strong Markov solutions
to the generalized Kimura stochastic differential equation with singular drift (6],
and uniqueness in law in the class of Markov processes.

Our motivation to include logarithmic singularities in the drift coefficient of
generalized Kimura stochastic differential equations is two-fold. On one hand, in our
proof of the Harnack inequality of nonnegative solutions to the parabolic equation
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defined by the Kimura operator E, [14, Theorem 1.2], we were led to the study
of perturbed operators L = L+ V', where the vector field V' contains logarithmic
singular terms such as (L4). An essential ingredient in the proof of [14, Theorem
1.2] is that the singular Kimura stochastic differential equation (L)) has a unique
weak solution that satisfies the strong Markov property. A second motivation to
study () comes from the fact that the adjoint operator of the unbounded operator
f, with domain of definition included in the weighted Sobolev space L2(Sy, 1n; dus),
where the weight duy(2) is defined by

dup(z) == 1_[:102"(2)71 dx; del, Vz=(x,9) € Snm:

i=1 =1

is an operator L = L+ V', where V' contains logarithmically divergent singular-
ities (I4). This observation is extensively used in our ongoing joint work with
C. Epstein on the regularity and the structure of the transition probabilities of gen-
eralized Kimura processes, [15]. For more details regarding the functional analytic
framework for generalized Kimura operators defined on the weighted Sobolev space
L%(Sy.m; dup), we refer the reader to [I1], and [14, Equation (1.3) and §2]. We do
not elaborate on this topic because it will not play a direct role in our article.

1.1. Main results and outline of the article. We begin in §2] with the anal-
ysis of the generalized Kimura stochastic differential equation, (I3]). Existence of
solutions (Proposition 2.2)) is an immediate consequence of classical results, and
for this purpose the conditions imposed on the coefficients are more general, as
outlined in Assumption 2.J1 We establish uniqueness in law of solutions to the
generalized Kimura stochastic differential equation in Proposition 2.4] under the
more restrictive Assumption We defer the exact technical statements of As-
sumptions 2.1] and to §2.1] and §2.2.7] respectively, but we highlight here the
main points. The drift coefficients b(z) are only assumed to be nonnegative on the
boundary of the domain S,, ,,,, and the coefficient functions b(z), e(z), and a suit-
able combination of the coefficients of the diffusion matrix are assumed to belong
to the anisotropic Holder spaces introduced in §2.2.11 This condition arises because
our method of the proof is based on the existence, uniqueness, and regularity of
solutions in anisotropic Holder spaces to the homogeneous initial-value problem

u,— Lu=0 on (0,T) X Sp,m.,

(1.7)
u(0,-) =¢ on Spm,

where the operator L is the generator of generalized Kimura diffusions. Regu-
larity of solutions to parabolic equations defined by the infinitesimal generator of
generalized Kimura diffusions are established in [I2,[I3/29]. Our definition of the
anisotropic Holder spaces is an adaptation to our framework of the Holder spaces
introduced in [I3, Chapter 5].

In §3] we prove our main results (Theorems Bl and B.7)) concerning the existence
and uniqueness in law of weak solutions to the singular Kimura stochastic differ-
ential equation, (LO). Our method of the proof consists in applying Girsanov’s
Theorem [23, Theorem 3.5.1] to the weak solutions of the generalized Kimura sto-
chastic differential equation, (I3]), to change the probability distribution so that,
under the new measure, the solutions solve the singular Kimura stochastic differen-
tial equation, (LG). We justify the application of Girsanov’s Theorem by proving
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that Novikov’s condition [23] Corollary 3.5.13] holds, a fact that uses the Markov
property of the processes we consider. Because Girsanov’s Theorem is also used in
the proof of uniqueness in law of weak solutions, our uniqueness result is established
in the class of Markov processes. While this result is sufficient for the application
to the proof of the Harnack inequality for nonnegative solutions to the parabolic
Kimura equation, [14, Theorem 1.2], employing ideas used to prove [35, Theorem
12.2.4], it may be possible to prove that uniqueness in the class of Markov processes
implies weak uniqueness. Notice though that [35, Theorem 12.2.4] does not apply
directly to our framework because our drift coefficients are not necessarily bounded
(see condition ([B3])). When the drift coefficients are bounded, that is, we consider
the generalized Kimura stochastic differential equation (L3, then we establish the
weak uniqueness of solutions in Proposition 2.4

The existence and uniqueness results for the singular Kimura equation (L6l are
established provided that Assumption holds. We do not give the exact technical
statement of Assumption here, but we highlight the main aspects. The drift
coefficient functions b(z) are bounded from below on 055, ,,, by a positive constant
by (see condition (B.2])). This is a crucial ingredient in the verification of Novikov’s
condition in LemmasB.5landB.8 Also, the singular coefficients h; ;(z;) are assumed
to satisfy the growth assumption (B3], where ¢ € (0, ¢o), and the positive constant
qo depends on by, by identity BI]).

1.2. Comparison with previous research. Similar processes were previously
analyzed in the literature in connection with superprocesses, [21[], and Fleming-
Viot processes arising in the dynamics of populations, [6H9]. The main applications
of our results are to the study of diffusions arising in population genetics, [261271[34],
[18, §10.1], |24, §15.2.F], and to the study of regularity of solutions to degenerate
parabolic equations, [1T}14L15].

Our work is more closely related to [2l4], and so we give a more detailed descrip-
tion of the similarities and differences between our results and the aforementioned
articles. The main difference between the Kimura stochastic differential equations
([@T3), and those considered in [214] consist in the fact that we allow coordinates,
{Y (t)}+>0, of the weak solutions whose dispersion coefficients are nonzero on the
boundary of the domain S, ,,,, and we do not require the drift coefficients to be
bounded; instead we allow singularities in the drift component of the form |z;|~9,
for i = 1,...,n, where the exponent ¢ satisfies a suitable restriction given by in-
equality ([B.3)). In the sequel, we explain in more detail the differences between the
work done in [2l[4] and our results.

In [2], the authors consider diffusions corresponding to the generator

n

i=1
where z € R7, and v € C?*(R7). Under the assumption that the coefficients of
the operator £ are continuous functions on ]Rﬁ, and that the drift coefficients are
positive on ORY, it is proved in [2] that the martingale problem associated to the
operator £ has a unique solution. The method of the proof consists in proving L?-
estimates for the resolvent operators, employing a method of Krylov and Safonov to
establish continuity of the resolvent operators [3, §V.7], and a localizing procedure
due to Stroock and Varadhan [35, Theorem 6.6.1] to reduce the existence and
uniqueness of solutions to a local problem. In §2] we recover and extend the results
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on existence and uniqueness in law of weak solutions obtained in [2], under the
assumption that the coefficients of the operator £ belong to the anisotropic Holder
spaces introduced in §2.2.1] and we allow the drift coefficient to be zero along the
boundary of R’. Moreover, our method of the proof appears to be simpler, as
we rely on existence and uniqueness of solutions in anisotropic Holder spaces to
homogeneous initial-value parabolic equations defined by the operator £. These
results were established in [T0,[121[13]29].
In [4], the authors consider a more general class of generators of the form:

n n
Lu=> " JTT% (), + D bi(@)t,,
i,j=1 i=1
where z € R7, and v € C*(R7). In this work, the coefficient functions (y(z))
and b(z) are assumed to belong to suitable weighted Holder spaces, as opposed to
the anisotropic Holder spaces introduced in §Z277] and the drift coefficient b(z)
is assumed nonnegative on the boundary of the domain R’f. The main difference
between the weighted Holder spaces used in [4, §2], and the anisotropic Holder
spaces used in [I3] Equation (5.42)], and in our work, consists in the distance
function used to define the Holder seminorm. The weighted Holder spaces defined
in [, §2], C¢(R"), use the Euclidean distance function, while the anisotropic Hélder
spaces defined in §Z2.01 C%(Sn.m), use a distance function that is equivalent to the
Riemannian metric with respect to which the second order terms of the generalized
Kimura operator agree with the Laplace operator for a suitable Riemannian metric
tensor. Another difference is that the weighted Holder spaces in [4] §2] use a weight
function to account for the degeneracy of the operator E, while we do not use
a weight function in the definition of C%p(S,.m), because the degeneracy of the
operator is already encoded in the distance function.

The method of the proof of the results in [4] is based on establishing suitable
estimates of the semigroup associated to the operator £, and of the resolvent oper-
ators the weighted Holder space Cf;(f&ﬁ). These are combined with the localizing
procedure of Stroock and Varadhan, [35, Theorem 6.6.1], to prove existence and
uniqueness of solutions to the martingale problem associated to £. Our results are
both more general and more restrictive in certain ways, than the ones obtained
in [4]. The smallness condition [4, Inequality (1.4)] on the cross-terms ~; ;(z), for
i # j, of the operator L is less restrictive than our analogous condition (Z.I7) of
the matrix (a(z)), defined in (2II). On the other hand, we allow nondegenerate
directions, {Y (t)}+>0, and singular, unbounded drift coeflicients in our stochastic
differential equation (LG).

1.3. Notation and conventions. Let N, M € N, and U be a subset of RY. We
let Cloe (U; RM) denote the space of functions, u : U — RM | that are continuous on
U, but are not necessarily bounded. If a function u € Cjo(U; RM) is bounded, i.e.,

||UHC(U;RM) := sup |u(z)| < oo,
zeU

then we say that u belongs to C(U; RM). When M = 1, we simply denote Ci,.(U; R)
by Cioc(U), and C(U;R) by C(U).

Let U C RY be an open set, and u : U — R be a function that admits first order
derivatives on U. We denote the first order derivative of the function u(z) in the
i-th coordinate by u,,, and we denote the first order derivative operator in the i-th
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coordinate by 9,,, for all 1 < i < N. For a positive integer k, the space C*(U)
consists of functions u : U — R that admit continuous and bounded derivatives on
U up to and including order k, and C*(U) :=,~, C*(U).

Let now U C RY be a closed set, such that U is the closure of int(U), where
int(U) denotes the interior of U. The space C*°(U) consists of functions u : U — R,
such that the restriction u [j¢ ) has continuous derivatives of any order on int(U),
and every partial derivative can be extended by continuity up to the boundary of
the set U, and the extension is bounded. The space C2°(U) consists of functions
u € C*°(U) with the property that there is a compact set K C U, such that the
support of the function u is contained in K.

For a Borel measurable set U, we denote by B(U) the collection of Borel mea-
surable subsets of U. For all r > 0 and z € RY, we denote by B,(z) the Euclidean
ball of radius r centered at z. For a,b € R, we denote by a A b := min{a, b}.

2. GENERALIZED KIMURA DIFFUSIONS

To establish existence, uniqueness, and the strong Markov property of weak so-
lutions to the Kimura stochastic differential equation with singular drift (L6), we
first prove these results for the generalized Kimura diffusions, (I3]). We organize
this section into three parts. In §27I] we prove under suitable hypotheses (Assump-
tion 21]) that the generalized Kimura stochastic differential equation (3] admits
weak solutions, {2 (t)}¢>0, supported in S,, ,,, when the initial condition is assumed
to satisfy Z (0) € Spm- In §22 we prove under more restrictive hypotheses (As-
sumption 2.0]), that the weak solutions to the Kimura equation (L3]) are unique in
law, and satisfy the strong Markov property.

2.1. Existence of weak solutions. Existence of solutions to the generalized
Kimura stochastic differential equation (3] can be established for a more gen-
eral form of the diffusion matrix than the one implied by equations ([3]). For this
reason, we consider the stochastic differential equation

n+m
dX,(t) = dt+2w )) dWi(t), Vt>0,
(2.1) et
AYi(t) = e)(Z(t)) dt + ZgnHk ) dWi(t), Vit >0,
wherei=1,...,n,l=1,...,m, and {W(t)}tzo is an (n+m)-dimensional Brownian
motion.

Assumption 2.1 (Properties of the coefficients in ([21)). The coefficient functions
of the stochastic differential equation [21) satisfy the properties:
1. We assume that b € Cioc(Snm;R"), € € Cioc(Snm;R™), and ¢ €
Cloc(gn " R(n+m) X (n+m))'
2. The coefficients b(z), e(z) and (s(z)) have at most linear growth in |z|.
3. We assume that

(2.2) (6¢")ii(2) =0, Vz€dSy,mn{z; =0}, Vi=1,...,n

where ¢* denotes the transpose matriz of .
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4. The drift coefficients satisfy
(2.3) bi(z) >0, VzedS,mN{z; =0}, Vi=1,....n
We begin with

Proposition 2.2 (Existence of weak solutions to generalized Kimura diffusions).
Suppose that Assumption [Z1] holds. Then, for all z € Sy, m, there is a weak solu-
tion, (2 = ()A(, }7), W), on a filtered probability space satisfying the usual conditions,
(0, {F(t)}e0, F,P?), to the stochastic differential equation @), with initial con-
dition 2(0) = z. Moreover, the weak solution, 7= (X Y), is supported in Sy, .

Proof. The method of the proof is similar to that of [19, Proposition 3.1 and The-
orem 3.3]. We divide the proof into two steps. In Step [l we continuously extend
the coefficients of the stochastic differential equation ) from S, ,, to R™"t™,
and we prove that the stochastic differential equation associated to the extended
coefficients, (Z4)), has a weak solution. In Step [2] we prove that any weak solution
to equation (Z4)) is supported in gnm“ when the support of the initial condition
is contained in §n7m. Combining Steps [Il and 2] we obtain the existence of weak
solutions supported in Snﬂn; to the stochastic differential equation (21]).

Step 1 (Extension of the coefficients). By Assumption 21l we can extend the co-
efficients of the stochastic differential equation (Z.II) by continuity from S, ,, to
R™*™_ We consider the function ¢ : R"*™ — S, ., defined by

©(z) = 2', such that 2’ € S, ,n,, and |z — 2| = dist(z, Sym)-

Because S'n,m is a closed, convex set, the point 2’ € S'n m 18 uniquely determined
for all z € R™™. Moreover ¢ is a continuous function and ¢p(z) = z, for all
2 € Sp.m. We define the coefficient functions b:=boyp,d:=dopand<:=cop,
which are continuous extensions to R™*t" of the coefficient functions b, d and o,
respectively. By Assumption 2] the extended coefficients are continuous functions
on R"™™ and have at most linear growth in the spatial variable. We can thus
apply [18, Theorem 5.3.10] to obtain that the stochastic differential equation

n+m
dX;(t) = b(Z dt+Z§zk ) dWi(t), Yt>0, Yi=1,...,n
(2.4) =
dy;(t) = &( dt+Z<n+lk N dWi(t), Yt>0, Vi=1,...,m

has a weak solution, {Z(t) = (X (t),Y (t)), W(t)}tzo, on a filtered probability space
satisfying the usual conditions, (2, {F(¢)}t>0,F,P), for any initial condition, Z(0).
The process {W(t)}1>0 is an (n + m)-dimensional Brownian motion.

Step 2 (Support of weak solutions). Let z € S,, ., and let {Z(t) = ()z(t),f/(t))}tzo
be a weak solution to the stochastic differential equation (2:4), with initial condition
Z(0) = z. Our goal is to show that

(2.5) P* (Z(t) €3, m) —1, Vit>o,

)
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where P# denotes the probability distribution of the process {Z (t) }+>0, with initial
condition Z(0) = z. To prove identity ([Z3), it is sufficient to show that

(2.6) I@Z(}N(i(t)zo)zl, V>0, Yi=1,....n

For € > 0, let 7. : R — [0, 1] be a smooth function such that n.(s) =1 for s < —e¢,
N:(s) = 0 for s > 0, and . < 0 on R. We see that identity (Z0]) holds, if we show
that for all € > 0, we have that

(2.7) P* (ng ()N(i(t)) - 0) —1, V>0, Vi=1....n
Applying Ito’s rule [23, Theorem 3.3.6] to the process {1:(X;(t))}¢>0, we obtain
dn. (Xi(1)) = (5i<2<t>>ng (%) + %(ss*»,i(’i(t))ng ()mt))) dt

n+m

+L(X Z Gin(Z(t)) dWi (1),

and integrating and taking expectation, it follows that
(2.8)

Ez. [775 ()Nfz‘(t))}
e+ 5 [ [ (260 (20) + S atZnnt (%) ) as]

To justify the preceding formula, we note that because the coefficients ’51 and Zz k(2)
have at most linear growth in the spatial variable, and the derivatives 7. and n”
are bounded functions, there is a positive constant, C', such that

[ (@it (2:6) 1+ 3zt (%) 1) as
g()/t (1+12()2) as

[ G PeazeEas <o [ (1+176F) as

Using again the linear growth of the coefficients, we can apply [23], Problem 5.3.15]

to obtain that ,
Es. UO |Z(s)|2ds] < 0.

The preceding three inequalities yield that the process

/O (X)) Gr(Z(s)) dWi(s), >0,

is a martingale, for all kK = 1,...,n + m, and the integral on the right-hand side of
equality (Z8) is finite. This completes the justification of formula ([2.8]).

From condition (23], and the construction of the extended coefficient l;i, it
follows that b;(z) is nonnegative on the support of the function 7.. Using the fact
that n, <0, we obtain

bi(Z(s))11. ()?i(s)) <0, Vselo,1.
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From condition (2.2]), and the construction of the extended matrix coefficient <, it
follows that (¢5*); ; = 0 on the support of 7. Thus we have

(&) Z(s)n! (Xis)) =0, Vs € 0,1).

Using now the fact that n.(z) = 0, when z € S,, ., since 7. = 0 on R, it follows
from identity (28] that

and, because 7. is a nonnegative function, the preceding expression holds with

equality. Because ¢ > 0 was arbitrarily chosen, the preceding identity implies (2:6)),
foralli=1,...,n, and so, we conclude that (Z3]) holds.

Identity (ZF) proves that, when started at points in S, ., the weak solutions to
the stochastic differential equation (Z4]) remain in S,, ,,. Because the coefficients of
the stochastic differential equations (L3) and (Z4) agree on S, ., we obtain that
the weak solutions to (24]) also solve equation (L3)). This completes the proof of
Proposition a

Remark 2.3 (Existence of weak solutions to the generalized Kimura equation). We
now consider a Borel measurable matrix coefficient, o : S, — R™™ x R"T™
such that by letting

Gij(2) = Vxioij(2), Vi=1,...,n, Vj=1,...,n+m,
Gij(2) =0i(2), Vi=n+l,...,m, Vji=1,...,n+m,
the matrix (¢(z)) verifies Assumption 21l Then Proposition [Z2] implies that there
is a weak solution, {Z(t)}+>0, to the generalized Kimura stochastic differential equa-

(2.9)

tion ([L3), for any initial condition Z(0) supported in Sp.m, and that the solution
remains supported in .S, ,, at all subsequent times.

2.2. Uniqueness and the strong Markov property. In this section, we prove
uniqueness in law, and the strong Markov property of weak solutions to the gener-
alized Kimura stochastic differential equation (I3]). The main result of this section
is

Proposition 2.4 (Uniqueness in law of weak solutions to ([3)). Suppose that
the coefficients of the generalized Kimura stochastic differential equation ([L3]) sat-
isfy Assumption 26l Then, for all z € Sy, there is a unique weak solution,
(2 = ()A(,}/}),W\), (Q,{F() }i>0, F, I@Z), to the stochastic differential equation (L3)),
satisfying the initial condition 2(0) =z

The exact statement of Assumption[Z8lis given in §2.2.1] where we also motivate
in more detail the conditions we impose on the coefficients of the generalized Kimura
stochastic differential equation (L3]).

From [23, Theorem 5.4.20], we obtain that uniqueness in law of weak solutions to
the Kimura stochastic differential equation (3] implies that the solutions satisfy
the strong Markov property. Thus we have the following corollary to Proposition

24

Corollary 2.5 (The strong Markov property). Suppose that the coefficients of the
generalized Kimura stochastic differential equation ([[3) satisfy Assumption 26l
For z € Spm, let {Z(t)}1>0 be the unique weak solution to the stochastic differential
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equation (L3), with initial condition Z(0) = z. Then the process {Z(t)}tzo satisfies
the strong Markov property.

According to [23], Proposition 5.4.27], to prove uniqueness in law of weak solu-
tions to the Kimura stochastic differential equation (L3]), it is sufficient to establish
that for all z € S'n,m, any two weak solutions, {21 (t)}1>0, satisfying the property
that 21(0) = 2z, for ©+ = 1,2, have the same one-dimensional marginal distributions.

That is, for all functions, ¢ € C2°(S,, m), and T' > 0, we have that
(2.10) Es; [¢(Z1(1))] = B, [#(ZX(D))] ,

where @f denotes the probability distribution of the process {Z° (t) }+>0, with initial
condition Z¢(0) = z, for i = 1,2. Property @I0) follows if we prove that the
initial-value problem (7)) has a solution u with suitable regularity properties. We
prove such a result in [29] Theorem 1.5, under the hypotheses that the generalized
Kimura operator L satisfies Assumption

We organize this section as follows. In §2.2.7] we describe the Assumption 2.6]
which we impose on the coefficients of the generalized Kimura operator L to ensure
that we can apply [29, Theorem 1.5]. In §2.22 we give the proof of Proposition

24

2.2.1. Assumptions on the coefficients of the Kimura operator L. We begin by in-
troducing the differential operator L, which will be the infinitesimal generator of
the Markov solutions to the Kimura stochastic differential equation. We let

1 _
(2.11) a(z) == 50(2)0*(2), Vz € Spm,
and we define
(2.12)
Lu= Y am;ai (e, +2Y > VTGinst(Dhay + Y Gtk (2) Uy,
ij=1 i=11=1 Lk=1

) bi(2)ua, + Y al2)uy,,
i=1 =1

for all z € S, and all u € C?(S,, ). Our goal is to impose conditions on the
coeflicients of the operator L to ensure that it has the structure of the generalized
Kimura operator defined in ([2]), and that the coefficients are regular enough to
be able to apply [29, Theorem 1.5]. For this purpose, we first need to introduce
a class of anisotropic Holder spaces adapted to the degeneracy of the diffusion
matrix. The following Holder spaces are a slight modification of the Holder spaces
introduced by C. Epstein and R. Mazzeo in their study of the existence, uniqueness
and regularity of solutions to the parabolic problem defined by Kimura operators,
[T213]. Following [I3, Chapter 5], we first introduce the distance function

(2.13) p((° 2%), (t,2)) == po(2°, 2) + V/]t0 —t|, V(t°,2°),(t,2) € [0,00) X Syp.m,

where py is a distance function in the spatial variables z° and z. Because our domain
Sn,m is unbounded, as opposed to the compact manifolds with corners considered
n [13], the properties of the distance function py(z°,z) depend on whether the
points 2% and 2 are in a neighborhood of the boundary of S,, ,, or far away from
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M1y Mg n=2

My 2y Myay

T

FIGURE 1. Sets M; when n =2 and m = 0.

the boundary of S, ,,. In a neighborhood of the boundary, for concreteness, when
2% and z are in a neighborhood of the origin, the distance function pg(2°,2) is
equivalent to the Riemannian metric such that the model operator,

n m
Lu = E TiUg;a; + E Uyry; 5
=1 =1

agrees with the Laplacian for a suitable Riemannian metric tensor; see [I3], §2.2] for
a detailed explanation. In other words, in a neighborhood of the origin the distance
function pg(2Y, 2) is adapted to the degeneracy of the Kimura operator L. When 2°
and z are away from the boundary of the domain S, ,,, the operator Lis strictly
elliptic, and we choose the distance function pg(2, z) such that it is equivalent to
the Euclidean distance. To be more specific, we introduce the following notation:
For any set of indices, I C {1,...,n}, we let

(2.14)
Mp:={2z=(z,y) € Spum :2; € (0,1) for alli € I, and z; € (1,00) for all j € I°},

where we denote I¢:= {1,...,n}\I; see Figure[ll

We choose the distance function py with the property that there is a positive
constant ¢ = c(n,m), such that for all subsets I,J C {1,...,n}, and all points
20 € M; and z € M, we have that

o | Vo0 = v+ s, 8 -+ ot )
(215) < po(z°,2)

<c” ; -

< (rgl% \ 2 — VT + 6?}%’5)0‘ J|+11glag< lyp yzl)

We can construct the distance function pg(z°, z) in the following way. We start
with the particular case when n = 1 and m = 0, we denote 2 = 2° € [0, 00) and
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z=1x € [0,00), and we set

v
20 — a1,

Va0 — 1]+ 1],
VE = 1]+ ]1 - a9,

)

po(a, z) =

if 20,2 € [0,1),

if 20,2 € [1,0),

if 20 € [0,1) and z € [1,00),
if z €[0,1) and z2° € [1, 00).

It is an easy exercise to check that pg, defined as above on [0,00), is a distance
function, and that the following inequalities hold:
(2.16)

] <o
10—l < pofa,)
sla =2 <p

if 29 2 € [0,1),
S|$O_$‘7 ifl‘O,IE[LOO),
, if 29 € [0,1) and z € [1, 00).

We now turn to the more general case, when n and m are nonnegative integers,
and for all subsets I,J C {1,...,n}, and all points 2° € M and z € My, we set

po(2",2) = max po(a?,2:) + max [y —yil
Because po(2°,z) is a distance function for all 2°, 2 € [0, 00) which satisfies prop-
erties (ZI6), we conclude that po(2Y, 2) is a distance function for all 2%, 2z € S,, ,n,
and satisfies inequalities ([2.13]), with ¢ = 1/2.
Let o € (0,1). Following [13, §5.2.4], we let C%([0,T] x S,.m) be the Holder
space consisting of continuous functions, w : [0,7] X Smm — R, such that the
following norm is finite:

Hu||cg;VF([o,T]x§n,m) = sup lu(t, z)|

(t,2)€[0,T)X Sh,m

|u(t07 ZO) — U(t, Z)|
+ sup 7770 0 .
(¢0,20),(¢,2)€[0,T]X Snym, P ((t ) 2 )7(t72))
(t0,29)#(t,2)
For a set U C S, m, we denote by C%(U) the anisotropic Hélder space consisting
of functions u : U — R, such that
u(2°) — u(2)|
Ullce _(u) :=sup |u(z)| + sup ——————— < Q.
lulleg, @) ZGUI (2)] SUp )
2042
We use the subscript “WF” in the definition of the anisotropic Holder spaces
C&p([0,T] X Spm) and Capn(U), to distinguish them from the classical Holder
spaces, as defined in |28, Chapter 8], and to indicate their relation to the Wright-
Fisher operator, (IT)), and, more generally, to the generalized Kimura operators,
.
We can now introduce the assumptions on the coefficients of the Kimura sto-
chastic differential equation (LG).

Assumption 2.6 (Properties of the coefficients in (IL3])). The coefficient functions
of the stochastic differential equation ([6) satisfy the properties: Let o € (0,1),
and assume that

1. The coefficient functions b;(z) satisfy the nonnegativity condition 23], for
alli=1,...,n.
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2. For all i,j = 1,...,n such that i # j, and all | = 1,...,m, there are
functions, oy i, & j,Ciq : Snm — R, such that

a;,j(2) = 6ijii(2) + /TiT;dj(2), Vz=(2,y) € Snm,
1 _
Ain+1(2) = aniri(2) = 5\/xici,l(z)7 Vz=(z,9) € Snm,

where we recall that 6; ; denotes the Kronecker delta symbol.

3. The strict ellipticity condition holds: there is a positive constant, X\, such
that for all sets of indices, I C {1,...,n}, for all z € M, £ € R™ and
n € R™, we have

Zaz % 5 + Z TiQg, z 5 + Z az,j glgj

(2.17)

el i€lC i,j€1
+ Z Z (i j(2) + a;.4(2))&&5 + Z iy @ 5 (2)6i;
iy e
+)° Z cia(2)&m+ Z 2ici (&M + Y aniknst (20
el =1 ielc =1 k,l=1
> A (€ + nl?) -

4. The coefficient functions are Holder continuous: for all sets of indices,
IC{1,...,n}, and for all i,i' €I, j,5 € I¢, and I,k =1,...,m, we have
that

(2.19) Qigy TGy, Qi Tilig, Tl rrpagy € ORp(Mi),
Untkntls  biy bj cipn wici, e € Cap(My).

Remark 2.7 (Structure of the operator L). Condition (ZI7) implies that the dif-
ferential operator L takes the form:

n

L’LL = E (xlam(z)um T; —+ b E €T; xjal] umimj
i=1 i,j=1
n m
+ E : E :xiciJ( um Tt E : An+k, n+l uykyl + E :el uyz’
=1 1=1 k=1

that is, it has the same structure as the generalized Kimura operator defined in ([L.2)).
Assumption 2.6 ensures that the operator L satisfies the hypotheses of [29, Theorem
1.4], which allows us to establish (2.I0), and which in turn implies the conclusion
of Proposition 24l See the proof of Proposition 2.4l

Assumption yields some immediate boundedness conditions on the coeffi-
cients of the Kimura stochastic differential equation (3], which we often use in
the sequel.

Lemma 2.8 (Boundedness of the coefficient functions b(z) and (o(z))). Suppose
that Assumption holds. Then there is a positive constant, K, such that for all
i=1,...,n, and all j,l =1,...,n+ m, we have that

(220) ‘bz(z)| + |Uj,l(Z)| < K, Vze S’n,m-

Proof. The boundedness of the coefficients b(z) is obvious from (2.I9), and the
definition of the anisotropic Holder space C&p(Sn,m). The boundedness of the
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coefficients of the matrix (o(z)) follows from identity ([ZI1]), and the fact that the
matrix a(z) is bounded, as it is implied by identity ([2I7)), and condition ZI9). O

Lemma 2.9 (Boundedness of the matrix coefficient (¢(z2))). Suppose that Assump-
tion holds. Then the coefficients of the matriz (¢(z)), defined in ([2Z9), are
bounded.

Proof. Let
(2.21) D(z) :=5(2)s"(2), Yz € Snm,

be the diffusion matrix of the Kimura stochastic differential equation (I3). Using
@39), 11), and ZTI1), it follows that, foralli,j = 1,...,n,and all k, I =1,... ,m,
we have that
Di)j (Z) =2 ((51'7]‘131‘041‘71‘(2’) + wixj&i7j (Z)) s
(2.22) Dintk(2) = Dnyri(2) = @ici i (2),
Diyien+i(2) = 2an4kn11(2)-

By the boundedness of the coefficients implied by condition ([ZI9), it follows that
the coefficient matrix (D(z)) is bounded, and so, identity (Z2I]) implies that the
coefficient matrix (s(z)) is also bounded. O

2.2.2. Proof of Proposition [Z4. In the proof of the uniqueness in law of weak solu-
tions to the Kimura stochastic differential equation, we make use of the following
version of It0’s rule, which is more general in that the function does not have to be
C'2 on the support of the process.

Proposition 2.10 (Ito’s rule for generalized Kimura diffusions). Suppose that the
coefficients b(z), e(z), and (s(2)), appearing in (L3) and ZI), are Borel measurable
functions, with at most linear growth in the spatial variable. Assume that the matriz
coefficient (a(2)), defined in 1)), is bounded on compact sets in S, . Let u €
Cloc([0,00) x Sy.m) be such that for alli,j=1,...,n, and [,k =1,...,m, we have
that

(2‘23) Uty Ugs s Uy s A/ Til jUg; a5 \/Eumiyl s Uy yp € ClOC([07 OO) X Sn,m)'

Let z € Sy, m, and let (2, /1/17) be a weak solution to the generalized Kimura stochastic
differential equation (L3, with initial condition Z(0) = z, defined on a filtered
probability space, (Q,{F(t)}i>0,F,P?). Then, the following holds P*-a.s., for all
t>0:

~ ~

u(t, 2(1)) = /0 (us + Tu)(s, Z(s)) ds

t n n+m N R -
(2.24) [0S G2 o 2(s)) )

j=1 k=
t m n+rln =R N -
[ 30N (25D . Z() ),
0 1=1 k=1

where we recall that the matriz coefficient (¢(z)) is defined in (2Z9)).
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Remark 2.11 (Condition ([2.23])). In Proposition 210} we assume that the function
u belongs to Cloc([0,00) X Sp,.m), and so the distributional derivatives of any order
of the function u are well defined on (0, 00) X Sy, . In condition (Z23), we assume
that the restrictions of the distributions w, s, , y, , \/TiTjUz,z; s \/Tillz,y, s Uy, y, O
the set (0,00) X Sy, are continuous functions, and that they admit continuous
extensions up to the boundary of the domain (0,00) X Sy, .-

In the proof of Proposition 2,10, we need the following.

Lemma 2.12 (Property of the weighted derivatives). Suppose that u € Cloc(Sn.m)
is such that for alli,j=1,...,n, andl=1,...,m,

(2.25) Uz s /TiTj Uz, /Tillzyy, € Cloc(gn,m).
Then the function u has the property that

(226) \/l’ixjumixj =0 on aS,mm n {:Ez =0 or ;= 0}7
(2.27) Vg, =0 on 0S, ,m N {x; =0}

Before we give the proof of Lemma [2:12] we explain condition (Z:25]), and equal-

ities (Z26]), and ([227]).

Remark 2.13 (Conditions ([2.23)), [226), and [227)). Similarly to Remark ZTT]
because we assume that the function u belongs to Cioc(Sn,m), the distributional

derivatives of any order of the function u are well defined on S, ,,. In condition
([2:25)), we assume that the restrictions of the distributions u,, VZTiT iUy, VI Uz, y,
to the set S,, ,,, are continuous functions, and that they admit continuous extensions
up to the boundary of the domain S, ,,. Equality [2.20) should be understood as

hm0 VTiT Uy, (2) = 0,

z—z

2ESn,m

for all 2° € 95, ,, N {z; = 0 or x; = 0}, and equality ([Z.21) should be understood
as
lm /Zug,y, (2) =0,

0

z—z

ZESn,m
for all 2° € S, N {z; = 0}.

Proof of Lemma 2121 We prove assertions (2.26) and (227]) by contradiction. We
consider the following cases.

Case 1 (Derivatives x;uz,,,). Assuming that the weighted derivative x;u,,,, does
not satisfy property (Z28]), using the continuity of z;uy,., on S, ., by Z25), we
can assume without loss of generality that there is a point, 2% € 85, ,,, N {z; = 0},
and there are positive constants, a and e, such that x;u,,.,(z) > a, for all points
z € B.(2°) N Sy =: U.. Choosing points 2¥ € U., k = 1,2, such that all
coordinates are identical to those of 2°, except for the i-th coordinate, which is
2% k = 1,2, and integrating in the z;-variable the inequality u,. ., (2) > a/x;, we
obtain that u,, (z') — u,, (2?) > aln(z}/2?). Letting 27 converge to 0, we see that
the right-hand side of the preceding inequality diverges to +o00, while the left-hand
side is finite by assumption (2.25). This contradiction implies that property (2.26)
holds for the weighted derivative x;uy, s, -
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Case 2 (Derivatives |/Z;Tjuy,;, with i # j). We proceed similarly to Case [l
Using property (2.28), we assume without loss of generality that there is 29 €
0Sn,m N{z; = 0 or ; = 0}, and there are positive constants, a and ¢, such that
VTiTjUz,2;(2) > a, for all points z € B:(2") N Spm =: Ue, where i # j, and
i, =1,...,n. To fix ideas we assume that the j-th coordinate of the point z° is 0.
Choosing points z¥ € U., k = 1,2, such that all coordinates are identical to those
of 2, except for the i-th coordinate, which is z¥, k = 1,2, and integrating in the
r;-variable the inequality u,,.;(2) > a/,/Z;T;, we obtain that

(2.28) Uy, (21) = ug, (2%) > j—% <\/; — \/E) :

We can choose the points z', 22 € U,, such that there is a positive constant, ¢, with
the property that

(2.29) N

Letting x; converge to 0 in inequality (2.28]), while the lower bound ([2.29) is satis-
fied, we see that the right-hand side of (Z28]) diverges to +o0o, while the left-hand
side is finite by assumption (2:25). This contradiction implies that property (2:20])
holds for the weighted derivative |/Z;Tjuy,,, where i # j.

Case 3 (Derivatives /Tjug,,,). The proof of property ([Z27) can be done using
the argument of Case [ to prove (Z.2G) for the weighted derivative |/Z;Zjus,z;,
where i # j, with the observation that instead of integrating in the x;-variable, we
integrate in the y;-variable.

Combining Cases [Il 2l and [, we obtain the conclusion of the lemma. O

Proof of Proposition [ZI0. The method of the proof of ([2:24]) is very similar to that
of [19, Proposition 3.5, but we include it for completeness. We choose € > 0, and

let S
2° = (.’[1+€,.~-,1'n+5;y)7 Vz:(x,y)GSn,m,

Z5(t) = (Xl(t) e, Xn(t) +5,f/(t)) . Vt>0.

The proof follows by applying the standard It6’s formula, [23] Theorem 3.3.6], to
the processes {Es(t)}tzo, and taking limit as € tends to zero. This will require the
use of condition (Z23]). For all N € N, let 7y be the first time the process {Z(t)}tzo
exits the Euclidean ball of radius N centered at the origin. Because the coeflicients
b(z), e(z), and (s(z)) appearing in (L3) and ([29) have at most linear growth in the
spatial variable, we obtain by [23] Problem 5.3.15], that for all M > 1 and ¢t > 0,
there is a positive constant, C = C'(M,t), such that

(2.30) ]E@Z Lrél[%}i] |Z(5)2M} <C (1 + ‘Z|2M) .

Then it follows by ([230) that the nondecreasing sequence of stopping times {7y } n>1
satisfies

(2.31) lim 7y = +oo P-as.

N—o00

If this were not the case, then there would be a deterministic time ¢ > 0 such that

(2.32) lim P* (ry < t) > 0.
N—o00
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But, P* (v <t) = P* (SuPse[o,t] Z(s)| > N), and we have

. . 1 ~
P*| sup |Z(s)| > N | < —=Es. | max |Z(s 2]
(se[ol,)t}| L)l ) TN LE[OJH G

<CUED 1y )

Since the preceding expression converges to zero, as N goes to oo, we obtain a

contradiction in (Z32), and so (231]) holds. By ([231)), it suffices to prove (2.24)

for the stopped process, that is,

~

Wt AT, ZEA ) = /O ™ (s + Tu) (s, Z(s)) ds

tATy _n_ntm N . .
(2.33) + / DD kl(Z())ua, (s, Z(s)) dWi(s)
0 =1 k=1

tATN ™ n+m =R N P
+ / S0 G208y (s, Z(5)) dWi(s).

=1 k=1

Because the process {Ea(t)}tzo is supported in [e,00)" x R™ C S, , and the
function u belongs to C12([0,00) X S, ), we can apply the standard 1t6’s formula,
[23, Theorem 3.3.6], to obtain

(2.34)

w(t A, Z5(E ATN)) = u(0, Z5(0))

tATNy RTM N N R .
+/0 Z ZQ’,k(Z(s))uxj(s,ZE(s)) dWp(s)

k=1 j=1

tATy M ntm R R .
+ / Z Z g"JFl’k(Z(s))uyl(Sv ZE(S)) de:(S)
0 =1 k=1

=1 -1
+ % 2 )A(i(s))?j(s)aw-(2(5))1%1% (57 ZE(S))
+ Z )A(Z(S)az,n+l(2(s))uxlyl (S, Zs(s))
=1 l=1

Our goal is to show that, by taking the limit as € | 0, the left-hand and the
right-hand side in (234]) converge in probability to the corresponding expressions
in ([233).

Because the function u belongs to Cioc([0,00) X Sy.m), we have for all s € [0, ],

~ ~ ~

(2.35) W(SATn, Z°(s ANTN)) = u(s A TN, Z(s ATn)) P?-a.s. when e ] 0.
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The terms in (2.34]) containing the pure It6 integrals can be evaluated in the fol-
lowing way. We describe the details for the terms involving the derivatives in the
x;-variable, as the terms containing the derivatives in the y;-variable can be treated
similarly. We define, foralli=1....,n, k=1,....,n4+m, and € > 0,

fk(s) = §i,k(Z(5))umi (s, ZS(S))I{\E(S)\SN}-

Because we assume that the derivative u,, is continuous on [0,00) X Sy, ., and the
coefficient (¢(z)) has at most linear growth in the spatial variable, we see that the
sequence {H; }.>o is uniformly bounded on [0,], and converges Pas. to HY,
for all s € [0, t} Then [31, Theorem IV.2.32] implies that

/ka de —>/H de ) ase |0,

where the convergence takes place in probability. Using the fact that

/0 T k(5 2 (5, Z7(s)) dTT(s / HE(s) dWls), Ve >0,

we see that
(2.36)

/0 TNgiyk(s,Z(s))uri(s,Zs(s))de(s)—> /0 TNQ,k(s,2(3))uzi(s,2(s))dwk(s),

where the convergence takes place in probability, as ¢ tends to zero. Analogously
to H;,(s), we define G°(s) to be equal to the integrand of the ds-term on the

right-hand side of (34), multiplied by the indicator of the set {|Z(s)| < N}, for
all s € [0,¢], and all e > 0. Using the fact that the derivatives us, Uz, Uy, and

Uy,y, are continuous on [0,00) X Sy, and the fact that the process {(Z(t ) }i>0 has
continuous paths, we have the Pz-as. convergence, as € | 0,

n

us(s, 2°(5)) + Z bi(Z(5)uz, (5, 2°(5))

Z An+l, n-HC ))uuzyk (3’ 25(8))

lkl

)+ _Z b(Z()us, (5, 2(5))

+> e Z(s))uy, (s Z stk (Z(3)uyy, (5, Z(5)),
=1

lkl

I Mg
S:
CIJ
Nm

for all s € [0,t]. Recall from Lemma .12 that the weighted derivatives |/Z;Z;uz,;
and /T;ug,,, satisfy properties (Z26) and [2.27). Using these properties together
with the continuity of |/Z;T;us, ., and \/Ziug,y, on [0,00) X Sy 1, and the fact that



5562 C. A. POP

{Z(t)}tzo has continuous paths, by writing

Xi(s) . = -
Wit 1(Z(5))\) X7 (8)tay, (s, Z°(5)),

we see that, as ¢ | 0,

~

Xi(8)X;(8)ai j (Z(8) oy, (5, Z°(8)) — \) Xi(8)X;()i 5 (Z(8) s, (5, Z(5)),

VXi(8)i011(Z(8) iy (5, Z5(5)) — \/ Xi(8)ain41(Z(5)) i,y (5. Z(5)),

where the convergence takes place ]IA"z—a.s.7 for all s € [0,¢]. Combining this with
the fact that the coefficients b(z), e(z), and (a(z)) are bounded on compact sets
in S, ., we see that the sequence {G®}.>¢ is uniformly bounded on [0,¢], and

converges P=as. to GO, for all s € [0,t]. Then [3I, Theorem IV.2.32] implies that
t t
/ G*(s)ds — / G°(s)ds, in probability as € | 0.
0 0

The preceding convergence property is equivalent to the fact that the ds-term on
the right-hand side of (Z34) converges in probability to the ds-term on the right-
hand side of ([Z33]). By combining the latter convergence in probability with (233])
and (236]), we find that the right-hand side of ([2.34]) converges in probability to
the right-hand side in ([2233]), as e tends to zero. This concludes the proof. ]

We recall from [29, §2] that the anisotropic Holder space Cae™([0,T] X Sp.m)
consists of functions, u : [0,7] x S, — R, that belong to C([0,T] x Spm),
such that the distributional derivatives wu, Uy, , Uy, , Ug;z; > Uz;y, > Uy,y, are continuous
functions on (0,7) X Sym, for all 1 < i,j5 < n and 1 <,k < m. Moreover, the
following functions have continuous extensions up to the boundary of the domain
(0,T) x Sp,m, and they belong to the corresponding anisotropic Holder space: For
all subsets I C {1,...,n}, we assume that
(2.37)

Uy Ugy Uz, s Uy s Uy € CXp([0,T) X Spm), Vi j=1,...,n, Vik=1,...,m,

VT gz, 5 \/Tillg,y, € Cop([0,T] x M), Vi, jel, Vik=1,...m,
VZila,w, s Unyz, € Cxp([0,T] x Mp), Viel, Vj kel

where we recall the definition of the sets M in ([2.14). We can now give the

Proof of Proposition [Z4l The method of the proof is similar to that of [I9, Theorem

1.3 and Proposition 3.6]. As stated 1/r\1 §/2\2|, it suffices to show that for all ¢ €

C>(Sn,m), 2 € Spm, and T > 0, if (Z*,W?*), for i = 1,2, are two weak solutions

to the stochastic differential equation (L3]) with initial condition 21(0) = z, then
identity (ZI0) holds. Assumption guarantees that we can apply [29] Theorem
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1.4] to the operator E, to conclude that the homogeneous initial-value problem
(L7 has a unique solution, u € Ca*([0,T] X Sn.m). By E3D), the function
(t,z) — u(T —t, z) satisfies the hypotheses of Proposition 210, and property (2.24])
yields
(2.38)
du(T —t, Z'(t)) = —(ug + Lu)(T — t, Z'(t)) dt
n n+tm
3 Gr(ZH()ua, (T — t, Z7(t)) dWi(t)
j=1 k=1
m n+m o . -
YD ik (ZHO))uy, (T — £, Z7 (1) dWi(t), Vi=1,2,

=1 k=1

where we recall that the coefficient matrix (¢(z)) is defined by (Z9). The AW, (t)-
terms in the preceding identity define martingales because the coefficient matrix
(s(2)) is bounded, by Lemma 29, and the derivatives u,; and u,, are bounded
functions on [0,7] X Sy, by ([@37). Combining the preceding observation with
the fact that u is a solution to the initial-value problem (7)), we obtain from
identity ([Z38)) that

u(0,2) = Ep: [0(Z°(T))], Vz€Spm, Vi=12

In particular, identity (2.I0) holds, which implies by [23, Proposition 5.4.27], that
uniqueness in law holds for solutions to the Kimura stochastic differential equation
(T3). This completes the proof. O

3. KIMURA DIFFUSIONS WITH SINGULAR DRIFT

In this section we prove existence, uniqueness in law, and the strong Markov
property of weak solutions to Kimura stochastic differential equations with singular
drift, (L6). Our strategy of the proof is to apply Girsanov’s Theorem [23, Theorem
3.5.1] to build a new probability measure so that solutions to the generalized Kimura
stochastic differential equation ([[L3]) become solutions to the equation with singular
drift (LG), under the new probability measure. The weak solutions obtained by this
method satisfy the strong Markov property. Girsanov’s Theorem also allows us to
prove that uniqueness in law of weak solutions to equation (6] holds, in the class
of Markov processes.

3.1. Existence of weak solutions. In this section we prove the existence of weak
solutions to the singular Kimura equation (L6). The solutions that we build in
Theorem 3] satisfy the strong Markov property.

Theorem 3.1 (Existence of weak solutions to the Kimura equation with singu-
lar drift (I6])). Suppose that the coefficients of the Kimura stochastic differential
equation with singular drift (L6) satisfy Assumption B2 Then, for all z € Sy, m,
there is a weak solution (Z = (X,Y), W), (Q,{Fi}i>0,F,P?), to equation (L4),
with initial condition Z(0) = z. Moreover, the solution satisfies the strong Markov
property.

To prove existence of weak solutions to the Kimura stochastic differential equa-

tion with singular drift (6], we assume that the coefficients satisfy the following
conditions.
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Assumption 3.2 (Properties of the coefficients in [L6l)). Let g € (0,qo), where qo
s given by

1 bo
3.1 = mi T 75 (0
(31) wimmin{ o |
and K 1is the positive constant appearing in Lemma 2.8, and by satisfies condition
B2) below. We assume that:

1. The functions b(z), e(z), and (0(2)) satisfy Assumption 2.6l
2. The drift coefficients satisfy the positivity condition: there is a positive

constant, by, such that for all it =1,...,n, we have that
(3.2) bl(Z) > bo > 0, Vze 8Sn m N {131 = 0}

3. The coefficients f; j : Spm — R, and h; j : [0,00) = R are Borel measurable
functions, for all i,k =1,....,n4+m, and all j = 1,...,n, and there is a
positive constant, Ky, such that

(33) |fi7j(z)\ < I(()7 Vze Sn,nu
(3.4) (0™ Yki(2) fij(2)| < Ko, V2 € Spm,
(3.5) |hij(s)] < Kos™ %, Vse(0,00).

~ Condition (3.4]) uses the fact that the matrix coefficient (o(z)) is invertible on
Sn.m- We next prove that this property is a consequence of conditions (ZI7) and

RI3).
Lemma 3.3 (Invertibility of the matrix coefficient (o(z))). Suppose that the matriz

(a(2)), defined in [RII)), satisfies properties 217) and RIS). Then (o(2)) is

invertible on Sy, m, and (071(2)) has bounded coefficients on compact sets in Sy, .

Proof. Let v € (0,1), and for 2 = (z,y) € Spm, let I denote the set of indices
i €{1,...,n} such that x; € [0,r], and I° denoted the set of indices j € {1,...,n}
such that z; > r. Let R > 0 be such that x; < R, for all j € I°. Using identities
@110, for all ¢ € R™ and n € R™, we have that

ij=1 i=1

= Zai,i(z)g‘f Y VT (2)GE

ij=1

m m
> VEC(D6Gm+ Y antknsi(Z)mem

k=1

= inai,i(Z)CiQ + Z ;i (2)¢F + Z VTG (2) GGG

iel iele ij=1

> oV (D) + Y anprni(@mem + (1= zi)aii(2)G-

1= k=1 i€l

k=1

> ai ()G + Z (@int1(2) + anti(2) Gm + > Gngrmpn(2)mk
=1
n

_|_

M:

1

.
Il
—

M=

_|_

—

i

The last inequality, and the strict ellipticity condition (2I8]), applied with the
vector { € R™ chosen such that § = /x;(;, for all i € I, and §; = \/%ij for all
J
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jeI¢, yield
> aii(2)6¢ + ZZ i s1(2) + anti(2) G+ Y Gngrnen(Z)mnk
ij=1 i=1 1=1 Lk=1
1
A D mlGlP+ > ;|Cj|2 Hnl )+ A=A 1GP
iel jere I iel

(3.6) > Amin {% 1-— 1"} (IC1? +[nl?),

where we used the fact that » € (0,1), 1 —a; >1—r, for all ¢ € I, and z; < R, for
all j € I°. Thus, indeed the matrix (a(z)) is strictly positive definite, and so, the
matrix (o(z)) is invertible, for all z € S, . Inequality (B.6]), and identity (I?:EI])
gives us that the coefficients of (671(z)) are bounded on compact sets in Sy, ,,,. This
completes the proof. O

Remark 3.4 (Condition (34). In general, the boundedness condition (B4 is not a
consequence of Assumption[2.6l Our main motivation to study the singular Kimura
stochastic differential equation (26 is for its application to the proof of the Harnack
inequality for nonnegative solutions to the generalized Kimura parabolic equation
(L2); see [14, Theorems 1.2 and 1.3]. For such applications, it is sufficient to assume
that the coefficients f; ; : Snm — R are bounded, Borel measurable functions, for
alli =1,...,n4+m, and all j = 1,...,n, and that they have compact support
in S, m. Under such assumptions, Lemma gives us that condition [B4) is a

consequence of (Z1I7), (ZI8)), and the upper bound B3).

The proof of Theorem [3.1] is based on an application of Girsanov’s Theorem.
We change the probability distributions of the weak solutions of the generalized
Kimura equation ([[3]) obtained in Proposition 2.2 so that we add a singular drift
as in equation (LO). In order to justify the application of Girsanov’s Theorem,
we prove that Novikov’s condition, [23, Corollary 3.5.13], for generalized Kimura
diffusions holds.

Lemma 3.5 (Novikov’s condition for generalized Kimura diffusions). Suppose that
the coefficients of the Kimura stochastic differential equation ([3)) satisfy Assump-
tion 226], and condition B2). Let q € (0,qo), where the positive constant qq is given
by BI). Then, for all A >0 and T > 0, we have

exp< / Z\X |2th>]<oo,

where {Z(t) = ()/(\'(t), ?(t))}tzo is the unique weak solution to the Kimura stochastic
equation ([L3)), with initial condition Z(0) =

(3.7) sup Eg.

2€85,m

An elementary method to guarantee that condition (377) holds is to prove that
the hypotheses of Khas'minskii’s Lemma [5L25,30] are satisfied. A statement of
Khas’minskii’s Lemma when the underlying process is Brownian motion can be
found in [I, Theorem 1.2], which states that if {W(¢)};>0 is a d-dimensional Brow-
nian motion, and g : R? — [0,00) is a (nonnegative) Borel measurable function
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such that there is a constant, § € (0, 1), with the property that

sup, E; [/Otg(W(S))dS} =4,

then we have that

t
1
sup E, {exp (/ g(W(s)) ds>] < —
z€R 0 1-9
Lemma 3.6 (Verification of the hypotheses of Khas'minskii’s Lemma). Suppose
that the coefficients of the Kimura stochastic differential equation (L3) satisfy As-
sumption 26, and condition [B2). Let A be a positive constant and q € (0,qo),

where the positive constant qo is given by BI)). Then for all § € (0,1), there is a
positive constant, T = T (by, ||b||co¢ (8 ), 0, K, Aym,m, q), such that

n, m

(3.8) sup [Es. / A Z 1X, ()2 dt| <6,
2€85,m 0

where {Z(t) = (X (1), ?(t))}tzo is the unique weak solution to the Kimura stochastic

equation (L3)), with initial condition Z(0) = z

Proof. Without loss of generality, we may assume that A = 1. Using condition ([3.2])

and the uniform continuity of the coefficient b;(z) implied by ([2Z.19]), we obtain that
for all p € (0,1), there is a positive constant, r, such that

b
(3.9)  bi(z) = ﬁ

Let ¢ : [0,00) — [0, 1] be a smooth cut-off function, such that p(s) =1 for s < r/2,
and ¢(s) = 0 for s > r, and such that there is a positive constant, ¢, with the
property that

(3.10) I (s)| <er™, and [p"(s)| <er %, Vs >0.

on {z=(z,y) € Spom: x; €[0,r]}, Vi=1,...,n.

For all € € (0,1), we let )A(f(t) = X;(t) + ¢, and xf = xz; +e. By Itd’s rule
[23, Theorem 3.3.6] applied to the process ¢(X¢(t))(X:(t))! =29, we obtain

dip(XF (1)) (X (1)
= (1 - 20)p(X; () (X5 (1)~ <bi<2<t>> - q|ai<2(t>)|2i"i_<”> dt

+ by Z(8))' (X5 (0)) (X5 (1) de

)
—WZ; DE %) (R (1))~ (K2 (Re (1) +201 — 20)! (X (1))

+ (Xe0) 7 (R0 (X7 (1)
n+m
(1 — 2q)p(XE(2) )\/ Z o1 1 (Z(t)) dWi(1),

where we denote by o;(z) the i-th row of the matrix (o(z)). From Lemma 2.9
and identity (2.9)), we see that the coefficients (y/Z;0;(2)) are bounded, and so, the



KIMURA DIFFUSIONS 5567

AW, (t)-terms in the preceding equality define martingales. We obtain

E. [o(RF(D)(XE(D))' 7] = p(af) (%)~

+ (1 — QQ)E /T gp(j(\',s(t))()?.s(t))*ml b(/Z\(t)) _ q\a-(?(t))ﬁ Ai(t) dt
P= 0 7 7 (3 7 )?Ze(t)
T o~
+Es. | [ 02006 Ri0) (R0 dt]
w5, | [ IO 0 (Re )2 (K506 (R 0)

+2(1 - 2q>so'<f<f<t>>> dt] :

for all z = (z,y) € Snm. The preceding identity together with the boundedness of
the coefficients b(z) and (0(z)) (see inequality (Z20))), and the choice of the cut-off
function ¢, and (BI0), give us that there is a positive constant, C' = C(K,m,n),
such that

(1 2q)Es. [ / (X5 (0)(XE (1)~ (bi@(t)) - qai<2<t>>'2¥—(t)> dt}

X5 ()
< Cr—2aT,
Using inequalities (B:9) and (2Z20)), we see that
(3.11) )
(1 - 20)E5. l | ez (bi@(t» a2 j;g) dt]

T
o -2
/O(Xf(t)) ql{;?i(t)e[o,r/zndt]'

Combining the preceding two inequalities, and letting ¢ tend to 0, we obtain that
there is a positive constant, C = C'(K,m,n), such that

Cr—2ar
(1 - 29) (11—0,3 —q(n+ m)KQ) '
Note that by choosing ¢ € (0, go), where the positive constant ¢q is given by (B1I),
we can find a positive constant, pg = po(K, m,n), such that
bo
L+ po

Then we choose rg = r0(||b\|c\7vF(gmm),K,m,n), such that inequality (3) holds
with p replaced by po, for all » € (0,7¢). For all § € (0,1), let

b
> (1-29) <$ —q(n +m)K2> Es.

<

(3.12) Es. V{)T()?i(t))zq dt

—q(n+m)K?>0.

r= T(”b”C{}VF(S’,,L,m)’ 57 Ka m,n, Q)

and
T= T(bov ”b”C{‘;VF(g,L,,,,L)v 5; Kv m,n, (J)
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be chosen small enough such that using inequality (8.12]), we obtain that estimate
B3) holds. This completes the proof. O

Using Lemma [3.6] we can now give the proof of

Proof of Lemma B3l By Corollary 25l the solutions to generalized Kimura sto-
chastic differential equations (L3]) satisfy the Markov property. Thus, the proof of
[1, Theorem 1.2] applies equally well to generalized Kimura diffusions in place of
standard Brownian motion, and using Lemma [3.6], we obtain that for all § > 0,
there is Ty > 0, such that

Ts
(3.13) z:;f)m Es. lexp (/0 w(X(t))dt)] < ﬁ,

where we denote for brevity, ¢(z) := A> " | |z;| 724, for all z € R%}. Let 7' > 0 and
set k := [T/T5]. We consider the sequence T; := T — (k — )75, foralli = 1,..., k,
and Ty = 0. We have, for all z € S, 1,

T - R ~
Es. |oxp ( / soo?(t))dt)] _E;. eff’“1@<X<t>>dteff:w<x<t>>ﬂ
0

- o W

= Es. |Ep. [efo o ‘P(X(t))dtefT’c—l P(X() dt‘}_Tkln
[Tt (R (1)) at S (R (1)) dt

= ]E@z e’o Eﬁ2(’1‘k71) [6 0 } .

Inequality (BI3)) gives us

T ey
exp (/ ga()?(t)) dt)] < 1 1 5E@z {efok @(X(t))dt:| 7
0 _

and iterating the preceding argument k times, we obtain

T o~ —
exp (/0 ga(X(t))dt)] < ﬁ V2 € Spms

from where inequality ([B.7) now follows. O

E

P=

Es.

Lemma allows us to establish the

Proof of Theorem Bl We divide the proof into two steps. In Step [l we prove
existence of weak solutions to the Kimura stochastic differential equation with sin-
gular drift (I6), via Girsanov’s Theorem, and in Step [2] we show that the solution
constructed in Step [ satisfies the strong Markov property.

Step 1 (Existence of weak solutions to equation (LG)). Let z € S,.,,. Because
the coefficient functions b, e, and o satisfy Assumptions 211 and 2.6 Proposi-
tions and 2.4] show that there is a unique weak solution, (2 = ()?,?),W),
(Q{F}i>0, F, @Z), to the Kimura stochastic differential equation (L3]), with ini-

tial condition Z(0) = 2. Let 6 : S, ,,, — R"™™ be the Borel measurable vector field
defined by

(3.14) 0:=o'¢,
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where the function ¢ : S, ,, — R"*™ is defined by

(3.15) E:ﬁj hij(zj), Vz2€Snm, Yi=1,...,n+m.

Definitions (B14) and BI3) give us that

n+m n

=Y > (0 ila)fij()hij(x), V2 € Sum, VE=1,....n+m,

=1 j=1

and using conditions (3.4)), and (B3], it follows that there is a positive constant, A,
such that

(3.16) 0(z)| <A |l ™% Yz € Spm.

Let T be a positive constant. Lemma and inequality ([3.I6) show that

exp <%/0 |9(t)|2dt>] < 00,

and so, [23, Corollary 3.5.13] implies that the process {]\//T(t)}OStST defined by

thrm
= exp (/ / \0 2ds>, vt e [0,T],

isa Pz-martingale. We can apply Girsanov’s Theorem [23, Theorem 3.5.1] to con-
struct a new probability measure, P*, by letting

Es.

dP* —~
3.17 = = M),
(3.17) -~ ()
such that the process
t
(3.18) W(t) = W) —/ 0(Z(s))ds, Vtel0,T],
0

is a P*-Brownian motion. Using (14), we sec that by letting Z(t) := Z(t), for all
t € [0,T], we obtain that the process {Z(t), W (t) }o<t<r, (2, {Ft}o<i<r, F,P?) is
a weak solution to the Kimura stochastic differential equation with singular drift
(TH), with initial condition Z(0) = z. To see this, using identity BI8) in (L3, we
have that

n+m
dm):( 0+ Vi) 3 (2 (t))) t
n+m
+JEw )3 oualZ0) AWl

n+m n+m
dYi(t) = <el(2(t)) + ) Gnsk(Z(1)01( ) dt + Z On1k(Z(t)) dWi(t),
k=1

while identities (B.I4]) and BI3]) give us that

n+m

Zai;k( Z.fz,] ,_] l'] VZ:L,H—Fm
k=1
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The preceding three identities imply that the process {Z(t) := Z(t), W (t)}o<t<T)
is a weak solution to (L@). This completes the proof of Step [

Step 2 (The strong Markov property). Let z € Sy, n, and let (Z, W), (2, {F: }i>o0,
F,P?) be the weak solution to the Kimura stochastic differential equation with
singular drift (), with initial condition Z(0) = z, constructed in Step [l We now
show that the process {Z(t)}+>0 satisfies the strong Markov property, that is, for

all stopping times, 7, for all t > 0, and B € B(S,, ), we have that
(3.19) P*(Z(t+t) € B|F,)=P*(Z(t+t) € B|Z(r)) P*-as. on {7 < oo}.

It is sufficient to prove identity ([B.I9) for all bounded stopping times in order to
conclude that the strong Markov property (319) holds for arbitrary stopping times.
Let T > 0 and let 7 be a stopping time such that 7 < T, P?-a.s. Notice that using
@BI10), for all F--measurable and bounded random variables, Y, we have that

- Es. [Y] = Ep- W(T)*Y} = Ep- {EPZ [A?(T)*YVTH
(3:20) = Ep- {YEPZ []T/[\(T)‘1|J-‘T” — Ep- [1\7(7)—11/} ,

where in the last equality we applied the Optional Sampling Theorem [23] Theorem
1.3.22] to the P*-martingale {M\(t)’l}ogtST. We use identity ([3:20) to prove that
for all ¢ > 0 and all F,;;-measurable and bounded random variables, Z, we have
that
(3.21) Ep- [Z|F,] = ———Es, (M7 + t)Z‘]-'T} .

M(r)

The preceding identity gives us the analogue of [23] Lemma 3.5.3] for general stop-

ping times, as opposed to deterministic stopping times. To see the validity of
identity (B21]), it is sufficient to show that, for all sets A € F, we have

(3.22) /ZlA dP* _/ﬁﬂzﬁz [J\Y(TH)Z‘IT} 14 dP*.

Applying identity (320) on the right-hand side of the preceding identity, with the
choice Y := Eg, [M(7 +t)Z|F;], we see that

/ﬁﬂi@z []\/Z(T—l—t)Z‘]-}} 14 dP* = /E@z [M\(T—i—t)Z‘]-}} 14 dP*

and using the tower property of conditional expectation on the right-hand side, it
follows that

1 7 z __ I Dz
/WE@Z [M(T—i—t)Z‘]:T] 14 dP f/M(T—Ft)ZlA dP*.

Another application of identity [.20) with YV := M (T +t)Z14, and 7 replaced by
T + ¢, gives us that ([322) holds, which implies identity (2.
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We now prove that the strong Markov property ([B.19) holds. We have
P (Z(t + 1) € B|F;) = Ep: [L{z(r41)en}| Fr]

—

M(T+1t)
= EAZ —1, ]:7— by
| i zroem) ] (by (B2D)
M\ T+ ~
(3.23) =Es. ,(\4)1{2““)63} ‘Z(T) (by Corollary 2.5).
M(r)
The last equality holds, if for all measurable sets A € F, the following take place:

M(r+1) =
A41 2 ’Z T
M(7) {Z(r+t)eB} (7)

=

We have that

—

M(T +1) 5
/E]Pz lml{Z(TH)EB}‘Z(T)

:/E@z

N /M(T Oz rneny L zmeay B

- /1{Z(T+t>eB}1{Z(r)eA} dP*  (by B.I1)).

Since the preceding identity is true for all measurable sets, A € F,, it follows that
(3:23)), which in turn implies that (3I9) holds. Thus, the process {Z(t)},>¢ satisfies
the strong Markov property.

1liz(r)eay dP* = /1{Z(T+t)€B}]—{Z(~r)€A} dP=.

Liz(r)cay dP*

M(r+1) = —~
T zenem | 20| Lzeen M0 @ (by @20)

This completes the proof. ([l

3.2. Uniqueness and the strong Markov property. Using the uniqueness in
law of solutions to the generalized Kimura stochastic differential equation (L3]), we
can establish uniqueness in law of solutions to the Kimura stochastic differential
equation with singular drift (L6]).

Theorem 3.7 (Uniqueness in law of solutions to Kimura equation with singular
drift). Suppose that the coefficients of the Kimura stochastic differential equation
with singular drift (LG) satisfy Assumption B2 Then, for all z € S, ., there is a
unique weak solution to the stochastic differential equation (L6l that satisfies the
strong Markov property, with initial condition Z(0) = z.

We remark that Theorem 3.7 establishes uniqueness of solutions only in the class
of Markov processes. The reason for this restriction is due to our method of the
proof which consists in applying Girsanov’s Theorem to remove the singular drift
in equation ([LG) and reduce our problem to a generalized Kimura equation (L3]),
for which we know that uniqueness in law of solutions holds by Proposition 2.4
In applying Girsanov’s Theorem, we need to establish the fact that the process
{M(t)}+>0 defined in [B3T)) is a martingale. As we will see in the proofs of Lemmas
B8 and B9 this requires us to assume that the solution to the singular Kimura
equation (LG) satisfies the Markov property. This is the reason why our method of
the proof yields uniqueness of solutions only in the class of Markov processes. This
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result suffices for the analytical applications of the Kimura stochastic differential
equation with singular drift, (L8], to the proof of the Harnack inequality and
stochastic representation formula in [I4] Theorems 1.2 and 1.3]. It is very likely
that adapting the ideas to prove [35, Theorem 12.2.4], the existence and uniqueness
of Markov solutions to (@) already implies the existence and uniqueness of weak
solutions. The impediment to applying [35, Theorem 12.2.4] to our framework
is due to the fact that the coefficients of the singular Kimura equation (L6]) are
unbounded, and so greater care is needed in establishing certain crucial compactness
arguments in the proof of [35, Theorem 12.2.4].

We begin with the analogue of Lemma for Kimura diffusions with singular
drift.

Lemma 3.8 (Novikov’s condition for Kimura diffusions with singular drift). Sup-
pose that the coefficients of the Kimura stochastic differential equation with singular
drift (L) satisfy Assumption B2 Let q € (0,qo0), where the positive constant qo is
given by BIl). Then for all A >0 and T > 0, we have

T n
exp (A/O Z\Xi(t)r?q dtﬂ < 00,

where {Z(t) = (X(t),Y () }i>0 is a solution to the singular Kimura stochastic
differential equation (L) that satisfies the Markov property, with initial condition
Z(0) = z.

(3.24) sup Ep-
2€S85,m

We prove Lemma B8 with the aid of the analogue of Lemma [B.6] for the Kimura
stochastic differential equation with singular drift.

Lemma 3.9 (Verification of the hypotheses of Khas’minskii’s Lemma for singular
Kimura diffusions). Suppose that the coefficients of the Kimura stochastic differen-
tial equation with singular drift (LO) satisfy Assumption B2 Let g € (0,qo), where
the positive constant qq is given by BI). Then for all positive constants, § € (0,1)
and A, there is a positive constant, T = T(by, ”bHCVuVF(S 0, Ko, K,A,m,n,q),
such that

n,m)’

T n
(3.25) sup Ep- lA/ Z|Xi(t)\*2q dt] <9,
S 0 =1

ZESn,7n

where {Z(t) = (X(1),Y(¢))}i>0 is a solution to the singular Kimura stochastic
differential equation ([L8), with initial condition Z(0) = z.

Proof. The proof of Lemma is similar to that of Lemma B.6] but we have
to pay closer attention to the singular component of the drift coefficient in the
stochastic differential equation (). We let the positive constants p, r, and the
cut-off function ¢ be as in the proof of Lemma Without loss of generality, we
may assume that A = 1. We consider the auxiliary function

W)=Yz (@), VzeR.
=1
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For all ¢ € (0,1), we recall that we denote X (¢) := X;(t) + ¢, and 25 := x; + &.
Applying Ité’s rule to the process {1(X®(t))}1>0, we obtain, for all T > 0 and
e >0,

(3.26)
n T
HX(T)) = 0a) + 3 /0 bi(Z(0) (XF () (X (1) 2 dt
n T\, 2
+> /0 @mm £) 720 (X5 (1) (X5 () +2(1 — 20)¢ (XF (1)) dt
=1
n T . . _ag Xl(t)
-2 | ooz () - oz ) @

n T n
+(1=20) Y [ X)) VD Y s (20 (X 1)

\/ Z 01k de( )

where we recall that O'i(Z) denotes the i-th row of the matrix (c(z)). By Lemma
238 the coefficient functions b(z) and (o(z)) are bounded, and using the properties
of the cut-off function ¢, there is a positive constant, C' = C(K, m,n), such that
(3.27)

(=) +Z/ bi(Z (1)) (X5 (1)) (X5 ()2 dt

3 [ 1O oyt a)2 (e2 009" (67 0) + 200 - 200 () a
<nrlT2 4 CrTNT, Ve > 0.

Inequality (BI1) applied with )/(\'f (t) replaced by X (1), together with (3.26), (3.21),
and the fact that the cut-off function ¢ has support in [0, ], yields

no.T
Co Z/O |X5 ()™ 1y, yefo,r/oy dt < 2nr' 24+ Cr=2T

dt

n T
+r*2q2/0 \/T(t)l{xi(t)e[w]}

> i (Z()hi j(X5(8)
j=1

(3.28)

—Z / V(X (1) 72 (XE(0)¢ (XE (1) + (1 20)0(XE (1))

x Zazk )) dWi (1),
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for all ¢ > 0, where we denote for brevity

bo 9
Co:=(1-2 — —qgn+m)K* ).
0:=(1-2q) (1 s q( ) )
Note that the dt-integral term on the right-hand side of ([B:28)) is finite, from our

assumption that the process {Z(t)},>0 is a weak solution to equation (), which
implies that

/0 VED| S i (2O (X5(0) | de < 0, Pras,

Moreover using the fact that ¢ < 1/4 from (B.1]), we see that \/z;(2$) 27 is bounded
as ¢ | 0. From Lemma[Z8] it follows that the matrix coefficient (o (2)) is bounded,
and so, the integrand of the dW (t)-term on the right-hand side of inequality (B:28)
is uniformly bounded, for all € € (0,1). We can now apply [31, Theorem IV.2.32]
to conclude that the dW (¢)-integral on the right-hand side of ([B.28]) converges in
probability, as € tends to 0, to the corresponding expression with € = 0. Inequality

B28) becomes, as ¢ | 0,

n T
Co Z/ |Xi(t)|72q l{Xi(t)E[OVT-/Q]} dt < ol =24 4 op—2a
i=1"0

n T n
+ T_ZQZ/O VXL x ey | D Fii (Z0)hi;(X5(t)) | dt
i=1 =1

=Y [ VEBG) (08 00 + (- 2066,0)
n+m
X Y oik(Z(t) dWi(t)

k=1

This implies that the integral on the left-hand side of the preceding inequality is
finite. We may now use the upper bounds [2.20), (B.3]), and [B.3)), to conclude that
there is a positive constant, C = C(Ky, K, m,n), such that

n_ LT B 2nr! =24 Cr=24T
Z/ | X (2)] 2 i efo,r/2y dt < C
i=170 ’
cri/?—2a & /T
vree XZ 1791 S r dt
&2, (X (O™ L x wefor/2y
1 & T 2
~E X | VEDE©) K06 (Xi0) + (1 - 200X, (1)
i=1
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Because we choose ¢ < 1/4 by ([BJ]), we may choose a positive constant, r; =

r1(Co, C, ¢), small enough so that Cr1/2 2q/C’ < 1/2. The preceding inequality
gives us that

n
dnrl=24 4 2Cr—2T
Z / M x e/ dt < o

noT
-G Z/o X)X (0) 7 (Xilt) ! (Xil1)) + (1~ 20)0(Xi(1))

for all » € (0,71). Because the dW (t)-term in the preceding equality defines a
martingale, we obtain, for all T > 0 and r € (0,71),

T n 1=2 2
- dnr*—21 4 2Cr—24T
/ DX L wefonay dt | < '
0 =1 o

Removing the indicator function in the preceding inequality, we obtain

. 4nrl=20 4 2Cy=2T
/ Z|X (1) dt} i 2 L T
0

For all § € (0,1), we may now choose positive constants
r= T(bOa ||bHC\f;‘VF(Sn)m)7 5a KO) K7 m,n, q)

and

T = T(bo, [1bllcg (8.2 6 Koy K m 1, q)

n, m

small enough so that inequality ([B25) holds. This completes the proof. O
We can now give the

Proof of Lemma B8 The proof of Lemma B8 is identical to that of Lemma [335]
only in place of Lemma we use Lemma [3.9] and so, we omit the detailed proof.
O

To prove Theorem [B.7, in addition to Lemma [3.8 we need the following result
which proves uniqueness in law of the joint probability distributions of any weak so-
lution {(Z ( ), W( )) }t>0, to the generalized Kimura stochastic differential equation,

Lemma 3.10 (Uniqueness of the joint law of weak solutions (Z, W) to the general-
ized Kimura equation). Suppose that Assumption holds. Let z € Sy m, and let

(Zi, /V[?Z), Q' A{F Hso0, F, @f), fori=1,2, be two weak solutions to the generalized
Kimura equation (L3), with initial condition Z*(0) = Z?(0) = z. Then the joint
probability laws of the processes (Z°, W), for i = 1,2, agree.
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Proof. From Proposition [2.4] it follows that the probability laws of the processes
{Z%(t)}1>0, for i = 1,2, agree. For i = 1,2, we consider the (n + m)-dimensional
processes defined by

Ni(t) = )?;(t)_)?;i(())_/ bj(Zi(s))ds, Vj=1,...,n,
(3.29) 0
Fialt) = %0 =70 - [ aZ(@)ds. vi=1...m

Our goal is to prove that the following identity holds:
t
(3.30) W) = [ 2O s, pdF (0. V20

I?”f-a.s, for i = 1,2. Notice that on the right-hand side of the preceding identity we
used the invertibility of the matrix function (¢(2)), for all z € Sy, ,,,. This follows
from identity (29]), and the fact that the matrix (o(z)) is invertible, by Lemma
Properties (B30) and (3:29), together with the fact that the probability laws
of the processes {Ei(t)}tzo, for i = 1,2, agree, imply that the joint probability laws
of the processes (Z°, Wl), for i = 1,2, also agree.

We now proceed to the proof of identity (3.30). From definition (23] of the

matrix function (¢(z)), the choice of the processes {ﬁi(t)}tzo, for i = 1,2, and
from equation ([3]), we see that identity (B.30) is equivalent to

¢
W*(t) :/0 1{2i(s)ES,,L,,,,L}dWZ(S) Pi-as., Vt>0, i=1,2.
Thus identity (330) holds if and only if
t
/() l{gi(s)easn)m}dW’(s) =0 Pf—a.s., Vit > 0, +=1,2.

The preceding equality is equivalent to proving that

t
o Uo Lizi(eos, 45| =0 V20, i=12

but this clearly holds from the fact that the quantity defined in ([B7)) is finite. This
completes the proof. O

We can now give the proof of Theorem B.7] with the aid of Lemmas 3.8 and [3.10

Proof of Theorem B Let (Z',W?), (9%, {F;}o<i<r,F',P?), be two weak solu-
tions to the Kimura stochastic differential equation with singular drift ([.6]), satis-
fying the initial condition Z%(0) = z, for i = 1,2, where we assume that z € S,, .
Assume that the two weak solutions satisfy the Markov property. Our goal is to
show that the laws of the processes {Zi(t)}te[o’T], are the same, for all T' > 0, for
i=1,2. Let 6 : S, ,, — R""™ be the vector field defined in (814)), and recall that
the function 6(z) satisfies inequality (3I0). Lemma [B8 together with inequality
BI6) shows that condition (3:24]) holds, and so, [23, Corollary 3.5.13] yields that
the processes {M(t)}o<i<7 defined by

(3.31)

t nt+m t
M(t) := exp (—/0 Z 0x(Z(s)) AW (s) — %/0 |9(Zi(s))2ds> , Vtelo,T],

k=1
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are PZ-martingale, for ¢ = 1,2. We can apply Girsanov’s Theorem [23, Theorem
3.5.1] to construct new probability measures, P?, by letting

ez _ .
(3.32) P = MYT), i=1,2.
Then the process
i
(3.33) Wi(t) == Wi(t)+/ 0(Z'(s))dt, Ytelo,T),
0

is an (n+m)-dimensional Brownian motion with respect to the probability measure
f"f, for i = 1,2. Using definition (B.I4) of the function 6(z), we see that by letting
Zi(t) := Z(t), for all t € [0,T], we obtain that the processes {Z"(t), Wi(t) }o<i<r,
(Q,{F}o<i<r, F, ]IADf ) are weak solutions to the generalized Kimura stochastic dif-
ferential equation ([I3]), with initial condition 21(0) =z, for i = 1,2. From Lemma
[B.I0 it follows that the joint law of the processes {Zi(t), Wi(t)}ogtST, fori=1,2,
agree. From definitions (B:31]) and ([B.33]), we have that

w0 = (- | 02 ) AT ) + 2 / t B Pas). =12,

and so, the laws of the processes { M (t) }o<i<7 and {M?(t) }o<t<7 also agree. Thus,
it follows from (B.32)), that the probability laws of the processes {Z(t)}ie(0,1] are
the same, for all T' > 0, for i = 1,2. This completes the proof. O
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