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Abstract

We consider a perturbed ordinary differential equation where the perturbation is only signifi-
cant when a one-dimensional null recurrent diffusion is close to zero. We investigate the first
order correction to the unperturbed system and prove a central limit theorem type result, i.e.,
that the normalized deviation process converges in law in the space of continuous functions
to a limit process which we identify. We show that this limit process has a component which
only moves when the limit of the null-recurrent fast motion equals zero. The set of these times
forms a zero-measure Cantor set and therefore the limiting process cannot be described by a
standard SDE. We characterize this process by its infinitesimal generator (with appropriate
boundary conditions) and we also characterize the process as the weak solution of an SDE
that depends on the local time of the fast motion process. We also investigate the long time
behavior of such a system when the unperturbed motion is trivial. In this case, we show that
the long-time limit is constant on a set of full Lebesgue measure with probability 1, but it has
nontrivial drift and diffusion components that move only when the fast motion equals zero.

1 Introduction

In systems of multidimensional diffusion processes where both slow and fast timescales are
present, the limiting behavior of the slow component is an interesting mathematical problem
with applications in physics, biology and other areas. One possible setting is a system of
diffusion processes (X¢(t), Y¢(t)) that depends on a parameter e representing the ratio of the
two time scales. More precisely, suppose that Xe changes faster and faster in time as ¢ | 0
while Y changes on the same time scale for all values of e. Then X¢ and Y< are called the
fast and the slow component respectively.

Classical stochastic averaging theory, first invented by Khasminskii ([I6]) expanding the
ideas of Bogolyubov for ordinary differential equations ([4]), states that if the fast component
X°¢ has a finite invariant measure, then as ¢ — 0, the distribution of the slow component
Y© approaches a limit where the X dependence in the drift and diffusion coefficients of Y is
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averaged out with respect to this invariant measure. This result was later extended and refined
by a vast number of authors (see e.g [10],[11],[19],[18],[23],[27] amongst many others).

In this paper, we are going to study a system where the fast component is a null-recurrent
process and therefore has no invariant probability measure while the slow motion is a per-
turbation of an ordinary differential equation. Namely, let W be a k-dimensional Brownian
motion and consider the system

dXe(t) = e Lo(XE(@t), YE(@)) AW (1), X4(0) = xo/e, (1.1)
dYE(t) = b(XE(t), YE@))dt + o(XE(t), YE(£)dW (2), Y(0) = vo, (1.2)

where all coefficients are Lipschitz continuous, ¢ is bounded away from zero and infinity, and
the process X¢ (Y?) is one (d) dimensional. Intuitively, the fast component X¢(t) is of order
O(¢~1) and therefore the limiting dynamics of the system, as ¢ | 0, is governed by the behavior
of the coefficients for large absolute value of the z-variable.

In [I7], it was shown that if b, ¢, and o have certain limits as |z| 1 oo in the Cesaro
sense then (eX°(t),Y<(t)) converges in law to a process where the a-dependence in (C1)-
(L2 is replaced by coefficients associated to these limits. More precisely, after the change of
coordinates (X<(t), YE(t)) = (e X°(t), YE(t)), the system (X¢(t), YE(t)) can be written as

X0 0 P X5 (1), YE@))
1(70) = Crextnron ) (g ) oo

It might be tempting to assume that the limit will be given by taking the limit of the coefficients
for large positive and negative values of x. However, this is not the complete picture as one has
to include the effects of null recurrent averaging. To see this, note that the diffusion matrix
can be written as

ol (x,y)
A(Cﬂ,y) — l ( “P(F}Uay)\Q (pO’;(.%’,y) > _ 1; Tl |¢(7@,y)\2
$hoete) ortea) ) pUREOR S Sl

Let p(z,y) = 1/|¢(z, y)|* and note that if we freeze the y dynamics, this is proportional to the
sigma finite invariant density of the X¢ process. For a function K(x,y), define

. 1
Ki(z,9) = X{e>0) - lim —

u——+o00 U

u 1 u
| Ko+ oy Jim [ K g,
0 u=—oo U Jo

whenever the Cesaro-limits exist. Using this, introduce the averaged diffusion matrix fll-j (z,y) =

(pAij)+(z,y)/p+(x,y) for i,j = 1,..,1 + d and the averaged drift b(z,y) = (0, (pb)+ /p+).

Theorem 1.1 (Khasminskii, Krylov [I7]). Suppose that ¢,0,b are Lipschitz continuous and,
for each x, their first and second order derivatives in y are bounded continuous functions of y.
Assume as well that for some positive constants c1,co,c3 > 0, we have

d
€1 < |Q0($,y)| < €2, Z(AT(xay))m + b?(x’y)) < 03(1 + |y|2)
=1



for all (z,y) € R, Also assume that p,pAij,pbi and all their first and second derivatives
in y have well defined Cesaro limits as © — +oo. Then the pair (€ X(t), YE(t)) converges in
distribution in C ([O7 oo),RHd) to the solution of

d (X°(1), YO(t)) = b(XO(), YO(£))dt + \/ AXO(), YO(£))dW (1),
whenever weak uniqueness for this equation holds.

In general, however, the Cesdro limits in question can be quite different for large positive
and negative values of x. This implies that the coefficients of this limiting system will be
discontinuous at « = 0 in the generic situation and the well-posedness of the corresponding
martingale problem becomes a challenge. Note that the limit being well defined is an assump-
tion in this theorem. For a list of special cases when well-posedness holds, we refer the reader
to [I7] (see also [2]).

In this paper, we answer the question what happens when the Cesaro limits of o are zero
while the Cesaro limits of b are equal. Namely, we study the following special case of (L.T])-(T2)).

dXE(t) = e L p(X=(1), Vo (£)dW (2), X2(0) = wo/e,  (1.3)
dY (1) = [br (Yo (1)) + ba(X° (1), YE()]dt + o (X°(1), YE())dW (2), YO0) =y, (14)

where by and o satisfy a certain decay condition in  which guarantee that their Cesaro limits
for large || vanish so their contribution to the dynamics for large values of | X¢| is negligible.
In this setting, the result of [I7] implies that Y¢(¢) converges uniformly in probability to the
solution y(t) of the ordinary differential equation (ODE)

y(@) = b1(y(@®),  y(0) = wo.

In fact, it can be shown that this convergence holds in a stronger sense (see Lemma [3.2)).
Consequently, Y4(t) can be viewed as a perturbation of y(f) and it is of interest to describe
the behavior of their deviation. This system can model, for example, the effect of spatial
inhomogenity localized around a one co-dimensional surface (e.g. a crack in a solid) where the
homogeneous structures away from the interface can possibly be different on different sides of
this interface. This is the situation, for example, in groundwater hydrology when one studies
diffusion in composite porous materials, see e.g. [20] and the references therein. In our scaling,
the dynamics transversal to the interface is much faster than the one parallel to it.

In [22], the authors considered the simpler case when X¢ is a Brownian motion independent
of the noise driving the slow motion. Namely, the stochastic differential equation (SDE)

dY (1) = [b1(Yo(1)) + ba(e™ ' Wa(t), YO)ldt + o (e Wi (1), YE(0))dWa (1), YE(0) = yo,

where W; and W5 are independent standard Brownian motions, was considered and it was
shown that the first order correction to the deterministic limit is of order y/e. Moreover, a
functional central limit theorem was proved for the normalized difference e~ Y/2(Y2(t) — y(t))
with the limit identified as a process that is Gaussian when conditioned on Wj. This case was
significantly simpler than (L3])-(L4]) as the difficulty arising from the discontinuity at = = 0
does not appear and there is no feedback from the Y¢ process to X¢. This allowed for a
proof using only elementary stochastic analysis. In the limit, the perturbation acts only when



Wi(t) = 0 (i.e., on a Cantor set of times) and the equation for the limiting solution can be
expressed in terms of the local time of W at zero.

In the current paper, we prove a similar result for the general system (L3)-(L4]) using the
martingale method. We show that if o # 0, the pair (eX=(t), e~ Y2(Y<(t) — y(t))) converges to
a non-trivial process with singular diffusion on the interface which we describe. On the other
hand if o = 0, then the pair (eX¢(t), e (Y2(t) — y(t))) converges to a nontrivial process with
singular drift on the interface. Moreover, we show that in the absence of the unperturbed
system (b; = 0), the interesting limit behavior happens on longer time scales (of order £72).
The long-time limit has both singular drift and singular diffusion in the sense that there is a
proper diffusion process on the interface, with coefficients that are averages with respect to a
sigma-finite invariant measure of the fast motion, that is sampled at the random times when
the limit of the fast motion is in the origin. Once again, these times form a Cantor set and
the limiting slow motion is constant for almost all times.

It is worth pointing out that in some sense, the original result of [I7] and the results in this
paper parallel the first few steps of the program contained in ([10], Chapter 7) when the fast
process is positively recurrent (See Section 7).

The plan of this paper is as follows. In Section 2], we specify the conditions on the coefficients
in (L3)-(T4), describe the limit processes, and state our convergence results. In Section B we
derive the main technical tools needed for our analysis. In Section @] we show that the families
of processes under consideration are tight while in Section Bl we prove that all subsequential
limits converge to the solution of the associated martingale problem. In Section [6 we prove
that these martingale problems are well-posed and characterize their unique solutions as the
weak solutions of certain SDE-s. In Section [7, we mention some open problems.
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2 Assumptions and main results

For convenience, we will make the change of coordinates (X¢(t), Y<(t)) = (6X°(t), Y<(t)) and
consider the system

dX°(t) = p(e ™' X°(1), Y*(1))dW (#), X(0) =z, (2.1)
dY*(t) = [b1(Y*(8) + ba(e ' X5 (1), YE()dt + o(e ' X*(1), YE(£))AW (), Y*(0) =50, (2:2)
where W (t) is a k-dimensional Wiener process, ¢(x,y) is a k-dimensional vector field, b1(y) and
bo(xz,y) are d-dimensional vector fields, and o(x,y) is a d X k-matrix. In this way, X°(t) is a

one-dimensional process and Y¢(t) is a d-dimensional process.
We make the following assumptions:

1. ¢, by, and o are Lipschitz continuous and bi(y) is a twice continuously differentiable
d-dimensional vector field with bounded derivatives.



2. Decay conditions hold in z:

d
b(@) == sup |ba(z,y)|pe € L'R),  6%(x) = supTrooT (z,) =sup Y o%(z,y) € L'(R).
yeR yeR yerR [0

(2.3)

2

)

3. X¢ is non-degenerate. More precisely, if |o(z, y)|> = Zle %
are numbers 0 < ¢; < ¢ < oo such that

(z,v), we require that there

o <lp@y))? <e  V(z,y) € RM

4. 1/|o(x,y)|? has Cesaro-limits in z, i.e. the limits

. 1 [* 1
lim — 72du
r=xoo x Jo  [p(u,y)l

exist. Define

11 - 11 -
st =i (i, [ ete) e ([ )
(2.4)

Occasionally, we will use the notation a4 (y) to denote the restriction of ay to {(z,y) €
R : > 0} (similarly we will use a_(y)).

It follows from Assumption 1 that the ODE

Wb 0=

which serves as the unperturbed part of the slow motion, has a unique globally defined solution.

Before stating our main result, let us introduce the construction which we use to describe
the limit processes. Let Hy = {(x,y) : * > 0} and H_ = {(z,y) : * < 0} be two half-spaces in
Rt and let £ be second order differential operators acting on functions over Hy respectively.
Denote the interface by Hy = {(z,y) : + = 0}. Also let S;(y), oi;(y) € CR?Y, i,5 =1,...,d, be
such that (a;;(y)) is uniformly elliptic and such that the SDE

dU(t) = BU)dt + /(U @)dW (£)

has a unique weak solution. Let p+(y) > 0 with p4(y)+p_(y) = 1. Let Co(R'T?) be the Banach
space of bounded, continuous functions f : R*% — R decaying at infinity endowed with the
supremum norm.

We construct an operator £ on Cy(R'*?) as follows. Let its domain D(L) C Cy(R'*9)
consist of f € Cy(R'*9) such that

e The restriction of f to Hy, H_, and along Hy are smooth.
e 0y, f(r,y) € C*R™) for i =1,....d.

i 'C+f(0+,y) = 'C*f(o_’y)’ for all Y€ Rd'



e 0, f(z,y) has right and left limits as z — 0 and the gluing-boundary condition

d d
P+ )02 (0+,9) — p- () FO—,9) + > Biw)dy, £(0, ) + % D @j(y)0y.y; £(0,9) = 0
i—1 ij=1

(2.5)
is satisfied for all (z,y) € R4,

For any f € D(L), let Lf(x,y) = L+ f(x,y) for x € Hy and define L£f(0,y) by continuity.

This is the adaptation of a special case of the well-known Wentzell type boundary con-
ditions (see [30], [31] or the survey [29]). In general, it is hard to prove that the closure of
such an operator is the generator of a continuous strong Markov process Z(t) = (X(t), Y (t)).
Nevertheless, we will show that when p, (y) = p_(y) = 1/2 and L. has a special form, £ does
indeed generate a Markov semigroup on Co(R'*9). In fact, in the cases of interest we construct
the corresponding Markov process probabilistically. However, we believe that the closure of
such an operator L is the generator of a Markov semigroup in greater generality.

Intuitively, the process Z(t) can be described as follows. Inside the half-spaces H, and
H_, it coincides with the diffusion generated by £ up to the point when it hits Hy. On
Hy, Z(t) follows a diffusion process for an infinitesimal amount of time, after which it leaves
Hy in the direction of Hi with probability py+. The set of times at which Z(t) € Hy has
Lebesgue measure zero and consequently the displacement due to the effect of the boundary is
singular in time (the support of the increments is a Cantor set in R). To make this intuition
rigorous and obtain a characterization of Z(t), let us recall the definition of the local time of a
semimartingale (see Theorem 7.1 in [13]).

Definition 2.1. The symmetric local time of a semimartingale S with quadratic variation (S)
s the unique nonnegative random field

L ={L>(t,x); (t,x) € [0,00) x R}
such that the following hold:
1. The mapping (t,z) — L°(t, x) is measurable and L5(t,z) is adapted.

2. For each x € R, the mapping t — L°(t, x) is non-decreasing and constant on each open
interval where S(t) # x.

3. For every Borel measurable f : R — [0, 00), we have

t
/f@Mwn:/ﬂmﬁmmm: o,
0 R

4. L5(t,x) is a.s. jointly continuous in t and x for x # 0, while the one sided limits exist
at x =0 and

15,0 = S(15(,04) + L5(:,0-)) (26)



Note that instead of (2.6]), we could have choosen an arbitrary convex combination. Other
common choices include L(t,0) = L(t,0+) (right local time) or L%(t,0) = L%(t,0—) (left
local time). For our current purposes, however, the symmetric local time satisfying (2.6]) is the
most suitable as it makes our formulas more transparent.

Assume that Z(t) is the unique solution of the martingale problem given £ for appropriate
B, a and py. It is natural to conjecture (see also e.g. [12],[21]) that it is also the unique weak
solution of an SDE involving singular terms on the interface x = 0. Namely, let

1
Lo = 3A@,1)0s0 + B, )0, (2.7)

be the diffusion operator on H_ U H, ,where 0, is the d-dimensional gradient with respect to
the y variable and A(z,y), B(z,y) are matrix-valued functions that are uniformly elliptic and
sufficiently regular on both halfspaces H;. Assume A(z,y) has a jump discontinuity at z = 0
(B(z,y) may or may not be continuous at z = 0). Then Z(t) is a weak-solution to the following
SDE

dZ:1(t) = VA(Z1 (1), Zo(8)dW () + [p4(Zo(t) — p—(ZoO)ALP (1), Z1(0) =z, (2.8)
dZs(t) = B(Z:(t), Za(£)dt + B(Zo()AL7 (1) + /A Zo(D)AV (D), Za2(0) = o, (29)

where /7 is the matrix square root, LZ1(t) = L?(t,0) is the local time of Z; at 0, W is a one-
dimensional Brownian motion. V#!(t) is a continuous martingale whose quadratic variation
is (ViZI,VJ.Z1>t = §;;L71(t) and the cross-variations are (ViZI,W>t =0foralli=1,..,d It
is natural to define the weak solution to such an SDE as a quadruple (71, Zo, W, V#1) such
that W is a one-dimensional Brownian motion and V%! is a continuous martingale satisfying
the above variation relations and that (Z1,Z2) solves ([2.8)-(29) in the integral sense with
(W, V?1) taken as the driving noise. In this way, Z; diffuses like a skew-Brownian motion (see
[21]) modulated by Z5(t), and Zs(t) — fg B(Z1(s), Z2(s))ds moves only when Z;(t) = 0, because
L7 (t) (and therefore V#1(t)) is constant when Z; # 0.

Because of the discontinuous coefficients and the coupled nature of the above equations,
the well-posedness of such an SDE is in general unclear. We will show, just as one would
expect based on the classical situation, that the weak solutions of (2.8)-(29) are in one to
one correspondence with the solutions of the martingale problem associated to the operator £
as discussed above under fairly general circumstances. However, we do not need this general
result for the proofs of our main results and therefore defer the proof to the appendix.

We are ready to state our main result on the asymptotic behavior of the process (X¢,Y*).
As we mentioned before, Y¢(¢) converges to y(t). Our first main result concerns the rate of
this convergence. Let C([0, 00), RF) be the space of all continuous R*-valued functions on the
halfline endowed with the metric

(f,9) = o~ L SWyego [£(B) — 9(0)]
Pt 9 = 20 1+ supseqo ) | £ (1) — g(2)]

It is well known that weak convergence of probability measures over this space is equivalent to
weak convergence of measures in C ([0, T], R¥) with the supremum norm for all 7' > 0. Let us
introduce the normalized deviation process (2(t) = e~ V2(Y2(t) — y(t)).



Theorem 2.2. The triple (X2(t), y(t), (5(t)) converges in law in C([0,00), R**2) to a Markov
process which is the unique solution of the martingale problem associated to the operator L
described above with

1 0? 0 0
,C:t = §ai($,y)w + bl(y) . G_y + (aybl(x,y) : C) : 8_C

where ay is as in (2.4)) and

0 0
p=(y)=1/2,  Ply) =0,  aly)= <o I (""T) (@ y)d~’6> '

R

Moreover, there is a one dimensional Brownian motion W and a continuous martingale yX°
such that (ViXO,VjX“>t = 5Z-jLXO and (V;, W) =0 for each i = 1,...,d, and such that the limit
process of the pair (X¢, (%) satisfies the inhomogeneous equations

dXOt) = Vax(XO@), y(£)dW (¢t), (2.10)
dcO(t) = 0,b(X(0), y(®)) - CO(E)dt + \/ ( / ” ("“T> (@, y(t»d:c> wXw,  (211)

—oo \ I
with (X°(0), ¢°(0)) = (x0,0) where \/~ in (Z11)) denotes the matriz square root, and Oyb1(y) is
the derivative tensor of the vector field by at y € R%, i.e (9,b1(y))i; = O(b1)!/0y7 .

Remark 2.3. Note that once the processes X° and y are constructed, the solution of (Z.11)
is explicitly given by the variation of parameters formula

! ¢ 0 T T T o T 0
SOE /0 els @ubi X0y \/</OO (%) (x,y(S))d:U> dv>*"(s).

As is apparent from this theorem, the drift part of the perturbation (b2) does not contribute
to the deviations of order y/e. On the other hand, the following result suggests that by does
play a role in fluctuations of order ¢.

Theorem 2.4. Let 0 =0 and (5(t) = e Y (YE(t) — y(t)). The triple (X=(t), y(t), (5 (1)) converges
in law in C([0, 00), R12%) to the unique solution of the martingale problem associated to the
operator L described above with

0?2 0 0
£s = Gosle)og +0i0) - o+ Ohi)-0) - 5
and - ;
pet) =172, Bly) = (0, / (ﬁ) (w,y)dw> L aly =0

Moreover, there is a Brownian motion W such that the limit process of the pair (X¢, (%) solves
the inhomogeneous equation

4X0(8) = /a2 OO0, g AW () X0(0) = .
4CO(t) = 9,by (X°4), y(t)) - CO(t)dt + ( / - ( by )(m,y(t»dm) a0 =0,

o\l
where /- in (ZI1) denotes the matriz square root, and 9ybi(y) is the derivative tensor of the
vector field by at y € R?, i.e (Oyb1(v))ij = O(b1) /Oy’

8



Remark 2.5. In this case, the variation of parameters formula implies
¢
o) = [ eliam oo ([7 () i ) di ).
0 —00 |SD|2

When b1(y) = 0, we have y(t) = 0 and it follows from Theorem that supejo 77 1Y ()]
converges to zero for every fixed 7' in probability. On long time scales (of order £~2), however,
the process converges to a limit with both singular drift and singular diffusion on the interface.
Let X¢(t) = eX®(e72t) and Y4(t) = Y¥(¢~2t). This pair satisfies the SDE

dX5(t) = p(e 2 X5(1), YE(1))dW (1), X°(0) = exo,  (212)

dYE(t) = e 2bo(e 2 XE(t), YE@))dt + e Lo(e 2 X5(t), YE(1))dW (1), Ye(0) =yo, (2.13)
with a Brownian motion W different from the one in (2.1])-(2.2]).

Theorem 2.6. The pair (X¢,Y?) converges in law in C([0, 00); R %) to the unique solution of
the martingale problem associated to the operator L with

1 0?
Ly = 5601(5'3, y)@

'S [e's) O'O'T
=12 0= [ (%) @otr,  at)= | (W) (e, y)d.

Moreover, the limit process is the unique weak solution of the equation

and

AXO(t) = \/ax(XO(), Y)W (1), (2.14)
o %0 * (ool - 0
dy(t) = < /_ Q%) (x,YO(t))dx> dLX () + <\/ /_ <W> (m,YO(t))dx> AV (t),
(2.15)

with (X°(0),Y(0)) = (0, yo) where LXO, W, and VX" are as in 28)) and 2.9).

As one can see from (2.I0]), the singular drift and diffusion on the interface are both
significant on these longer time scales. Also, a careful look at the explicit formula for 8(y) and
a(y) reveals that they are essentially averages with respect to a o-finite invariant measure of
the fixed y process dXY(t) = o(XY(t), y)dW (t) (with density ¢/|o(-,y)|? for any ¢ > 0). In this
sense, Theorem is an averaging result where the singular term on the interface follows the
averaged dynamics of the slow component with respect to the invariant measure of the fast
motion. Due to the null recurrence of the fast dynamics, however, the natural timescale for
this averaged process is not proportional to ¢ (as it is due to the ergodic behavior of fast-slow
systems in the positive recurrent case). Instead, it is proportional to the amount of time that
the fast component asymptotically spends in the essential support of b and o, or in other words
to the local time at x = 0. Since our fast motion is roughly Brownian, this time scale is of
order V/t.

Note that even though the theorems above are stated for a flat interface, they are applicable
to situations when the interface is a more general hypersurface. We also remark that we chose
the initial conditions xg, o somewhat arbitrarily. The modifications one needs to make to
include the case when xg, yg can depend on ¢ differently are straightforward.



3 Auxiliary lemmas

First we derive an estimate on certain integral functionals of the fast process (2.])

Lemma 3.1. For any p > 1, there exists C, > 0 such that for all ¢ € LY(R), all stopping
times 0 < 11 < To with E7'§/2 < 00, and all € > 0,

1 T2 B p »
el [" vt xeonar| < Gt - it (3.)
T1

Proof. If f € C?(R), then by Ito formula,
FE X ) — JE X () = (32
=1 [ FE O O OMVE) + 5 [ XN X0, V) P

almost surely. In fact, by the Meyer-Tanaka formula, the above expression is valid even if f”
is not continuous, but is only L'. We want to construct f such that f”(z) = |¢(x)|. Since
Y € LY(R), the function

() = / " )y

is well defined, continuous and bounded (0 < W(x) < [t)|;1(g)). Then we can define

J(@) = /0 " w(y)dy.

This function is Lipschitz continuous because

|f(z2) — f(z1)] <

/ ‘I’(Z/)dy‘ < Yl @ylre — 21| (3.3)

1
Now, because ¢; < |o(z,y)|?,

S Xl < e [ XSO X0, Y )

1 1

where here and in what follows, ¢ is some (possibly different from line to line) positive constant
independent of . Plugging this into ([3.2)),

1 " —1ye
= [t <

< (a(f(elxem» e X)) /

1

B XN X YOIV )
By the elementary inequality |a + b[P < 2P~ 1(|alP + |b[P),

E ‘é /T ITQ Y(Ee L XE(r))dr

p
< c<Eep [FETIX ) — FEe X ()|’

)

+E

/ P W X))ol X (), Y)W ()

1

10



By B.3),
elfET X () — fe X (m))| <

< elplpwle T X () — e X ()] = Y]y ;

/ e X, Y)W (r)

T1

and therefore,

p

p
< c|YlfrmE +

E ‘é /: (e L XE(r))dr

/ P o), YR AW ()

1

P
+ cE

/ P W X ()l X (), Y)W ()

T1

Each of these expectations can be bounded by the BDG inequality, and we see that

p/2+

p
< clyl7 gy

E‘é /TlT2 (e L XE(r))dr

E [ lote X0, YO0 P

+c r/2,

E / PR X ) o(e X (), YE(r))Rdr

1

All of these integrands are bounded because |¢| < cp and ¥(x) < [)|p1(r). Therefore, we can
conclude that

p
< Cp|w|i1(R)E|7—2 - 7—1|%'

E E /7:2 (e L XE(r))dr

as required. O

Next we show that the slow motion (Z2]) converges to the unperturbed system in a strong
sense.

Lemma 3.2. For every p > 1, there exists a constant C, such that

sup E|Y*(t) —y(®)|P < Cp max{epr/4, 6p/2Tp/2}eCPTp_1.
tel0,17]

Proof. Note that
YE() —y(t) = /Ot(b1(Y€(8)) — bi(y(s))ds + /Ot by (671 X(s), Y*(s)) ds+
/0 Y (e7'X5(s), Yo(s)) dW (s) = I§(t) + I5(t) + I5(2).
By the Lipschitz continuity of b; and Jensen’s inequality,
B OF < T Ly [ BV - v
On the other hand, recall that b(z) = supycgd |b2(z,y)| and note

T p
sup E|I5(t)P <E ( / b(ele(s))ds> < CpePTP/?,
te[0,T7] 0

11



where in the last inequality we used Lemma Bl with 7y = 0 and 7o = T'. Finally, it is easy to
see that the scalar quadratic variation of I3 is

¢ t
<I3>t:/0 TrUO‘T(elXE(S),YE(S))dSS/O 52(e 71 X5 (s))ds,

(where we recall 62(z) = SUpPycRd Troo! (z,y)) and therefore by the Burkholder-Davis-Gundy
inequality and Lemma [3.1] we have

T p/2
sup E|IE@®))P < CpE</ 62(5_1X€(s))ds> < Cpsp/sz/4. (3.4)
te[0,T7] 0
The result now follows from Gronwall’s lemma. O

Next, we recall Lemma 3.5 from [I7], which explains why the Cesaro limits of # describe
the limiting behavior of X¢.

Lemma 3.3. For any f € C(Ry x R x R?) and any T < oo, we have

t
sup /Of(87X€(8)7Y€(8))(\<P\2(€1X€(8)7Y€(8))—ai(XE(S),Ys(S)))dS — 0, (3.5)

t€[0,T1]

as € | 0 in probability where ay is defined in ([24) Moreover, (33) holds for every family of
stopping times {7 }c<c, in place of T' such that {X®(7%)}e<c, is tight.

Before proving Lemma [B.3] we establish the following fact about Cesaro limits.

Lemma 3.4. Assume that g : R — R is bounded and has the Cesaro limit

r—+oco I

gi= lim L /O 9(©)de.

Then for any f € L: (R), and R > 0,

loc

lim sup
=0 2¢[0,R]

(" [T -1 _
g /0 F()de /0 (O s)ds' 0. (3.6)

Proof. First, we consider the case where f =1 (see [I7]). In this case, for z € R,

[ a—oetente = (g S g(§)d§> =0 (%), (37)

Because g is the Cesaro limit of g, for any fixed z, the above expression converges to zero as
e — 0. This convergence is uniform in || < R because for |z| < R,
} . (3.8)

oo (2)] = | [ (0~ ot e < min {2x|g|Loo,R 7= [ e

12



Next, we consider the case where f € C'. In this case, by integrating by parts,
[ 10 - st enc = fyaa () - [ e (£) ae (39
Therefore,

sup
0<z<R

/ 1@ - 9 s))d£‘< swpfra(2)| (flerom) 0+ B (310)

and it follows from (B.8]) that the convergence is uniform.
Finally, for a general f € L] (R) and R > 0, we can approximate f in L!([0, R]) by a
sequence {f,} € C([0, R]). Then for n € N,

sup
0<z<R

—1§>)ds's2rg\Loo([_RvR])\f—fn\Ll([R,RD+ sup ' [ 100 - o o,
0<z<R|JO

By first choosing n large and then ¢ small we can make the above expression arbitrarily
small. 0

Proof of Lemma[3.3. Very similar to the proof of Lemma 3.5 in [I7], we only include a sketch
of the proof. For £ > 0, define the auxiliary function u®(¢, z,y) to solve

{\go(elx,y)ﬁu;x(t,x,y) = ft. 2. 9)( e e, y) — axley)). (311)

ue(t’ 0, y) = u;(ta 0’ y) = 0’ lim€~>0 Sup\x\SR |u€(t, L, y)| =0.

By dividing by |¢|? and integrating, we see that for z > 0 (the situation for z < 0 is
similar),

£ = : - / M
wittan) = [ reenie—at) [ e
By Lemma [3.4] this converges to zero as ¢ — 0 uniformly in |z| < R if and only if a(y) is
the reciprocal of the Cesaro limit of M By integrating in x once more, we show that u® also
converges to zero as € — 0 uniformly in |z| < R. The proof concludes by applying Ito formula
to uc(t, X(t), Y(t)), identifying the integral in (3.3]) as the Ito-correction term, a standard
localization argument and estimating the resulting other terms. The last statement of the

lemma follows similarly using that X¢(7°) is in a large enough compact set for all £ < gy with
high probability. O

Finally, we state the version of the Ito-Tanaka-Meyer formula that is relevant to our situ-
ation (a special case of [24]).

Lemma 3.5. Let (Z1, Z2, W, V%) be a weak solution of (Z.8)-(29) with py = p_ = 1/2 and
assume that f € C(R™%) has continuous first and second order derivatives in y and for fized

13



yeRe, f(.,y) € CY R, UR_). Then
F(21(8), Zo(8)) = F(Z1(0), Z2(0)) + /0 0 (5), Zol DAY, Zr I (3
+ 2; / 0, (21(), Za )V Al Nav A (s
+ /0 t [p+(Y(S))fm(0+, Zo(t)) — p- (Y (5)) 20—, Za(t))

d d
+ )0y, F(Z1(s), Z2(s))Bi( Za) + % > Oy, F(Z1(E), Zo(t)) s (Zz(t))} dL7(t)

i=1 ij=1
1 [t t d
+, /O Duaf (21(5), Zo() A(Z1(s), Za(s))ds + /0 3" 0, f(Z1(5), Zo(s) B(Z1(s), Za(s))ds,
i=1

where used the symmetrized x-derivative

Note that the symmetrized derivative was necessary by our choice to use the symmetric
local time.

4 Tightness

In this section we are going to show that the laws of the families in Theorem 2.2] Theorem 2.4],
and Theorem are tight in the space C([0, 00); R1T%). To prove tightness, we will show that
there exists ¢ > 0, p >0, ¢ > 1 such that for all T >0 and 0 < s <t < T, and € > 0,

EJX°() — X(s)|P < cft — 5],

EIC*(t) — C ()" < cft — ]

and in the long-time case
E|X7() — X(s)|P < cft — |7,

E|Ye(t) — Ye(s)P < |t — 5|7
All of these results are consequences of Lemma [B.11

Theorem 4.1. Let (X¢,(%) satisfy the conditions of Theorem [2.2 or Theorem [2.4 Then
the family of laws of the pairs {(X¢,(%)}eso are tight. Let (X,Y¥¢) satisfy the conditions of
Theorem [2.0, then the family of laws of the pairs {(X¢,Y®)}eso are tight.

Proof. We prove tightness in the context of Theorem 2.2 as the tightness for the other systems
can be proved analogously. In this case,

t
Xe(t)—Xe(S)Z/ p(e™ X5(r), YE(r)dW (r).

s
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By the BDG inequality and the fact that |¢|? < ca,
E[X*(t) — X*(s)| < ot — s|P/%
As for (¢, because Ye(t) = y(t) + /C5(t),

T ) 4 VECE) — b))
<(t)—<(s)—/s ( e

t
+e71/? / (e X5(r), y(r) + VEC (r)AW (r) = Ii(s,1) + I5(s,1) + I5(s, ).

t
> dr 412 / ba(e ™ X5 (r), y(r) + VECE(r)dr

We estimate I5(s,t) and I5(s,t) by using Lemma Bl By (23]) and Lemma 3.1]

t p
E|5(s,t)P <E 8_1/2/0 b XE(r))dr| < ce'/?|t — s[P/2, (4.1)

and similarly by the BDG inequality,

t p/2
E|I5(s,t)[P < cE <€1/ &2(€1X€(r))dr> < et — s|P/4. (4.2)

Finally, if p > 1, Lemma implies
E[I(s, )" < cp,T”bl”Iél(RdH)‘t — [P (4.3)

We choose p > 4, ¢ = p/4 and tightness follows from (&1]), ([A2]), and (£3]) and the Kolmogorov
criterion above. O

As a result of tightness, for every subsequence e, — 0 there exists a &,, such that
(X®7k, (™) converges in distribution. In the next sections we characterize the limit and
show that it is the same process for all such subsequences. Consequently, the entire sequence
converges in law to that unique limit.

5 Convergence to the martingale problem

5.1 Freidlin-Wentzell type result

We are going to show that the processes in Theorems 2.2] 24 and each converge to a
solution of a martingale problem. In all three cases, the main tool in proving convergence
is a Freidlin-Wentzell type result ([9], see also [12]). Assume we have a family of (1 + k)-
dimensional processes Z°. Depending on the situation, Z° will be either Z° = (X¢,y, (%)
(k =2d) or Z¢ = (X°,Y*?) (k = d). We are going to use the notation E,(-) to the expectation
when Z¢ has initial point z = (z,y, ¢) or z = (z,y) respectively. Recall that Hy = {z : =2 > 0}

Theorem 5.1. Let L£; be second order differential operators on H;, i = {+,—} and let D; C
Cy°(H;) be a set of test functions that have bounded derivatives of all order. Let 7¢ = inf{t >
0:|Xe(t)| < Ue)} for somel(e) | 0 ase | 0. Assume that there is a \g > 0 such that for each
A > A, the following assumptions hold.

15



1. We have for every f € D;

E. [e7 f(Z°(r) - f(2) +/OT e M (M(Z5(1) = Lif(Z°(1)) dt| = Ok(e))  (5.1)
for some k() 1 0 as € L 0 uniformly for z € H;.
2. For i€ {+,—}, there is a u; » € D; such that
Liwin = Auj Vz € Hy, |x| < 1
and such that ut x(0,y) =1 and £0,ut A(0,y) < c < 0.
3. There is a 6(c) 1 0 as € | 0 such that §(g)/l(e) — oo, d()/k(e) — oo and

o0
sup EZ/ e_AtX(,5(€)75(€))(Xe(t))dt —0 (5.2)
0

zeR1+d
as € | 0.

4. Define
0° = inf{t > 0: | X°(t)| > 6(e)}. (5.3)

There are p2(y), p—(y) > 0 such that p, +p_ =1 and
P.(Z°(0°) € H,) — pi(y)
as € 1 0 uniformly in z € R, || < i(e).

5. There are 3i(y), cvij(y) fori,j =1,...,d such that
1 1
EEZ(Yf(@‘S) —vi) = Bi(y) gE(Yf(@é) —y) (Y7 (0°) — ;) = (),
as € 1 0, uniformly for |x| < I(€). Moreover, we have sup|y|s) E|Z5(6°) — z|* = 0(0).

Then for every f € Co(R'TY) such that f|g, € D; and the boundary-gluing conditions (2.5
hold, we have

€8s Sup — 0,

E. [ / e M INF(ZE@W) — Lf(ZE(@t)] dt —e Mo f (Zs(tO))‘ft0:|
to
as € 1 0 for every tg > 0, X > Ao, where Fy, = 0(Z°(s);s € [0,t0]). In particular, for all such

functions, every weak limit of Z¢ as ¢ | 0 satisfies the martingale problem for L defined by
Lf(z) = L;f(2) for z € H;.

Proof. By the Markov property of (Z¢,P,), it is sufficient to show that
oo
A =E. [N MZE) - L1 @) de - 1) 0
0
as € | 0 uniformly with respect to z € R1*4,
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Introduce the sequence of stopping times o¢g = 0, ¢, = inf{t > o, : | X°(t)] = l(¢)} and
Ont1 = inf{t > ¢, : |XE(t)| > 0(¢)}. Using this sequence, we can decompose the above ex-
pression to terms corresponding to downcrossings (on [0y, ¢,,]) and upcrossings (on [¢y,, 0p+1])
respectively. More precisely,

00 ®n _
Ae) =Y E [e‘*¢"f(25(¢n)) e + [N MEO) - L1 0) dt] +
n=0 On

Y E [e—wlf(Zf(anH)) e (25 () + A T N D) - L2 )] dt}
n=0 n

Note that by the strong Markov property, we can bound the downcrossing terms by

S

S EeME o {e—wf(zawn @ [N EO) - Laf(Z ) dt] <

n=0

< O(k(e)) i Ee—on

n=0
(5.4)
where we used (5.J)). To bound the sum on the right hand side, first note that
oo [e.e]
Y Ee <1+ Y Eie M Ege, e (5.5)
n=0 n=1
Let |z] = 6(¢) and apply (B.1) to u; x given by Condition 2. to get
E.e ™ u; A(Z°(7%)) — wi(2) = O(k(e)).
This implies that
E.e ™ = E.e ™ (1 —u; z(Z°(r%))) + iz (2) + O(k(e)) (5.6)
Since | X®(7%)| = l(g), we have |1 —u; \(Z°(7%)| = O(I(€)) whereas the condition on the derivative
of u; x normal to the interface implies u; \(z) < 1 — Cé(e) for some C' > 0 since |z| = J(e).

Plugging these back to (0.6 gives

sup E,e ™™ <1 —C'6()
|z|=0(e)
for small enough ¢ for some C’ > 0. This, together with (5.5), implies that Y o0 E,e 7" =
O(1/4(¢)) which in turn implies that the bound in (5.4]) converges to zero.
On+1

To bound the upcrossing terms, first note that the sum of the integrals f e
bounded by

can be

1O — £)f]1ocE- /0 M a5y (25 ()t — 0

as € | 0 uniformly in z by (5.2]), where we used that f has bounded derivatives of all order.
The remaining terms can be written as

D E(e M — ) f(Z(on 1)) + Y e M (F(Z5(0n1)) — F(Z5 () (5.7)
n=0 n=0
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where the first term can immediately be bounded by

o0
[[fllc sup E. /O Xe M X (o)) (Z° (1))dt — 0.

ZERlde

For the second term in (5.7]), we can use the strong Markov property to write
o
S BB (2907 - 1)) (5.8)
n=0

Using |2/| = I(¢) and Taylor’s formula, we get

E. (JZ50) = () = BAf(Z°0%) — J0,9)] + O)) =
= 0P-(Z°(0°) € H1)0uf(0+,y') — 0P(Z°(0°) € H-)0: f(0—.y/)+

d d
£ 30O FEAVION) o) 0 900, F0.4) 3 B0 — y)OF ) — )t
i=1

- ij=1

+ 0(9),

where we used the last statement of condition 5. Now using condition 4., the rest of condition
5. and the gluing conditions, we get that this entire expression is o(d) uniformly in |2'| = I(g).
Noting that

i E.e M < i e M = O(1/6),
n=0 n=0

(58]) converges to zero and the proof is finished. That every weak limit of Z° converges to
the solution of the martingale problem of £ follows exactly as in [9] after noticing that if the
Laplace transform of a function is identically zero for sufficiently large A then the function
itself is identically zero. O

We are going to need some estimates on the exit time 6°.

Lemma 5.2.
E.0° < C§?, E.(6°) < C&*.

Moreover, there is a 8o > 0 such that 6 € (0,00] and |z| < § implies

1
E. wt <~
© = cos(Cud)

Proof. Let W be a Brownian motion such that X*(-) and z 4+ W(/, l¢|?(s)ds) have the same

8
distribution and therefore so do 69 (the hitting time of § by W) and foe lo(s)|2ds. The results
follow from this, |¢|? € [c1, ca] and well-known Brownian formulas. O
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5.2 Martingale Convergence for the long-time asymptotics

Now we show that the system of equations in Theorem satisfies the conditions of Theorem
B with D; = C°(H;). As by = 0, we denote b = by in this case. Let Z¢ = (X¢,Y*) solve

dX*(t) = (e 2X°(1), Y (1)) dW (1), (5.9)
dYe(t) = e 2b(e 2 XE(t), YE())dt + e La(e 72 XE(2), YE(£)dW (2). '
Lemma 5.3. Let f € D; i = —, +. If we choose l(€) so that I(€) — 0 and e~ 2I(¢) — +o0, then

(G.0) is satisfied for Z° = (X°,Y®) and Lf(z,y) = %ai(x,y)fm(x,y).

Proof. By Ito’s formula and a standard localization argument,

S

KGe.) =B [ 1N - 16 - [ e (M) - 5@ o) d

7€ d
= 52Ez/ e M (Z bi(e 2 X°(t), Ye(t))fyi(Ze(t))> dt
0 i=1

£

- d
e [ | X oM O T Oy (27 |
. dz,j:l
belE [T <Z(wT>i(e2X€(t),Yf(t))fxyi(ZE(t»> a
0 i=1
3B [ (RPEER 0T 0) — 0x(Z°0) L2 Nt
=17+ 15+ 15 + 1.

We estimate each term separately. Note that

S

<o e [ e X0 et
0
then because 7¢ = inf{t > 0 : | X¢| < (¢)}, we have

o0
It < C€2HfHClEz/ e M b(e 2 X )L { =109y A1
0

00 k41 -
< ce 2| flen Z e)‘kEZ/k b(E*QXE(t))]l{p’(a(t)pl(e)}dt'
k=0

By Lemma [B.1] there exists a constant ¢, independent of & and ¢ such that

k+1 3 R
e—2EZ/k b(g—2Xe(t))]1{|Xg(t)|>l(€)}dt <c / b(x)dzx.
{lz|>e~2Ue)}
Because b € L*(R) and e 2i(e) — oo, it follows that I — 0 uniformly in z € H;. The
analysis of I5 is analogous to that of I] and we can conclude that I5 — 0 unifomly in z € H;.

To estimate I, we recall that ||p||% < co, and therefore a little manipulation shows that

€

] < e Ve £ 2E- / e Mo(c X (1) dt.
0
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By Holder’s inequality for the integral E, fOTE e M. dt,

€

T 1/2 T
15| < e te||fllem <E/ e—”dt> (E/
0 0
< cllf ez (E /
0

Therefore, I§ — 0 unifomly in z € H; by the same arguments used for I7. We show that
I{ — 0 by applying Lemma [3.3] O

£

1/2
e—Ma?(e—QX&(t))dt>

1/2
e’\t62(52X€(t))dt> .

Lemma 5.4. For each A >0, and i € {+,—}, there is a u; x € D; such that
1
5(12‘(3)811“2‘,)\('2) = Aui,)x(z) Vz € H;, |$| <1

and such that us x(0,y) = 1 and £0,u+ A(0,y) < c < 0.

Proof. Set

2
ug Az, y) = e Voo,

This function satisfies all the requirements. O

Lemma 5.5. Let §(¢) — 0. Then (52) holds for Z°.
Proof. First we observe that

e N B 0 " k+1 B
E. / e M X (s sen(XEM)dt <Y e ME, / X(=3(e),3(e) (X~ () dt.
0 — k

By Lemma B.1] there exists ¢ > 0 independent of € and k such that

k1 )
E. /k X(=5(e),5() (X ())dt < elx(=s(e),5) |1 < cd(e).

Therefore, for any z € R4,

C

o
Ez/ e MX (a0 (XE(@))dt < T e,A5(€) =0
0 _
as e ] 0. U
Lemma 5.6. For the system Z°, py =p_ = % in the sense that
1
lim P(Z5(0°) € Hy) = lim P(Z°(#°) € H_) = = (5.10)
e—0 e—0 2

uniformly in z € R4, |z| < I(€) as long as I(€)/() — 0.
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Proof. Let
P.(X*(0°) € Hy) = f(=,9)

Since the exit only depends on the x component, and the effect of ¢ is a time change that
does not effect the exit probabilities, it is easy to see that the corresponding Brownian formula
holds, i.e.

@) = g5 + 560
and if [(e) < d(¢g),
lim sup |P,(X5(0°) € H,) — l‘ — 0,
=0 |4<i(e)

as € | 0. The part for H_ follows by complementation. O

Lemma 5.7. Fori,j=1,...,n, let

00 00 O'O'T ii
Bily) = / D gde, agly) = / (|¢|§f<x,y)dx.

o I |2 oo

Then if §(c),1(€) — 0 such that 6(c)/I(€) — oo, and 6% = inf{t > 0: |X°(t)| > §},
1 vE (DO 1 vE(DO v E (O
SET07) — i) = Bily), SET07) —w) (Y7 (07) — y5) — ()
as € — 0 for |z| < l(e). Moreover,

sup E[V7(6°) — yf* = o(6).
j#l<1(e)

Proof. Observe that
1 1 & o
SEEO) ) = 55E. [ bl X, Vi, (511)
0

By Lemma [B.1] and the Lipschitz continuity of b, and the fact that

(e 2XE(1), V() — bile 2 X (1), )| < 202X ()X (2= k) + Y E) = YIx{ 2|25}

we have

A 09
1(0,¢) = L sup EZ/ bi(EQXE(S),YE(S))dS—EZ/ bi(€*2)?€(s),y)ds
0 0

(5.12)
0% |21<i(e)

2 - c 6° —
<5V EO°[|L o>y bl L1 + @Ez/o Lyixe(s)<ke2y Y (s) — ylds.
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Using E.§° < C§? for all |z| < I(¢), we see that the first term can be made less than 1/2 for
any 1 > 0 if K is chosen sufficiently large. Fix such a K and note that by Cauchy-Schwarz
inequality, the second term in (5.12]) can be bounded from above by

1 _ o
QEZ Les[lollgél |Y€(t) — y| A ]].{|Xg(s)<K€2}dS] < (513)

1 1/2 1 9%
<-|E YE(t) — y|? E —/ 15 d
<3 ( Ztes[lol,le)é]’ ) -yl > 2 <€2 o Hxeel<re 3)

where the second term is easily seen to be less than ¢(EA°)Y/?2 < ¢§ by Lemma BIl On the
other hand, (a + b)? < 2(a? + b?) and the BDG inequality imply that

97 1/2

EZ< sup ]Ya(t)—yP) < (5.14)

t€[0,09]

1 ¢ -2 yve
<2E <6—2/0 b(e™°X (s))ds)

where Lemma Bl and Lemma [5.2 were used in the last two inequalities. By (5.13]), and (5.14)),
the second term in (B.I12]) is less than ¢d < 1/2 and consequently 1(d,e) < n for sufficiently
small 6. Since n was arbitrary, (5.11]) implies that

2 g
1 _
+ 2¢E <6—2 / 5! Xe(s))ds> < CE.00 < 82,
0

1_ 1 o .
SEEO) ) = 5B [ b X, 0)ds + o),
0

By the properties of the local time, the above expression is equal to

1 o0 bz VvV E 1 o0 bl VvV E
—EZ/ (572u,y)LX (u, Hé)du = —Ez/ —(u,y)LX (€2u,«95)du
€20 J_oo |p]? 0 ) oo ll?

where LX° (u,t) is the local time of X¢ at u. We calculate by the Tanaka formula that for
fixed x,

1 Y E 1 =
SEZLX (%u, 0°) = SE (]XE(H‘S) —&u| — |z — azu]>
Because X¢(#°) = +4, the above expression is bounded by
J+ |z
0

and if |z| < I(e) < d(¢),
lim %EZLXE(Eu, %) = 1.

e—0

Therefore, it follows from (5.2]) and the dominated convergence theorem that
1 ernd & bl
<E(Y7(0°) —wi) — —z (@, y)dz.
g oo ||
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Similar calculations show that

1 0° e o © (goT);:
SE. i (0072 XE(t), Y (t))dt—>/oo ( |¢|2)j(x,y)dx.

1. _
SEL(YF(0°) — ui)(YE(O) — ) = —
SELT0) — ) (0%) ) =
and a further straightforward application of Lemma B.1] yields

sup E|YF(0°) — y|® = O3%/?) = o(9).
|z|<I(e)

O

Set v > 0, l(e) = €277 and 6(¢) = max{e?~27, ¢~ SUP|3[>1(c) |k(e)|} where k(g) is the con-
vergence rate in Lemma 53] Lemmas [5.3H5.7] and Theorem [5.1] together with tightness imply
that every subsequence of (X¢,Y?) has a further subsequence converging to a solution of the
martingale problem associated to £. In the next section we will argue that this martingale
problem is well posed which establishes the convergence of the entire sequence.

5.3 Convergence to the solution of the martingale problem in the normalized
deviation case

In this section, we show that the assumptions of Theorem (.l are satisfied by Z¢ = (X¢,y, (%)
with Z¢(0) = z = (x,y,&) under the assumptions of Theorem or Theorem 2.4 We start
with a simple growth estimate on (°.

Lemma 5.8. For any stopping time 7 > 0 with ET < oo,

(1) under the conditions of Theorem we have

1/2
E. sup [P < € (Bl (et B2, (5.15)
0<t<r

(2) under the conditions of Theorem[2.2, we have

1/2
E. sup |C€(t)|2 < <E264Hb1HC”> (|£|4 + E, 7+ €2EZT2)1/2. (5.16)
0<t<r

Proof. Recall that under the conditions of Theorem 2.4, we have

AC() = LI (yle) + C0) — ] + b (7 X7, 90 + ()

which implies
t t
O] < 1€+ Bl /0 C(s)lds + /O (e X5(s))ds.

By Gronwall’s lemma,
T A~
sup |C5(8)] < (|s|+ / 6_1b(6_1X€(5»d5> elinlr,
0<t<r 0
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and therefore by the Cauchy-Schwartz inequality,

. A\ 172
E. sup |CCO) < C(Eze‘*llblllcﬁ)l/2 <|§|4+EZ (/ elz}(elXE(t))dt) ) :
1 0

te[0,7

and Lemma B.J] and Lemma [5.2] yield (1).
To prove (2), note that under the conditions of Theorem [2.2]

d¢e(t) = %[bﬂy(t) + Ve (1) — bily@)] + %62 (e X5, y(O) + Ve (1)) di+

+20 (X500 + VECE) W)

and one can easily see as above that

1/2
E. sup [CC())2 < C <Ez€4Hb1H01T> 2

te[0,7]

T . 4 T 2\ 1/2
. <|§|4 +&%E, </ 61b(61X€(t))dt> +E, (/ 615'(61X€(S))d5> ) ,
0 0

where we used the BDG inequality in the last term. (2) once again follows by applying Lemma
B.1] twice and Lemma O

Lemma 5.9. There is a A\g > 0 such that for A > X\g, if we choose l(€) so that l(€) — 0 and
e () — +oo, then (BI)) is satisfied with some rate k() for Z5(t) = (X°(t), y(t), (5 (1)) with

Ef(ﬁﬂ,y,&) = %ai(ﬁﬂay)fm(l“,y,f) + bl(y) : fy(xayag) + (aybl(y) : 5) : ff(xayag)

Proof. We only prove the lemma under the hypothesis of Theorem 221 the other case being
almost identical. Using Ito’s formula,

£

E. e_”Ef(ZE(TE))—f(Z)Jr/OT e NAF(ZEW) = Lif(Z°)dt | = L(z.€) + Ia(z,¢)

where I1(z, €) contains terms that can be dealt with exactly as we did with their counterparts
in Lemma [5.3] and therefore

sup |I1(z,¢€)| — 0.
z€H;

On the other hand,

bi(y(t) + veC° (1)) — ba(y(t))
NG

B9 = 5 [ M X 0.00.60) | — @O O | dt

and because b1 (y) € C’,?(]Rd), we have that
Iy(z,2)| < CyE / e~ ME,|¢c=(1) 2dt, (5.17)
0
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where the constant C' depeds on | f|c2 and the second derivatives of b;. By (5.16]), we have for
all t >0
E.|CC(1)* < Cyte®

for some Cy,Co > 0 and therefore choosing A\g = Cy makes the integral in (5.17) converge for
every A > Ag and the result is proved. U

Lemma 5.10. For each A >0, and i = +, —, there is a u; x» € D; such that
Eiui,)\ = )\ui7)\.

Proof. The operators L4 are both generators of non-degenerate diffusion processes Z = (X, y, ()
in H4. Define
T =inf{t > 0: X(¢t) = 0},

then it is well known that
ui A(2) == E.e ™ (5.18)

has the property we desire. That the requirement on the derivative is also fulfilled once again
follows from a time change argument and the corresponding Brownian formula. O

The statements of the following lemma are proved completely analogously to those in the
previous section.

Lemma 5.11. Property ([G.2) holds for Z¢. Also, py = p— = & in the sense that
1
. £ £ I € g I
;I—>HO] P.(Z°(t°) e Hy) = il—>HO] P.(Z°(r°) e H-) = 5

uniformly for (z,y,z) € R4 |2 < i(e).

Lemma 5.12. Fori,j =1,..,n, let

> b2’§ z,y)dx ifo =0, ® (goT);;
5is) = {fw E ast) = [ CTN e

0 otherwise, ol

Then if 6(¢)/l(e) — oo,

GO - - B, EGE) -G ) s agl) (519
as € — 0 uniformly in |z| < l(). Moreover,
E.|G5(6°) — &° = 0(9). (5.20)

Proof. We only prove the case o = 0, the other one being similar. First note that by (5.5
and Lemma [5.2] there is a dg > 0 and M > 0 such that

E. sup |C‘€(t)|2 <M, (5.21)
t€[0,09]
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whenever § < §yp. Now write

SEGE) ~ ) = (522)
99

99
FE [ )+ <)~ N i+ FE [ (0,000 + s

:56

The second term can be dealt with exactly as in (5.12]) and (5.13]) and it can be shown to
converge to

Bly) = / %(x,y)dx

uniformly in |z| < I(¢) once one notices that

E. sup [y(t) +eC*(t) —yl* < CE. sup |y(t) —yf* +<°E. sup |¢°(1)]* = o(1)
t€[0,69] t€[0,09] t€[0,09]
by ([&21)), a standard Gronwall estimate on y(t), and Lemma On the other hand, the
integral in the first term in (5.22)) is immediately less than or equal to

1/2
b o b
%EZ/ |CE(t)|dt < Hf;HEZ [05- sup ]Ca(t)\] < (Ez sup \Ce(t)P) VO 2E,(69)2
0 t€[0,69] t€[0,69]
which converges to zero by (5.15) and Lemma
The second claim in (5.J9) and (5.20) can be proved similarly. O

If we set v > 0, I(e) = e and §(c) = max{e!™27, e 7k(c)} then Lemmas and
Theorem BTl with (y, £) in place of y show that the possible subsequential limits are all solutions
of the martingale problem associated to £ and the convergence will be established once we show
well-posedness in the next section.

6 Uniqueness and Markov property of the martingale problem and charac-
terization of the solution.

In this section, we prove that the martingale problems associated to the operators in Theorem
2.2 Theorem 2.4l and Theorem are well-posed and the unique solutions satisfy the stated
SDEs.

Our main tool will be the following result which is a special case of a result of Ethier and
Kurtz which we reformulate for our current purposes.

Theorem 6.1 (|7, Theorem 4.4.1] Uniqueness of the Martingale Problem). Let £ be lin-
ear and dissipative on Co(R¥1Y). If D(L) = Co(R¥Y) and there exists a A > 0 such that
O\ = L)(D(L)) = Co(RH1), then the martingale problem is unique for L. That is, if Z,Z are
processes in C([0,00), R™%) and Z(0) = Z(0) in distribution and for any f € D,

¢ t
£ - [ Lizds and 720) - [ LrEas
are martingales with respect to the filtration generated by the coordinate process then Z and Z

are equal in distribution. Moreover, if there is a solution Z, it is a Markov process corresponding
to the semigroup on Co(R¥1) generated by the closure of L.
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In all three cases, we probabilistically construct a solution of the corresponding stochastic
differential equation and conclude by the Hille-Yosida theorem that the generator of the asso-
ciated Markov semigroup satisfies the hypothesis of Theorem [6.1l This together with Lemma
implies that the measure generated by this process is the unique solution of the martingale
problem associated to L.

6.1 Long-time case
By the concrete form of § and « (as in Theorem 226), there is a weak solution (Y, Wa2) to the
equation
dYo(t) = B(Yo(£))dt + /Yo (£))dW2(?).
Take an independent Brownian moton Wj and consider the time changed process

Z() = (X (1), Y () = (W1(0), Yo(L" (¢, 0)))

where LW1(t,0) is the local time of Wy at zero. Finally, set

t(s) = /s 1 - du
0 ax(Wi(u),Y (u))
and let s(t) denote its inverse. Let Z(t) = Z(s(t)).
Lemma 6.2. Z(t) =: (X°(t),Y°(t)) is a weak solution of (2.13)-(213).
Proof. First note that if we introduce VW1(t) = Wo(LW'(¢,0)) then Y satisfies

t t
V() = /0 BV () L1 (ds, 0) + /0 Vo s)avi ()

Note that V"1 is a continuous martingale and

d t
PSS [ auena v < oo | =1
0

ij=1

for all ¢ > 0 and therefore the stochastic integral is well defined for all times. Indeed, it
follows from the construction that <VZ-W1, VjW1> = L"M(t, 0)d;;. We also calculate that by (2.3])

d 00 T
Tr(oo') .
i=1 —co ¥

Therefore,

d ¢
3 /0 i (VN (VY1 V) (5) < el ey LV 1,0,
ij=1

which is finite with probability 1. Now performing the second time change yields
XO(t) = Wa(s(1))

YO(0) = / BV O LY (s(du), 0) + / (V) VW (s(du))
0 0
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Note that for any Borel measurable f : R — [0, o),

s(t) t N
/ @)L (s(0), ) = / FOVL () = / FOV1 () a (W (s(u)), ¥ (s(u)))dus =
R 0 0
t _
_ / FERO())as (XO(u), 7O (u))du — / J@) L (¢, 2)de,
0 R

which implies LW1(s(t),z) = X (t,x). This also implies that if we let VXO(t) = VWi(s(2)),
then we have

VA V0 = (VL VI (s(0) = 8LV (s(0), ) = 6,15 (¢, ).

This means that
t o t o
YO(0) = / B0 LS (du, 0) + / a(VO()dv =" (w)
0 0

as required. We also have that the martingale

1

t
)y Ve vy e

W(t) .=

has quadratic variation t and therefore by Levy’s theorem it is a Brownian motion. Conse-
quently,

xo0 - [ s (X0 Vo) (),

It remains to show that the appropriate cross-variations vanish. Since (Wj, Wa) =0, it is
easy to see that (117, ViW1>t =0. As s'(t) € [c1, c2], (X©, VXO>t = (W, ViW1>s(t) = 0. Moreover,

)

<0 t 1 _ 0
W, VA, = _ _ d(X°, v, =0.
v /o Ve @) >

O

Proof of Theorem [2.8. As a Markov process, Z(t) generates a strongly continuous contraction
semigroup T} on Co(R'*?) by T, f(2) = E.f(Z(t)). From this definition and Lemma 5 it is
easy to see that the closure of £ (denoted by £ again) is an extension of the generator of T}
and hence, by a standard semigroup fact, they are actually equal. Thus, by the Hille Yosida
theorem, D(L) is dense in Co(R%) and R(A — £) = Cy(R'T%). Therefore by Theorem [6.1], the
associated martingale problem is well-posed. It is straightforward to show using Lemma [3.5]
that Z(t) is actually a solution of the martingale problem. This, combined with the tightness
result of Section 4 and the convergence result of Section 5, finishes the proof of Theorem
2.6 ]
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6.2 Normalized deviation case

Similarly to the previous case, we are going to directly construct the limiting Markov process
which solves the martingale problem associated to £. We are only going to carry out the
construction, the other steps are analogous.

Lemma 6.3. There is a process X° which solves

dX°(t) = Vas (XO@t), y(£))dW (2).

This X° solves the martingale problem associated to L for functions f that do not depend on
y or (.

Proof. Such a result is not completely obvious because of the discontinuity of the coefficients.
Consider instead the system

dX(s) = dW (s)
. b1(y(s))
dy(s) = ———————
1= X e

The pair (X, ) is perfectly well-defined because the formula for § is a random ODE that we
can consider pathwise in the integral sense. The function b1(y)/a+(x,y) is discontinuous in x
, but uniformly Lipschitz continuous in y. Classical successive approximation arguments show
that a unique solution exists. We then define the random time change

5 1
0 ax(X(r),9(r))
and denote its functional inverse by s(t). Then we define

XO(t) = X (s(4)),
y(t) = 9(s())

which has the properties that we desire. O
The following two lemmas are a straightforward consequence of Lemma

Lemma 6.4.

1. Let (X¢,y, (%) satisfy the assumptions of Theorem [2.2. Let

@) = /Ot els aybl(y(r))dr\/</_oo (coT)(, y(s))dm) avX’(s). (6.1)

where VX" = WO(LXO(t, 0)). Then the triple (X°,y,(%) is a Markov process with gener-
ator L.
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2. Let (X¢,y, (") satisfy the assumptions of Theorem [2.4] Let

@) = /0 t eld 3yb1<y(7"))d7"\/ ( /_ O; b(m,y(s))dx)b(XO(s),y(s))LXO(ds,O) (6.2)

where the above integral is the Riemann-Stieltjes integral with respect to the increasing
function t — LX° (t,0). Then the triple (X°,vy, (%) is a Markov process with generator L.

Proof of Theorem[2.2 and Theorem[2.4] Analogous to the proof of Theorem [2.6]in the previous
subsection. O

7 Remarks and further directions

There are several interesting further questions one can ask in relation with ([2.1))-(2.2]).

e In some sense, the original result of [I7] and the results in this paper carry out the first
few steps of the program contained in ([10], Chapter 7) when the fast process is positively
recurrent. In particular, a result similar to Theorem 2.2l was proved by Khasminskii ([15])
and one simlar to Theorem 5 was proven again by Borodin ([5]) sharpening a result of
Khasminskii ([I4]) that in turn was inspired by the non-rigorous result of Stratonovich
([28]). The next step in this program would be to study large deviation estimates of
(X©,Y?) from their respective limit in [I7].

e Along the same lines, it is expected that one can generalize Theorem 2.6 to the case when
there are several conserved quantities of that are conserved by the limiting motion in [17].
Namely, if H is such a quantity and (X°,Y?) is the limit of (X¢,Y?®) in distribution then
H(Y?(t)) will converge to the constant process process H(y). uniformly on compact time
intervals in probability. It is natural to conjecture that this process needs to be considered
on time-scales of order e=2 in order to see any non-trivial behavior. The corresponding
result for positive recurrent averaging was carried out by Borodin and Freidlin ([6]). The
result is expected to be a combination of external averaging due to the null recurrent fast
process and internal averaging inside the over the level sets of H. In the case of Theorem
2.6l H(y) = y and the level sets are single points, so this internal averaging does not take
place.

e A different direction is to replace the fast motion with a more general null recurrent
process or a process that is only neighborhood recurrent. For example, by considering
a situation when the fast process is driven by a Bessel process of order n € (1,2], one
can hope to study the asymptotic behavior of a three dimensional diffusive stochastic
dynamical system the dynamics of which is perturbed in a narrow tube.

e The results in this paper also imply certain results on partial differential equations
through the well known representation formulas. For example, consider the Cauchy
problem for v : R x R, - R

1
ot = = <so (72, y) [P Ouat” + [ba(y) + b2 ()] B+

d k
+ = Z(aa )ij (72, y) O iy U +ZZUU(€ z, )i, y) Oy, u’

i,7=1 =1 j=1

30



with initial condition u®(z,¥,0) = f-(x,y). It is well known that

u (2, y, 1) = B ) fo(X(8), Y(1))

is the unique solution of this Cauchy problem. In this setting, if f.(z,y) = f(y) then we
have by Lemma that u® converges to u’(x,y,t) = f(y(t)) uniformly on compact sets
which solves the transport equation

atuo = bl(y)ayuo, uo(x, Y, t) = f(y)

On the other hand if by = 0, f.(z,y) = f(ex,y), then Theorem 2.6limplies that u®(z,y, t/<?)
converges to 4%(z,y,t) = Eg 4 f(X°,Y?). Formally, this function solves

. 1 . . 1 . .
8,511,0 - §a:|:(.%', y)axxuo + 5('%') 5(y)ayu0 + §a(y)ayyu0 ) u0(07 T, y) = f(.%', y)7 (71)

where §(x) is the Dirac-delta distribution at x=0, even though the solution theory of such
an equation is non-trivial. The case when there is only a generalized drift, i.e. a = 0,
has been studied (see e.g. [25], but see also [3]) but to our knowledge, there have been no
successful attempts to make sense directly of (7)) in the general case. Another approach
is to note that Y (¢) is a fractional diffusion. Indeed, in the case of e.g. ax = 1, and
fz,y) = f(y), we have (see [26] or the more general [I])

020 = BA,° + S0y, i0,5) = F() (72)

where 35 is the Caputo-derivative, i.e.

o0 == [ SE=rrar

This latter non-local equation expresses the averaged (non-Markovian) dynamics of the
Y -process (which is trivial when ax+ = 1 and it is expected that a similar equation can be
written down for the general case. It would also be interesting to investiate the relation

between (7.1 and (7.2]).

Similarly, the results in this paper can be also used to study other initial-boundary
problems through the usual representation formulas.

Appendix A Martingale problem - SDE equivalence in the general case

In this section we establish that there is a one to one correspondence between the solutions
of the martingale problem associated to the operator £ and the weak solutions of the corre-
sponding SDEs under very general circumstances. Even though this result is not needed for
the specific results of this paper, we believe it is of independent interest and useful for future
studies. For convenience, we prove the case py = p_ = 1/2 case rigorously and then outline
the necessary changes for the case when py and p_ are constants but not necessarily equal.
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Theorem A.1. Let L be the operator on Co(R'9) described in Section 2 with p, = p_ = 1/2.
Then the distribution of a process Z(t) solves the martingale problem associated to L if and
only if there is a Brownian motion W and a martingale VZ' such that (Z(t), W,V 41) is a weak

solution of (2.8)-(2.9).

Proof. Using Lemma [B.5] it is straightforward to see that for every weak solution, the distri-
bution of Z solves the martingale problem associated to L.

Now we prove the opposite direction. Assume that (X,Y") is a Martingale solution to the
operator £ given by

d
LF(r) = 3G, Frer,) + 3 Bl 1)y, ()
k=1

whose domain consists of sufficiently regular functions subjected to the boundary conditions

d d
S1040) = 5100 + 3 AL + 5 Y a0 =0 (A1)
k=1 k,j=1

Let D(L) be defined the same as D(L) but without requiring its members to decay at infinity.
This means that it consists of those continuous functions twice continuously differentiable in
x and y with the x derivative possibly being discontinuous at x = 0. Since

t
JX@), Y @#) — f(X(0) - /O Lf(X(s), Y (s))ds,

is a continuous martingale for every f € D(L), it is not hard to show that it is a local martingale
for all f € D(L).

First, we claim that the process Y (t) — fot B(X(s),Y(s))ds does not move unless X (¢) = 0.
To see this, let |z| > § > 0 and 7 = inf{t > 0: | X ()| < ¢}. Then by the martingale problem
with a smooth function satisfying

oy x| >0
we have that /\t
Vi n) - [ BUOX). Y eds
0

is a local martingale. Applying the same procedure with yi shows that this local martingale has
quadratic variation 0 and therefore does not move. The boundary conditions are not relevant
for this stopped process because we stop the process before it reaches the boundary. To study
the motion at the boundary, we note that for any k € {1,...,d}, the function

f@,y) =y — [z]Br)
satisfies the boundary conditions (A.]). Because (X,Y’) solves the martingale problem,

t
Yi(t) — [ X8 (Y (1)) — Y — |[Br(v) —/0 By(X(s), Y (s))ds— (A.2)

' OB,
_ / > X5V () Bj(X(s), Y (s))ds
0 i Yj
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is a local martingale. Note that because f(x,y) = x satisfies the boundary conditions, we know
that X (¢) is also a local martingale. Therefore by the Meyer-Tanaka formula,

| X ()| = |z| + L (t,0) + local martingale.
Next, we observe that for any partition 0 =tg < t; < .. < tyq1 =t,
(X @O[B(Y (1)) — [[Be(y) =
N N
= 3 BV EDNIX Gl — XD + S IX Ear )] (Bu(Y (i) — Bu(Y ().
i=0 1=0

As the partition gets finer,

Jim Zﬂkmt DX (tir)| - 1X (@) = / Bi(Y (s))L¥ (ds,0) + local martingale.

in L2(£2). As for the second sum,

N
S T IX Ea)] (Be(Y (tir1)) — Be(Y (1))

=0
N

=3 X () <ﬁk <?(tz~+1) +
=0

where

tit1 t;

BOCE. Y6 ) i () + [ BOCE, vas) )

3 t
V) =Y@) /0 B(Y (s))ds,

which does not move unless X (t) = 0 with probability one. Given any partition, P of [0, ], we
can refine the partition (randomly) in the following manner. For any I = (¢;,¢;+1) € P,

1. If there exists s € I such that X(s) = 0 but X (¢;11) # 0, we split the interval, I, at the
random time

r = sup{s € (t, ti1) : X(s) = 0}
2. Otherwise, we do not refine 1.

Call the randomly refined partition ]5~ This partition has the property that if [¢;,t;41] € P,
then either X (¢;11) = 0 or Y (¢;11) = Y (¢;). Switching to this random family of partitions,

tzl

lim Z | X (tis1)| <5k (Y(t +1) +

I1Pl—=0

B(Y(s))ds) By (Y(tl)—ir / B(Y(s))ds))

- / Z 1X(s )\—(Y(s))B (v (s))ds
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in L?(Q). In this way, we have proven that

a.s t t d 3,814:
XY @) — [1e(y) /0 BL(Y ()L (ds, 0) + /0 > XS A (DB ). Y (9)ds
j=1 !

(A.3)
and by (A.2),

t t
M) = Y(t) —y - /0 B(X(s), Y (s))ds — /O BY ()L (ds, 0)

is a local martingale. By the Ito formula, for any f € C2(Rt1),

d
fX®),Y®) = f(z,y) + Z/O Fur (X(5), Y (8)) Be(X (s), Y (5))ds
k=1
d n . . .
+g;éﬁ&ﬂ%ﬂﬂ&W@ﬂ(@@+§Aﬁﬁﬂﬂy@m@%

d d
1 t t
4330 [ XYM, + 3 [ (X6 Y ()X,
257 j=1"0

+ local martingale. (A.4)
We compare this to the martingale problem. Let f € C3(R%t!) and define

d d

k=1 ij=1
This g satisfies the boundary conditions (A.Il) and therefore

t
(X0, Y (1) — /0 Lo(X(s), Y (s))ds

is a martingale. That is,

d
FEX@, Y ) = fl@,9) + Y (XOIBY (1) £, 0, Y () = |2]85() 1,0, )

k=1

d t a
=S /0 XI5, (RO (DA 0. Y () B (X (3, V()i

k,j=1

d
+ > (IXOai (V) Ly, 0, Y (0) = |2]cvij (1) fy:,0, 1))

1,j=1

d t
- X 5 (@0 () (X6 Y () X, Y () (A.5)

i.j,k=1

d_ t
> /0 A(X(8), Y (8)) fru(X (8), Y (5))ds

ij=1

d t ,
+> / Py (X (), Y () BR(X(5), Y (s))ds + 5
k=170

+ local martingale. (A.6)
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By (A.3), it follows that
X018 () i 0, Y (0) — 2181 (5) o 0.3)
- ; /O X5 (Bl () 0.Y () B (). ()

t
- /0 Bu(Y () (X(), Y ()L (ds, 0)
and

[ X )iz (Y (8)) fyy, (0, Y (1)) — []evi; (y) fyiy; (0, 1)

d

_ ;/Ot \X(S)‘a% (ij (Y (9)) fyay, (X (5), Y (5))) Bi(X(s),Y (s))ds
t

= /O i (X (), Y (8)) fyuy; (X (), Y (5)) L™ (ds, 0).

Then by comparing (A.4)) and (A.5) we can conclude that

(X, M), = 0,
t
(), = [ A, Y (s,
0
t
<Mi7Mj>t:/ aij(Y(s))LX(ds,O).
0

Finally, we define
t t
W(t) = / A™V2(X(s), Y (s))d X (s), vX@) = / o V2(X(s), Y (s))dM(s).
0 0

By Levy’s theorem, W(t) is a one-dimensional Brownian-motion. Similarly, if
L7Y(s) = inf{t > 0: LX(t,0) = s},

then by Levy’s theorem
Wo(s) := V(L™ H(s))

is a d-dimensional Wiener process, and VX (t) = Wo(L¥(¢,0)). Finally, we can conclude that
(X (®),Y(t)) is the weak solution of

dX(t) = VAX(@), Y (@)dW (1), (A7)
dY (t) = B(X (1), Y ())dt + B(Y () LX(dt, 0) + Va(Y ([©)dVX(2). ’
0
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Remark A.2. In the case when py(y) and p_(y) are not necessarily equal, one direction is
still given by Lemma [33.  The main difference in proving the other direction is that now
X(t) is not a local martingale. Rather, by applying the martingale problem to the function
flz,y) =2 — (p+(y) — p—W))|x| (which requires sufficient reqularity from py ), we see that

X(®) = (+ (Y (@) — p- (Y )X @) (A.8)

is a local martingale. The difficulty lies in the fact that we do not a priori know that X (t)
is a semimartingale and therefore we cannot immediately apply the Tanaka-Meyer formula.
However, let 7§ =0, o) = inf{t > 0|X(t) = 0} and recursively define

0 =inf{t > o ||| X(t)] = 8}, 0! = inf{t > 79| X (t) = 0}

and we can write

X(t) - X(0) = f: [X(t Aod) = X(t A Tf)] n i [X(t NS — Xt Aod ).
=0 =1

It can be shown similarly as in Lemma 2.2 in [§] that as 0 | 0, the first sum converges to a
local martingale while the second sum converges to a monotone process that only changes when
X () = 0. More precisely, this second term converges to fg(er(Y(s)) — p_(Y(s)))dLX(s). This

shows that X is a semimartingale and (A.8) implies that X (t) — fg(p+ (Y (5)) —p_(Y(5)))dLX(s)
s a local martingale. The rest of the proof goes through with minor modifications.
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