Econometric Theory, 41, 2025, 844-906.
doi:10.1017/S0266466624000069

AN ASYMPTOTIC THEORY FOR JUMP
DIFFUSION MODELS

Minsoo JEONG
Yonsei University

Joon Y. Park
Indiana University

This paper presents an asymptotic theory for recurrent jump diffusion models with
well-defined scale functions. The class of such models is broad, including general
nonstationary as well as stationary jump diffusions with state-dependent jump sizes
and intensities. The asymptotics for recurrent jump diffusion models with scale
functions are largely comparable to the asymptotics for the corresponding diffusion
models without jumps. For stationary jump diffusions, our asymptotics yield the
usual law of large numbers and the standard central limit theory with normal
limit distributions. The asymptotics for nonstationary jump diffusions, on the other
hand, are nonstandard and the limit distributions are given as generalized diffusion
processes.

1. INTRODUCTION

Though various jump diffusion models have been commonly used to model asset
prices in theoretical and empirical finance and in financial economics, the asymp-
totic properties of jump diffusions are largely unknown except for some simple
cases. Jump diffusions are Markov processes whose asymptotics have already
been established under general conditions. Nevertheless, the existing asymptotic
theory of general Markov processes is of limited use for the statistical inference of
jump diffusion models. The existing asymptotics for general Markov processes
are given in terms of their invariant measures, which are difficult to obtain,
and virtually impossible to compute even numerically for general nonstationary
Markov processes (see, e.g., Hopfner and Locherbach, 2003)." Furthermore,
the existing asymptotics are only available for positive recurrent processes and
integrable transformations of null recurrent processes. This severely restricts the
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applicability of the existing theory, since nonintegrable transformations appear
frequently in the statistical analysis of financial time series, such as in the unit
root test and the maximum likelihood estimation of parametric jump diffusion
models.

This paper develops an asymptotic theory for the class of general recurrent jump
diffusions that are reducible to local martingales by strictly increasing and twice
continuously differentiable nonlinear transformations. Not all jump diffusions are
in the class of jump diffusions that are reducible to local martingales. However,
the class is still broad, including nonstationary as well as stationary diffusions
with jumps driven by general compound Poisson processes of state dependent
sizes and intensities. Pure diffusion models without jumps are all reducible to
local martingales by their scale transformations, which are defined as the solutions
of simple differential equations. As the paper shows, the scale functions of jump
diffusion models can also be defined as the solutions of certain integro-differential
equations, reducing general jump diffusions to local martingale jump diffusions. In
the paper, we provide some sufficient conditions for the existence of scale functions
for general jump diffusion models and demonstrate how they may be obtained
numerically.

The most critical and innovative step in the development of our asymptotics
is to represent the scale-transformed local martingale jump diffusions approx-
imately as time changed Brownian motions.” The representation is novel, and
expected to be generally useful for various asymptotic analyses of jump diffusion
models. Our asymptotics for jump diffusion models are comparable to those
for pure diffusion models developed in Jeong and Park (2013) and Kim and
Park (2017).> This is rather surprising, given that the jump diffusion model is
different from the pure diffusion models in some essential aspects.* For stationary
jump diffusions, our asymptotics yield the usual law of large numbers and the
standard central limit theory with normal limit distributions. On the other hand,
the asymptotics for the nonstationary jump diffusions are nonstandard and the
limit distributions are given as generalized diffusions. In general, we show that
the asymptotics for the jump diffusion models reducible to local martingales are
essentially the same as those for the corresponding pure diffusion models without
jumps.

Our asymptotics for the jump diffusion models are fully and exclusively deter-
mined by their functional parameters: the drift and diffusion functions for the

2For pure diffusion models, it is well known that the scale-transformed local martingale diffusions can be represented
exactly as time changed Brownian motions without any approximations, on which the asymptotics in Jeong and Park
(2013) and Kim and Park (2017) heavily rely.

3In particular, our asymptotics rely heavily on Jeong and Park (2013), which can be downloaded from
https://fis.yonsei.ac.kr/app/yonsei/member/download.do?attachNo=158.

4For the pure diffusion model, the scale function and speed measure are defined explicitly in terms of its infinitesimal
parameters, which fully characterize its recurrence property and invariant distribution. In contrast, this is not the case
for the jump diffusion model, and the recurrence property and invariant distribution of the jump diffusion model are
largely unknown except for some simple and special cases. Furthermore, unlike the pure diffusion model, the jump
diffusion model is not representable as a time changed Brownian motion.
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diffusive part and the jump size and intensity functions for the jump part. As
a result, the limit distributions derived from our asymptotics can be computed
directly from the functional parameters of the jump diffusion models. This is in
sharp contrast with the limit distributions obtained from the existing asymptotics
of general Markov processes, which involve the unknown invariant measures of
underlying Markov processes. In particular, our approach allows us to numerically
obtain the invariant measures of stationary and nonstationary jump diffusion
models, which greatly facilitates the statistical inference in jump diffusion models.
Furthermore, all of our asymptotics, including the asymptotics for integrable
and nonintegrable functions of nonstationary jump diffusions as well as the
standard asymptotics for stationary jump diffusions, are developed within a single
framework.

In the development of our asymptotics, we consider the limits of the continuous
time additive functionals and the martingale transforms of Brownian motion and
compensated Poisson process as the time span T increases. We assume that a
jump diffusion process X is observed continuously up to time 7. This is simply
for expositional convenience. Our asymptotics are also directly applicable when
X is only observed discretely at the sampling interval A, as long as we set A — 0
sufficiently fast relative to 7 — oo. This is seen clearly in Ait-Sahalia and Park
(2012, 2016), Jeong and Park (2013), and Kim and Park (2017). The primary
motivation of our asymptotics is to effectively analyze the continuous time models
with jump diffusions using high frequency observations collected over a long
time period. In many practical applications requiring such analyses, A is quite
small while T is only moderately large, making our asymptotics relevant and
useful.

The rest of the paper is organized as follows: Section 2 presents a jump
diffusion model and the preliminaries necessary to develop its asymptotics. Several
examples of the jump diffusion model are also introduced with the required
technical regularity conditions. Section 3 defines and analyzes the scale function
and the speed density of the jump diffusion model. Section 4 develops the limit
theory for general jump diffusion models, including the standard asymptotics
under stationarity, and the invariance principle and the asymptotics for the additive
functionals and the martingale transforms under nonstationarity. The limit theory
is then applied to find more explicit asymptotics for jump diffusion models com-
monly used in practical applications. Section 5 demonstrates that we may obtain
the scale function and speed density of the jump diffusion model numerically.
Illustrative application is provided in Section 6, and concluding remarks follow
in Section 7. Mathematical proofs are collected in the Appendix.

A word on notation. In the paper, we follow the notational convention that is
widely used and considered to be standard in the literature on Markov processes.
The linear functional notation is used for integrals, which means that the integral
of a function f : R — R with respect to a measure m on R is denoted as m(f) in
place of f fdm or f f(x)m(dx). Moreover, the same notation m is used to signify
the measure m itself and the density of m with respect to the Lebesgue measure.
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Therefore, we have

m(f) = / Fom(dx) = / (mf) ()dx

as a consequence. This notational convention is maintained throughout the paper,
and should cause no confusion.

2. MODEL AND PRELIMINARIES
We consider the jump diffusion model given by the stochastic differential equation
dX, = u(X)dt+ o (X)dW, +dJ,, @

where W is a standard Brownian motion and J is a compound Poisson process,
whose mean, variance, and intensity are given, respectively, by v(X,_), 2(X,0),
and A(X;_), conditional on X;_. More specifically, we let

dJ, = [V(Xt—) + T(Xz—)zl]de()‘(Xf—))’ )

where Z is a sequence of i.i.d. zero mean and unit variance random variables whose
common density function is given by ¢, and N(i(X)) is a Poisson process of inten-
sity A(X), which we may also write as NV,;(A(X;—)) = (N o A), with a Poisson process
N of unitintensity and A, = /01 AL(X,)ds. Ttis assumed that W, Z, and N are mutually
independent. Typically, X is defined on the domain D = (—o00, 00) or (0, 00).

It is possible to consider a more general jump process given by

dJ; = o (X;—,Z,)dN, ()L (th)) 3)

for some @ : D x R — R. However, in this paper, we focus on the jump diffusion
model given by (2), to effectively analyze the differing roles of the mean and the
variance of the jumps in the asymptotics of jump diffusions. Nevertheless, some
of our asymptotics are also still applicable for the jump diffusion model with a
more general jump process in (3), as argued later. Although we set the jump size
and intensity to be flexible and state dependent, we only consider the compound
Poisson-type jump processes with finite jump activities. In particular, we do not
allow for general Lévy jump processes with infinite activities.

Below are examples of jump diffusion models that have been previously
considered in the literature.

Example 2.1. (OU process with jumps) The Ornstein—Uhlenbeck (OU) process
with jumps is defined by

dX; = (a1 +axX)dt + BdW; + (y +8Z,)dN:(n)

5Sf:e, for example, Jeanblanc, Yor, and Chesney (2009, p. 476). Here and elsewhere in the paper, we denote the
Poisson process of unit intensity simply by N, instead of by N(1).
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with @y < 0 and 8,8, n > 0, in which X may be written more explicitly as

t t
X, = Xoe® + L (e — 1) + B / 2 aW, + / 2™ (y +-8Z,)dN, (1)
o 0 0
@

using Itd’s lemma. It is well known that X becomes stationary, if and only if the
condition fR log(1+1|z|)¢ (z)dz < oo holds and X, follows the invariant distribution
of X given by

o)+ °

yn o0 o
=B / e dW, +y / e [dN,(n) — ndr] + f €' Z,dN, ()
2 0 0 0

(see, e.g., Applebaum, 2009, Thm. 4.3.17).

Example 2.2. (Lévy process with jumps) The Lévy process with jumps is
defined as

dX, = adt+ BdW, + (y +8Z,)dN,(n)

with 8,8,n > 0. The process X becomes recurrent if o + yn = 0. If we let
Y; = exp(X)), it follows from It6’s lemma that

dy, = <a + g) Y,dt+ BY,dW, +Y,_ (e %) — 1)dN,(n).

This jump diffusion model was considered in Merton (1976).

Example 2.3. (Affine model with jumps) The affine model with jumps is given
by

dX; = (a1 + @ X)dt ++/ 1 + B2 | X |dW, + (y + 8Z)dN, (m + 121 Xi-|)

with ap < 0, B1, B2,8,m1 > 0 and n, > 0. Duffie, Pan, and Singleton (2000) used
this process earlier. Due to Theorems 2.1 and 2.2 of Zhang (2011), X admits a
stationary distribution if either (i) —a > Y1, and E|Z;|® < oo for some ¢ > 0, or
(i) n, = 0 and Elog(1+1Z;|) < 0o. Moreover, Lemma 2.1 of Zhang (2011) shows
that X defined with the restriction oy = 1, = 0 is a unique weak solution that is
cadlag, nonexplosive, and satisfies the Feller property.

Example 2.4. (AQ model with jumps) The affine-quadratic (AQ) model with
jumps is given by

dX; = (a1 + o X)dr + (B + B2 | XeDdW, + (y + 8Z1)dN: (1)

with o, < 0 and B, B2,8,n > 0. Theorem 1(2) of Wee (1999) shows that the
transition of X with normally distributed Z converges weakly as t — oo to a
proper distribution independent of the initial value, and that X has a unique
invariant distribution. Consequently, X becomes stationary if started from its
invariant distribution, which in most cases we may expect to be identical to its
limit distribution.
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Example 2.5. (GHK model with jumps) The generalized Hopfner—Kutoyant
(GHK) jump diffusion model is defined as

dX; = a1 X (o + XHP 7 dt + Bo (B3 + XPHP12AW, + (v + 8Z,)dN, (1)

for B1, B2,6,n >0, B3 > 0and 2a; > —,322. Kim and Park (2017) introduce the GHK
model without jumps and show that it generates diffusions with many distinctive
asymptotic properties depending upon their parameter values. The GHK model
extends the model used earlier by Hopfner and Kutoyants (2003). This model
accommodates a flexible class of jump diffusions, which are not covered by our
previous examples.

For the jump diffusion X defined in (1), we assume throughout the paper that it
is Harris recurrent, and that it satisfies the following assumption.®

Assumption 2.1. (a) o2(x), T2(x),A(x) > O for all x € D.

(b) u(x), o2 (x), v(x), T2(x) and A(x) are piecewise infinitely differentiable for
all x € D and regularly varying at the boundaries of D.

(c) |v| and |7| are regularly varying with indices «, and «., respectively, such
that k, < 1 and x; < 1 at the boundaries of D.

Assumption 2.1 is not very stringent. In (a), there are the standard regularity
conditions that we expect to hold for all jump diffusion models used in practical
applications. The differentiability of functional parameters and their boundary
regularity conditions in (b) are also routinely imposed in the study of diffusion
and jump diffusion models. In contrast, (c) is more important and is crucial for our
asymptotics. It requires that both |v| and |t| are majorized asymptotically by any
linear function. This is necessary to regulate the effect of jumps and to maintain
the distributional invariance in our asymptotics of jump diffusion models. If (c)
fails, the asymptotics of jump diffusion models may become irregular and model
dependent.

For various classes of functions f, g; and g, defined on D, we will obtain the
asymptotics of

T T
Fr= / fXpdt, Gp= / g1 (X)dW,,
0 0

T
Gy = /0 £X)[v(Z)dN, (M(X-)) — ¢ (VIA(X,)dt]

as T — oo, where v is given arbitrarily as a function and other notations are defined
earlier. For expositional convenience, we assume that X is continuously observable
here. However, as discussed below, our asymptotics also hold for the corresponding
moments of discrete samples from X.

OThe reader is referred to, for example, Hopfner and Locherbach (2003) for the precise meaning of Harris recurrence,
and to Menaldi and Robin (1999) for the recurrence properties of jump diffusion models.
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To be more precise, let X be observed discretely at intervals of length A up to
time T = nA, and define FT,A = AZ:’:lf(XiA)’ G;‘A = Z?:] gl(X(ifl)A)(WiA —

Wi—na) and G7. , = Y1 g2(Xi—1)a) Jia (V) = Ji—1)a ()], where J (v) is a jump
process defined as

dJ,(v) = v(Z)dN,(M(X-)) — p (VA (X,)dL,

that is, a compensated compound Poisson process with intensity A(X) and com-
pounding distribution given by v(Z). Then Fr,o = Fr(1+0,(1)), G}. , = G(1+
0,,(1)), and G%’ A= G%(l + o,,(l)) for A sufficiently small relative to 7, and
it follows that Fr s, G}‘ A» and G% A have the same limits as Fr, GlT, and G%,
respectively, if we let A — O sufficiently fast relative to 7 — oo. This can be
shown rigorously as in Ait-Sahalia and Park (2012, 2016), Jeong and Park (2013),
and Kim and Park (2017).

3. SCALE FUNCTION AND SPEED DENSITY

To derive our asymptotics, we need to introduce the scale function and the speed
density for the jump diffusion model. The scale function for the jump diffusion
model is motivated and defined similarly as in the pure diffusion model. However,
the notion of the speed density for the jump diffusion model is novel, and plays an
important role in our asymptotics.

3.1. Scale Function

For the jump diffusion X introduced in (1), we define its scale function s as a
solution to the integro-differential equation

(us' + %ﬁ")(x) = () / (sTr+ v +7z] - 50)g @1z ®)
R

whenever it exists, wherein we denote by s* and s** the first and second derivatives
of s, respectively. If we transform X with this scale function, then the scale
transformed process s(X) becomes a local martingale. To show this, we apply 1t0’s
lemma to deduce

ds(X,) = (,us' + %azs") X)dt+ (o5)(X,)dW,
+ (s [X— +vXio) +T(X0)Z] - s(X,,))dN, (AX0)), (6)
and note it follows from (5) that

1
E; (S[th FVX) +T(X)Z] — s(XF))sz(MXF)) == (us' + Eazs"> (Xpd,
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where E,_ denotes the conditional expectation at time r—.” Therefore, s(X)
becomes a local martingale. If 4 = —vA, then s(x) = x and X is said to be in natural
scale. In what follows, the first derivative s of the scale function s of X is referred
to as the scale density of X.

Throughout the paper, the following conditions are assumed.

Assumption 3.1. The scale function s exists, and it is strictly increasing from
—oo to oo and it has the derivative s° which is asymptotically monotone and
regularly varying with an index « such that « > —1 at the boundaries of D.

For any continuous diffusion X without jumps, the scale function s always exists
and s satisfies all conditions in Assumption 3.1 as long as ¥ > —1 under the
conditions in Assumption 2.1. Furthermore, s diverges to oo at boundaries of
D, if and only if X is recurrent.

Unfortunately, for jump diffusion X, the scale function s may not exist, and the
divergence of s at the boundaries of D is only necessary and generally not sufficient
to ensure the recurrence property. Nevertheless, Assumption 3.1 appears to hold
for a large class of jump diffusion models. To show this, we further characterize
the solution of the integro-differential equation (5) below.

LEMMA 3.1. The function f = s /s" is a fixed point of the integral operator A

defined as
21 2TA )+ )z

AN ) =—— ) — —2()6)/ exp </ f(y)dy)(p(z)dz,
o o R .

that is, f = Af.

Therefore, we can expect that the scale function s exists, whenever the operator
A defined in Lemma 3.1 is a contraction. In the next lemma, we provide a sufficient
condition, which ensures that A is a contraction and that the scale function exists.
In what follows, we let ®(x) = ffoo ¢ (z)dz and ¢ (x) = 1{x > 0} — D (x).

PROPOSITION 3.2. Let [v(x)| <V, T(x) < T, (A/02)(x) < Ao, and |(1/0?)(x)] <
We for all x € D with some constants Ly, Ay, V,T > 0. Moreover, define

Pz =/ .57 (2)dz,
R

Oz = /;e

where Tl 5 7(z) = explc(v + TIzD]l¢(2)| for some ¢ > 0, and assume that there
exists 0 < ¢ < oo suchthat2ji, +2t ;P57 < cand 2720, Q.57 < 1. Then there
exists a strictly increasing solution s to the integro-differential equation (5).

y
P :1{y > 0} —/ .5 :(2)dz

—00

dy,

7See, for example, Jeanblanc et al. (2009, Sect. 8.8.4 and Prop. 8.8.6.1) for the computation of this type of expectation.
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Remark 3.1. When ¢ is the standard normal density function and v = 0, the
conditions in Proposition 3.2 hold if®

1427 (fio + Tho)

K(t,1t6) <

)

20,
- 1447 1o — T2 (Ao — 412 + Ao /2]7) =230 Lo /2] 70
K(7,10) < e — ,
4T3 flo (1 4+ TfLo)
where
2T, +1)2
K@, jis) = 2exp (%)@(25@0 +1)

and @ is the standard normal distribution function. Note that, for any given value
of fi,, there will always be a T and A, small enough to satisfy the conditions intro-
duced here. Therefore, for the jump diffusions with normal-compound Poisson
jumps, the scale functions exist whenever T and A, are sufficiently small.

Remark 3.2. The boundedness conditions |v(x)| <D, T(x) <7, (A/o2)(x) < A4
and |(u/0%)(x)| < ji, required in Proposition 3.2 are satisfied by a large class of
jump diffusion models. The conditions are satisfied by the Lévy jump diffusion
model in Example 2.2, the affine jump diffusion model in Example 2.3, the AQ
jump diffusion model in Example 2.4, and the GHK jump diffusion model in
Example 2.5, that is, all jump diffusion models provided as examples in the
previous section, except for the OU jump diffusion model.

Proposition 3.2 only provides a set of sufficient conditions for the existence
of the scale function. Needless to say, a jump diffusion that does not satisfy the
conditions there may also have the scale function. In some special cases, the scale
function may be obtained explicitly, as shown below.

Example 3.1. Let X be given by
dX, = aX,dt + BX,dW, + X,_ (3% — 1)dN,(n)

with parameter restriction yn = —a + /2 as well as 8 > 0. Clearly, X may be
redefined as

dX, = aX,dt+ BX, dW; + (y* X, + 8" X,_Z)dN, @)

with y* = Ee+2) _ 1, §*2 = IE(e(V“Z’) —1- y*)z, and Z* = (e(V“Z) —1-
y*) /8%, conformably as our representation of jump diffusion models. For the
jump diffusion model (7), the scale function is given by s(x) = log(x). In fact,
it follows immediately from It6’s lemma that we have dlog(X;) = (o — B/2)dt +
BdW; + (y +6Z;)dN;(n), which becomes a local martingale jump diffusion under
parameter restriction yn = —a + /2. Moreover, it is easy to see that s(x) = log(x)

8Though quite lengthy, the derivation of this sufficient condition is rather straightforward. It will be provided upon
request.
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satisfies the integro-differential equation (5) with any distribution for Z* defined
from arbitrary Z as long as EZ, = 0 and EZ? = 1.

In some cases, our asymptotics rely only on the limit of the scale function s(x) as
x approaches the boundaries of D. Therefore, it suffices to find a limit version of the
scale function, which becomes asymptotically equivalent to the scale function as x
approaches the boundaries of D. An asymptotically equivalent version of the scale
function may be obtained by applying the so-called method of dominant balance to
the integro-differential equation (5).” To employ the method of dominant balance,
we need to introduce a moment condition on Z.

Assumption 3.2. Let ¢ (i¥) < oo for some k such that

[y — | =14 (K, Vir)
1—«, ’

k > max (2(/{ +2),

where k. and «_ are the regularly varying indices of s* at the right and the left
boundaries of D with x = x4 V x_, and «, and «, are the regularly varying indices
of v and t at the boundaries of D.

If Z has a bounded support, the condition in 3.2 is trivially satisfied.

LEMMA 3.3. The asymptote of the solution s° to the integro-differential equation
(5) obtained by the method of dominant balance is given as

o2 A
s"(x) ~ exp ( - /w %(u)du) 8)

for any w € D as x approaches the boundaries of D.

In our subsequent discussions, the function defined in (8) and its anti-derivative
are referred to as the asymptotic scale density and the asymptotic scale function,
respectively, to distinguish them from the exact scale density and the true scale
function given by the integro-differential equation (5). Though always obtainable,
the asymptotic scale density and the asymptotic scale function are meaningfully
defined only when the exact scale density and the exact scale function exist.'"

The asymptotic scale density of the jump diffusion model in (8) is indeed
well expected from the scale density of the diffusion model, which is given by
exp(— [ (2n/0?)(u)du). For the diffusion model, 1(x) and o?(x) in the scale
density represent the conditional mean and variance of the infinitesimal increment
in X at X = x for x € D, respectively. Analogously, (i + vA)(x) and (o +
w2+ rz)k) (x) represent the conditional mean and variance of the infinitesimal

9The method of dominant balance is a well-known and widely used method to determine the asymptotic behavior of
solutions to a differential equation or an integro-differential equation. Though we may normally expect the method of
dominant balance to find an asymptotically equivalent version of the solution to a differential equation or an integro-
differential equation, it may fail in some pathological cases (see Lin and Segel, 1974, pp. 188-189).

IOClearly, the method of dominant balance only works for the integro-differential equation (5) when it has a solution.
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increment in X at X = x for x € D, respectively. As expected, if we set A = 0, the
asymptotic scale density of the jump diffusion model reduces to the scale density
of the diffusion model.

Example 3.2. We may easily obtain the asymptotic scale functions for the jump
diffusions introduced earlier in Section 2. For all of them, we have D = R. The
asymptotic scale densities of the OU process with jumps in Example 2.1 under
ay < 0 and the affine model with jumps in Example 2.3 under o; < 0 and o, <
yny < —ap both exponentially increase as x — =£00. On the other hand, for the
Lévy process with jumps in Example 2.2, the asymptotic scale density is 1 under
a + yn = 0. Moreover, the asymptotic scale densities of the AQ and GHK models
with jumps in Examples 2.4 and 2.5 are given, respectively, by

2 2
c(0)|x|722/% and  c(x)|x| 72 /A

as x — Fo00, where c¢(x) = al{x > 0} + b1{x < 0} for some constants a,b > 0
depending upon their parameter values.

3.2. Speed Density
For a local martingale jump diffusion given by
dX, = —(vA)(X)dt + o (X)dW, + [V(Xr—) + T(Xt—)Zt]sz ()L(Xz—)): 9

we define its speed density as

1
m(x) = (m) () 10)

for x € D. Following the usual convention, m is also used to denote the measure
defined by the density m with respect to the Lebesgue measure.
It follows from our definition that

d(X); dt,

m(X;)
where (X) is the conditional quadratic variation of X in (9). This is analogous to the
definition of the speed density m for the local martingale diffusion dX; = o (X,)dW,,
which is given by m(x) = 1/0%(x) and yields d[X], = d(X), = [1/m(X,)]dt. For
a local martingale jump diffusion X, (X) becomes a compensator for [X] and
we have, in particular, E,_d[X], = d{(X); = [1 /m(X,)]dt with E,_ denoting the
conditional expectation at time 7— (see, e.g., Protter, 2005 for more discussions).
Note that even instantaneous futures are unknown for jump diffusions, whereas
continuous diffusions are perfectly predictable over any infinitesimal time interval.
As is well known, any continuous local martingale diffusion X can be represented
as a time changed Brownian motion, and its speed density indicates how fast to read
X at each spatial point x € R to make it a Brownian motion. Likewise, we show in
the paper that the speed density of a local martingale jump diffusion X represents
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the expected speed at which X should be read at each spatial point x € R to make
it an approximate Brownian motion asymptotically.

Our definition of the speed density for local martingale jump diffusions intro-
duced above may be extended to general jump diffusions reducible to local
martingales by their scale transformations. If X is the general jump diffusion in
(1) and it has a well-defined scale function s, the speed density m; for its scale
transformation X* = s(X) in (6) is given by

1
mg(x) = <m> (), aamn

where o, = (05" ) 05!, Ay = Los~! and ? = w? o5~ ! with

a)2(x) = / (s[x—i— v(x)+ r(x)z] — s(x))2¢ (2)dz 12)
R

for x € R. If X is a local martingale jump diffusion in (9), then s becomes identity
and ” in (12) reduces to w? = v?> + 2. In this case, the speed density m, in (11)
reduces to the speed density m in (10). The speed density m, of X® introduced in
(11) leads us to define the speed density m of X as

1
mix) = (02s' + (wzk)/s‘> *) (13)
for x € D.!' Note that, for the speed densities m and m;, respectively, of X and
X* = s(X) defined in (11) and (13), we have m(f) = m,(f;) for all m-integrable f
withf, =fos L.

As we may expect, the speed density defined in (13) represents the invariant
measure of any jump diffusion X satisfying our assumptions, particularly a jump
diffusion reducible to a local martingale by its scale transformation. The invariant
measure of a recurrent Lévy process is the Lebesgue measure, as shown in,
for example, Applebaum (2009, Exer. 6.7.7), and this corresponds to the speed
density obtained from (13). More generally, it can be easily seen by comparing
the existing asymptotics for general Markov processes with our asymptotics
specifically developed for jump diffusions. The former is given in terms of the
invariant measures of underlying Markov processes, whereas the latter is fully
characterized by the speed densities of jump diffusions (see, e.g., Hopfner and
Locherbach, 2003, Thm. 3.1 and the theorems in the next section). As a result,
the speed density m can be used to find an essential recurrence property for any
Harris recurrent jump diffusion X reducible to a local martingale by its scale
function: X becomes positive recurrent if m is integrable, and null recurrent if m
is nonintegrable. This is precisely the same as in the continuous diffusion model
without jumps.

HFor the jump diffusion models specified in (3), the speed densities m, and m are similarly defined with w?(x)
replaced by [ (s[x+ @ (x.2)] - s(x))qu(z)dz.
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Once the scale density s° is given, the speed density m may be readily found from
(13). The speed densities may be obtained from either the exact scale function or
the asymptotic scale function, and the resulting speed densities are referred to as
the exact speed density or the asymptotic speed density, respectively. Of course,
the latter is much easier to find than the former. Typically, the integrability of m
is determined entirely by its behavior at the boundaries of D. Therefore, we only
need its asymptotic speed density to find whether a given jump diffusion is positive
recurrent or null recurrent.

Example 3.3. For the jump diffusions introduced in Section 2, all with
D =R, their asymptotic speed densities may be easily derived from the asymptotic
scale densities obtained in Example 3.2. The asymptotic speed densities of the OU
process with jumps in Example 2.1 under o, < 0 and the affine model with jumps
in Example 2.3 under o, < 0 and o, < y 1 < —a; both decrease exponentially as
Xx — Fo00, which implies that they are integrable. For the Lévy process with jumps
in Example 2.2, the asymptotic speed density is constant under o + yn = 0, and
therefore, it is not integrable. On the other hand, the asymptotic speed densities
of the AQ and the GHK models with jumps in Examples 2.4 and 2.5 are given,
respectively, by

2 2
c()|x|®P272  and  c(x)|x|¥1 /P22

as x — 100, where c(x) = al{x > 0} + b1{x < 0} for some constants a,b > 0 as
defined in Example 3.2. Note that the asymptotic speed density of the AQ model
with jumps is always integrable under o, < O.

For our asymptotics developed later in the paper, the following conditions are
employed.

Assumption 3.3. The speed density m, of X* = s(X) in (11) is either integrable
or regularly varying such that m;(Ax)/|A|" — m,(x) as A — oo, where

mg(x) = alx|"1{x > 0} + b|x|"1{x < 0} a4)
for some r > —1 and a,b > 0 witha+b > 0.

If my is regularly varying with index r > —1, we may let m;(}) denote either
mg(X) or mg(—X) depending upon whether oo or —oo is the dominating boundary
and have my(Ax) ~ mg(A)ms(x) as A — £oo with m; given by (14), in which
case either a or b becomes unity. The reader is referred to, for example, Kim
and Park (2017) for more details. In Assumption 3.3, we effectively assume that
mg(X) ~ |A|", which excludes the possibility of m,(A) having a slowly varying com-
ponent in the limit as A — oco. This can be restrictive. However, this assumption is
not essential and is only made to more clearly and explicitly present our subsequent
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asymptotics.'? For expositional brevity, we will simply say that m, is regularly
varying with index r > —1 if it satisfies Assumption 3.3.

In case my is not integrable and regularly varying, our asymptotics involve its
index r > —1."% To find it, we only need to know any asymptotic version of
the speed density m; of X* = s(X) on R defined in (11), for which we have the
following.

ProrosiTION 3.4. We have a)f(x) ~ W2+ 1252 os  (x) as x —> to0, where
s and s° are any asymptotic versions of the scale function and the density,
respectively.

Therefore, the index r of regular variation for m; is easily found, once we obtain
any asymptotic versions of o' and A;.

Example 3.4. Under the required conditions, the OU process with jumps and
the affine model with jumps in Examples 2.1 and 2.3 become stationary and they
have integrable speed densities. The Lévy process with jumps in Example 2.2
is already in natural scale under the recurrence condition and it has a constant
speed density. Let c(x) be defined as in Examples 3.2 and 3.3. For the AQ model
with jumps in Example 2.4, under the given condition, we have m,(x) ~ c(x)|x| =2
as x — 00, which follows directly from (11) using the results in Example 3.2
and Proposition 3.4. Finally, the GHK model with jumps in Example 2.5 yields
mg(x) ~ c(x)|x| /B3=260/(1=201/B3) a6 x 5 400, Therefore, it is regularly varying
with index r > —1if (4a1 /B3 —2p1)/(1 —2a1/B3) > —1. On the other hand, it is
integrable if (4o1 /B3 —2B1)/(1 —2a1/B3) < —1.

4. ASYMPTOTIC THEORY

In this section, we establish the asymptotics of jump diffusion models reducible
to local martingales by their scale transformations under positive and null recur-
rences.

4.1. Asymptotics Under Positive Recurrence
For the positive recurrent jump diffusions reducible to local martingales by their

scale transformations, we have the following limit theorems.

THEOREM 4.1. Let X be positive recurrent and define nw(x) = m(x)/m(D). If f,
818} and Ag»g, are w-integrable, then we have

12For instance, the normalizing sequences in our subsequent asymptotics are defined as explicit functions of the
sample span 7" depending on r, which would be impossible without our assumption here.

13Recall that my is integrable if and only if m is integrable.
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1T 1T ,
?/(; S&X)dt — 5. 7 (f), ﬁ./é g1 (X)dW; —4 NI(OJT(glgl)),

1 T
ﬁ/ 82X, ) [v(Z)dN,(M(X,-)) — p (WIAX)dt] =4 N2 (0, ¢ (V)7 (Ag285))
0

jointly as T — oo, where N| and N, denote two independent multivariate normal
distributions and v : R — R is any function such that ¢ (v*) < .

Theorem 4.1 establishes the asymptotics for the additive functionals and the
martingale transforms of positive recurrent jump diffusions, which yield the usual
law of large numbers and the standard central limit theory with normal limit
distributions. This is well expected. In fact, our asymptotics here are known to
hold for all positive recurrent Markov processes satisfying the Feller property, as
long as the required integrability conditions are satisfied. The reader is referred to,
for example, Maruyama and Tanaka (1959) and Kiichler and Sgrensen (1999) for
more details.

Though they are already well known, our asymptotics here are meaningful for
at least two reasons. First, we show that they can be derived in parallel with the
asymptotics for nonstationary jump diffusions within a single unified framework.
Second and more importantly, our asymptotics show that the speed density m
defined in the previous section indeed defines the invariant measure. The invariant
measures of jump diffusion models are generally not available in any closed-forms,
except in some special cases. For instance, the invariant distribution of the OU
jump diffusion in Example 2.1 is already well known to be a self-decomposable
distribution (see, e.g., Applebaum, 2009, Thm. 4.3.17). Moreover, Theorem 2.4 of
Zhang (2011) characterizes the invariant distribution of the affine jump diffusion
in Example 2.3 in terms of its Fourier transformation. Of course, it is possible to
simulate the invariant distributions of any jump diffusions under stationarity. See
Panloup (2008) for the conditions needed to obtain the invariant distribution of a
stationary jump diffusion by simulating its sample paths.

4.2. Asymptotics Under Null Recurrence

For the null recurrent jump diffusions reducible to local martingales by their scale
transformations, we establish an invariance principle and use it to derive their
additive functional and martingale transform asymptotics.

4.2.1. Invariance Principle. In our subsequent discussions, we let the jump
diffusion X be in natural scale, by redefining if necessary s(X) as X, and say that it
is regular with index r > —1 if its speed density m is regularly varying with index
r > —1 and satisfies Assumption 3.3. Moreover, we denote by C[0, 1] the space of
continuous functions defined on [0, 1].
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PROPOSITION 4.2. Let X be regular with index r > —1, and define XT on [0, 1]
for each T by X = T-Y+D X, Then we have

X' -, Xx° as)

inC[0,1] as T — oo, where X° is defined as X° = B o;\from the standard Brownian
motion B with local time L and

/ m(x)L(u,x)dx > t}
R

forO<t<1.

A = inf{u

The invariance principle established in Proposition 4.2 for the null recurrent
jump diffusions is essentially the same as that of the null recurrent continuous
diffusions without jumps previously obtained in Jeong and Park (2013). The limit
process X° in (15) is a generalized diffusion process called the skew Bessel process.

To derive our limit theorems, the following assumption is introduced.

Assumption 4.1. We assume that (a) there exists p > 1 such that E|XlT|p is
bounded uniformly in 7, and (b) A is regularly varying with an index greater than
or equal to —min(r+2,p) at o0.

Assumption 4.1 does not appear to be stringent. In fact, the limit process X°
obtained in Proposition 4.2 has finite moments to the infinite order, and Jeong
and Park (2013) show that all the moments of X7 are uniformly bounded for null
recurrent continuous diffusions without jumps.

Under these additional assumptions, we obtain the following proposition, which
further decomposes and characterizes the limit process X°. This decomposition
of X° plays an important role in characterizing the limit distributions in Theo-
rem 4.4(b).

PROPOSITION 4.3. Let X be regular with index r > —1, and let Assumption 4.1
hold. Then, for W', NT, and ZT defined by

wl = !

t TWTU

Tt
V=7, [W(X) (0) - I/Z(X”)d”}’

Tt
7/ f/ W(X) ANy (A (X)),

we have
wl -, we, NT -, N°, AR

in C[0,1] jointly with XT —4 X° in (15) as T — oo, where W°, N° and Z° are
mutually independent standard Brownian motions. Furthermore, X° is given in
terms of W°, N° and Z° as
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' 2 X)X = (P (X] = 0} + /a1 (X7 < 0))dwy

+(VI=pa (X 2 01+ YT ge 11X < 0)) s 16)

with
arp =(VEIKS = 0)+ Va1 (K] < 0))dN;

+ (\/1 X = 0) /T (X < 0})dz,°,

where p., q., and p,, q, are constants defined by
2 2

o
(x) — Per9es m(x) — P» 4z

o2+ W24+12)A
as x approaches the right and the left boundaries of D, respectively.

Proposition 4.3 shows that the limit process X° of X is defined as a generalized
diffusion driven by three mutually independent Brownian motions W°, N°, and
Z°. Note that W° is the limit of the Brownian motion driving the diffusive
part of X, while N° and Z° are the Brownian motions representing the limit
behaviors of the mean and volatility components, respectively, of the jump part
in X. The limit fractions p, and g, denote the proportion of X° generated by the
diffusive limit Brownian motion W°, and the limit fractions p, and g, designate
the proportions of the limit Brownian motion of the jump part J° contributed by
its mean component N°.

In general, X° is dependent on all of the three Brownian motions W°, N°, and Z°.
However, there are special cases in which X° becomes independent of some subsets
of the Brownian motions. If, for instance, p., g. = 1, then X° is driven only by W°,
and it becomes independent of N° and Z°. This happens if o2 > (V2 4+ 12)X at
the boundaries of D and the diffusive part of X asymptotically dominates its jump
part. Likewise, if 02 <« (v> 4 t2)A at the boundaries of D and the jump part of X
dominates its diffusive part asymptotically, then p., g. = 0 and X° is driven entirely
by N° and Z° and becomes independent of W°. On the other hand, depending upon
whether the mean or the volatility component of jumps dominates, that is, v > 72
or v2 « 72 at the boundaries of D, then p.,g. = 1 or p.,g. = 0, and therefore, X°
becomes independent of Z° or N°.

Example 4.1. As asimple illustration, we consider the jump diffusion in natural
scale given by

dX; = —v(Xpdt+ o (X)dW, + [v(X,-) + 1(X,-)Z]dN;.

If 62 ~ v2 ~ 72 ~ 1 at boundaries oo of D = R, then

1 Tt 1 Tt Tt
XT = = X; T T = X u— X,-)Z,dN,
’ ﬁ/o o ( )dW+ﬁ|:/0 (X, )(dN, du)+/0 T(Xul) dN}

Sy X =W AN +ZD
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as T — o0o. However, if 02 ~ 1 > 12, t2 at +oo, then X° = W° and X° is
independent of N° and Z°. Likewise, if 62 ~ v ~ 1> 72 at +o0, then X° =
We + N° and X° is independent of Z°. Finally, if 0> ~ 72 ~ 1 > v? at 400, then
X° = W°+Z° and X° is independent of N°.

Remark 4.1. For the models with more general jumps in (3), Proposition 4.3 is
expected to hold with the same limits, where the asymptotes p., g., and p,, g, are
defined similarly with v(x) and 72(x) replaced by

2
/ (5,99 ()dz, f (5,26 (2)dz — ( / w(x,z)¢>(z)dz) :
R R R

respectively.

4.2.2. Asymptotics for Additive Functional and Martingale Transforms.
Clearly, we may write f(X) = f;(X*) with X* = s(X) and f; = f os~! for any
function on D. Therefore, without loss of generality, we assume in what follows
that X is already in natural scale.

DEFINITION 4.1. We say that f is m-asymptotically homogeneous if f is not
m-integrable, and

JOx) =k (f, M)A, x) +6(f, 1, %)

with

18(f, 4. 0| < a(f, Mp(f,x) +b(f, )q(f, 1x)

as » — oo, where (i) h(f,-), p(f,-), and q(f,-) are locally bounded on R\{0},
locally integrable in measures m and m, (ii) « (f,A) is nonsingular for all large

A, (iii) q(f,-) is vanishing at infinity, and (iv)

limsup |« (£, 1) 'af, 1) | =0, limsup [k (£, )" "'b(f, )| < oc.
k— 00 k—o00

We call k (f,-) and h(f, -) the asymptotic order and the limit homogeneous function
of f, respectively. If (i) h(f,-), p(f,-), and q(f,-) are locally square integrable in
measures m and m in place of (i), then f is said to be m-square asymptotically
homogeneous.

Our main asymptotics are given in the following theorem.

THEOREM 4.4. Let X be regular with index r > —1, and let Assumption 4.1 hold.
Moreover, let v : R — R be any function such that ¢ (v*) < oco.
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(a) If f is m-integrable and g, and /Ag> are m-square integrable, then
1 ! 1/(r+2
m/ SX)dt —q Km(f)E" "+,

s [ Wi~ V) 7B 0B,

\/W/ 82(X;-) U(Z,)dNt(k(X,_))—¢(U))L(X,)dt]

1/2
— 4 VK$W)m(rgrgh) B2 o EVOHD,
jointly as T — oo, where EV/"+2) is the Mittag-Leffler process with index 1/ (r +2)

at time 1, and B' and B* are mutually independent standard vector Brownian
motions independent of E'/"+?, and

_ T+ D/r+2) (427
T T((r+3)/(r+2)) (al/(r+2) + bl/(r+2)) ’
where a and b are from (14) and T is the gamma function.
(b) Let f be m-asymptotically homogeneous, and let g, and /Ag> be m-square

asymptotically homogeneous, with their asymptotic orders smaller than |x|P at the
boundaries of R. Then

1 _ T 1
?K(f,T]/(H_z)) '/0 f(X,)dt—>d/O h(f.X7)dt

1 - T 1
—x (g, TVHD / (X,)dW, — / h(g1,X°)dWe,
ﬁ (g1 ) A 81(A&; t—>d A (81 t) t

T
%x(ﬁgz,ﬂ”’“))‘l / X O[v(Z)dN, (A(X-)) — ¢ (LIA(X,)d]
T 0

1
ENTOD / h(v/Ag2,X0)dV?
0

jointly as T — oo in the notations defined in Definition 4.1 and Proposition 4.2,
where V° is a standard Brownian motion defined jointly as a multidimensional
Brownian motion with W°,N°, and Z° introduced in Proposition 4.3 such that

EW°Ve =0, EN°V® = 1 (v)/y/$ (v?) and EZ2V° = 1y (1v) [/ (V2).

Remark 4.2. (a) Our asymptotics in Theorem 4.4(a) may be viewed as special
cases of more general asymptotics in Theorem 3.1 of Hopfner and Locherbach
(2003). Howeyver, in our asymptotics, the invariant measure m is explicitly given in
terms of the functional parameters u, o, v, T, A, and ¢ of the jump diffusion model.
In contrast, the invariant measure m is not specified in their asymptotics, and it is
generally impossible to compute the actual limit distributions derived from their
asymptotics. Note that the invariant measure of a null recurrent jump diffusion
cannot be obtained by the usual simulation method.
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(b) In Theorem 4.4(b), we have non-degenerate limit distributions only if the
limit homogeneous functions of f, g; and g, have supports that have nonempty
intersections with the support of /1 defined in Assumption 3.3.'* The asymptotics
for such degenerate cases can also be readily developed as in Kim and Park (2017),
though the details are not reported in the paper.

The distributions of B' o E'/"+2 and B? o E'/("*2) appearing in the martingale
transform asymptotics in Theorem 4.4(a) are mixed normal. However, the distri-
butions of

1 1
P= / (g1, X2)dW? and Q= / h(Vag2.X?)dVy
0 0

representing the martingale transform asymptotics in Theorem 4.4(b) are generally
not normal mixtures, and reduce to be mixed normal only when X° is independent
of W° and V°, respectively. As shown in Proposition 4.3, X° is driven by three
Brownian motions W°,N°, and Z°. Therefore, X° and W° become independent
if and only if X° is driven only by N° and Z°, which requires 02 <« (v*> 4+ 72)A
at the boundaries of D so that p.,g. = 0, and in this case, the distribution of P
becomes mixed normal. For the independence of X° and V°, on the other hand,
we may consider three cases. First, if X° is driven entirely by W°, which requires
02> (V24 t2) at the boundaries of D so that Pesqe = 1, X° becomes independent
of V°, since V° is independent of W°. Second, if v2 > 72 at the boundaries of D so
thatp,,q, = 1 and X° is driven by W° and N°, then X° becomes independent of V° as
long as ¢ (v) = 0 so that N° is independent of V°, and if v? « t?2 at the boundaries
of D so that p,, g, = 0 and X° is driven by W° and Z°, then X° becomes independent
of V° as long as ¢ (tv) = 0 so that Z° is independent of V°. Finally, if ¢ (v) =0
and ¢ (tv) =0, then X° and V° will always become independent regardless of the
values of p.,q., and p,,q,.

Example 4.2. Let X be the Lévy process with jumps in Example 2.2 with y > 0
and the recurrence condition @ +yn = 0. Clearly, X is in natural scale, and its speed
measure is given by the Lebesgue measure. In this simple case, we may directly
obtain

X7 = BW; +y nN; +38/nZ;,

which also follows from Propositions 4.2 and 4.3 as a special case. For this model,
we may explicitly obtain the distributions of P and Q with g; = g, =¢. In fact, it
follows that

1 1
P=ﬁ/0 W,"de—i—ﬁ/O (YN +68Z7)dwy,

where the distribution of the first term is essentially non-normal, though the
distribution of the second term is mixed normal. On the other hand, we have

14Since X is assumed to be in natural scale, we denote 77z, from Assumption 3.3 as simply m here.
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1 1
0= ip | Wravin [ (v +a77)av;

where the distribution of the first term is mixed normal, but the distribution of the
second term becomes mixed normal only when ¢ (v) =0 and ¢ (tv) = 0.

5. NUMERICAL COMPUTATION

For a wide class of jump diffusion models, the exact scale function may be
obtained numerically. If the integral operator A introduced in Lemma 3.1 is a
contraction and has a fixed point, we may numerically compute the scale function
s by iteratively solving for a fixed point of A until convergence. It is natural
to use the asymptotic scale function in Lemma 3.3 obtained by the method of
dominant balance as an initial function needed to start iterations. To demonstrate
the numerical computation of the exact scale function, we consider two classes
of jump diffusion models, the affine jump models and the GHK jump models
introduced, respectively, in Examples 2.3 and 2.5, with parameter values obtained
from the real data. The affine jump model is fitted with the term spread of interest
rates, defined by the 10-year treasury constant maturity rate minus the 2-year
treasury constant maturity rate (from January 1985 to June 2015). The GHK jump
model is fitted with the logs of the USD/GBP exchange rates (from January 1974
to June 2015) and the USD/EUR exchange rates (from January 1999 to June 2015).
For the former, we consider both normal and uniform jumps to see the effect of
the jump distribution on the scale function. For the latter, jumps are generated as
normals.

In sum, we have four fitted models, labeled Models I-IV. Models I and II are
the affine jump models with (a1, a2, 81, 82,8, 1) = (0.01, —0.1,0.14,0.1,0.08, 16)
and y = n, = 0, respectively, with normally and uniformly distributed Z,
Models III and IV are the GHK jump models with (o, 2,81, 82,63,6,1) =
(—0.009,0.02,0.02,0.08,0.0002,0.01,20) and («y, o2, B1, B2, B3,8,1) = (—0.005,
0.004,0.07,0.11,0.002,0.01,15), respectively, with y = 0 and normally dis-
tributed jumps. From our asymptotic theory, we may readily show that the jump
diffusions generated from Models I to III are positive recurrent, while those from
Model IV are null recurrent.

The exact scale functions of Models [-IV are numerically computed and pre-
sented, together with their asymptotic scale functions introduced in (8), in Figure 1.
The exact and asymptotic scale functions become identical at the boundaries of
D = R, which shows that the method of dominant balance works for all of the
models considered here. In fact, the exact and asymptotic scale functions are quite
close to each other over the entire domain, as well as at the boundaries of, D = R.
Our iterative procedure, started at the asymptotic scale function, converges rather
quickly and almost instantly finds the exact scale function in all models.

15This implies, in particular, that the log of the USD/GBP exchange rates are stationary, while the log of the USD/EUR
exchange rates are nonstationary.
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-0.4 0.4

(c) Model III (d) Model IV

F1GURE 1. Exact and asymptotic log-scale densities.
Note: The exact and asymptotic log-scale densities defined as (logs)" = s*°/s" are presented,
respectively, by the solid and the dotted lines in Models [—IV.

Once the exact and asymptotic scale functions are computed, we may use them
and obtain the exact and asymptotic speed densities defined in (13). The exact
and asymptotic speed densities are defined with the exact and asymptotic scale
densities, respectively. Figure 2 presents the exact and asymptotic speed densities
for Models I-IV. It is easy to see that Models I-III are positive recurrent, whereas
Model 1V is null recurrent. All the speed densities are normalized so that they
integrate up to unity.'® The exact and asymptotic speed densities are the most
distinctive around the origin and, as expected, they tend to converge at ordinates
away from the origin.

For any given functions f, g;, and g» on D, we may use the computed speed
densities to obtain 7 (f), 7 (g18)), and w(Ag2g5), and m(f),m(g1 &), and m(rg2g5),
which are needed to fully specify the limit distributions in Theorem 4.1 and Part
(a) of Theorem 4.4, respectively, for the positive recurrent and null recurrent
jump diffusion models. This is in contrast to the corresponding asymptotics for

16We also normalize the speed densities for Model IV, although the normalization is only meaningful for Models
I-II1.
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FIGURE 2. Exact and asymptotic invariant densities.

Note: The invariant densities obtained from the exact and asymptotic scale functions are presented,
respectively, by the solid and dotted lines for Models I-IV. Normalizations are made so that their
integrals are unity. For Model IV, the invariant density is not integrable and, strictly speaking, our
normalization is not meaningful.

the general Markov processes available in the literature, from which the limit
distributions are not obtainable explicitly for the jump diffusion models considered
here. Our asymptotics are therefore more directly useful for statistical inference in
these and other jump diffusion models.

6. ILLUSTRATIVE APPLICATION

To show how to apply our asymptotic theory, we consider a variance ratio-type test
in continuous time. In this section, we suppose that a sample of size n is collected
from a jump diffusion X at interval A over time 7, that is, XA, Xo4, ..., XA With
T = nA and initial value X;,. We define a statistic

Y (Xia — Xo)?
ny o (Xia —Xg-na)?

Qn,A =
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Clearly, O, » may be viewed as a high frequency version of the variance ratio
statistic used to test for random walk and martingale hypothesis in economics and
finance. Note that O, A compares the variances of X over the time intervals [0,iA]
and [(i — 1D A,IA].

Let X be regular and null recurrent with index » > —1. We assume that s(x) ~ ax
and my(x) ~ b|x|" for some a,b > 0 as x approaches +00, and that s* is bounded
away from zero and 1/my is ms-asymptotically homogeneous. If A — 0 fast
enough relative to T — oo, we have

n T n
AZX?A %\/0 Xlzdt+0p(1) and Z(XiA —X(i_l)A)z ~ [X]7.
i=1

i=1

The proofs of the continuous time approximations here and the precise conditions
required for their validity are provided in the Appendix. Furthermore, it follows
from Theorem 4.4 (b) that

1 T ) 1 T 1 usy\2 1 ! 02
T1+2/(r+2)/0 Xpdt = T1+2/<’+2>/(; (S (X,)) dt —q ;/0 X;odt 17)
and

1 1 r, 1 T 2
T2/012) X]lr = T2/(r+2)/(; [of (X[)dt+W/() (V(Xt—)+T(Xt—)Zt) dNt()\(Xt—))

1 r 2 1 g 2 2 2
ZW/O o (Xt)df‘FW/(; (V X))+t (Xt—)Z,)sz()h(Xt—))-i-Op(l)

1 T
= W[ [02 + (W +THA] (Xt
0

1 T
+ e /0 [(u%xt_) + 72 (X)Z])dN (MK ) — (P + rZ)A)omdt] +0p(1)

1

T
= 7200 fo [0% + (v* + 1] (X di+0p(1)

1 r 1 1 e
= dt 1 - | X7 ""at 18
T2/(r+2) /0 (s‘2os—‘)(Xf) ms(Xf) +0p( ) —>d azb/() | t | (18)

as T — oo and A — 0. Note that f = (s~')? is m,-asymptotically homogeneous
with x (f, 1) = A% and h(f, x) = x> /a? for (17), and that

1/mg; = 03 +a)§)\s ~ (05')2 os '+ [(v2 + rz)s'2 os’l] (A os’l)
= ([02 +0+ tz)k] s'z) os!
and f = 1/[(s"> o s~")m,] is ms-asymptotically homogeneous with « (f,1) = A~

and h(f,x) = |x|~"/(a*b) for (18). The limit process X° is a generalized diffusion
given by dX? = b~ 1/2|X?|~"/2dW,.
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F1GURE 3. Limit distributions of O, A under the null and alternatives.

Let X° = b~ V/U+2X* 50 that X* is the generalized diffusion given by
dX; = |Xt*|”/2dW,. Then we may deduce from (17) and (18) that

Jo X2t
‘- (19)
o 17
as T — oo and A — 0. If, in particular, r = 0, the generalized diffusion X* reduces
to Brownian motion, and we have

Qn,A -

1
Qn,A —>d / Wtzdt
0

as T — oo and A — 0. The limit distribution of Q,, A are provided in Figure 3 for
some selected values of r.

If X is positive recurrent and has finite second moment, we may easily show
that TQ,, o converges almost surely to a well-defined positive random variable as
T — oo and A — 0. Of course, this implies that 0, » —, 0asT — ocoand A — 0,
and the statistic Q,, o can be used to test for random walk and martingale hypothesis
in continuous time framework. If X is a mean zero Ornstein—Uhlenbeck process
given by dX; = —kX,dt + odW; with ¢ > 0 and if we set Xy = 0 in the definition
of Q,, a, then we have TQ,, o —, 1/2«. The limit of TQ,, A is solely determined by
the mean reversion parameter « .

We apply our variance ratio test to the logs of the daily USD/GBP exchange
rates (from January 1974 to June 2015) and the daily CBOE volatility index (from
January 1990 to June 2015). The values of the statistic Q,, o are given by 0.296
and 0.0047 for the exchange rate and volatility index, respectively. If we take the
limit Brownian motion as the null hypothesis, the asymptotic critical values of
the test are 0.0343, 0.0563, and 0.0762 for the 1%, 5%, and 10% left tail tests.
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Consequently, we are in favor of the null hypothesis of asymptotic Brownian
motion for the USD/GBP exchange rates, while we unambiguously reject the null
hypothesis of asymptotic Brownian motion for the volatility index. According to
our variance ratio test, the volatility index is clearly distinguishable from Brownian
motion in the limit.

7. CONCLUSION

This paper defines scale functions and speed densities for jump diffusion models,
in parallel with their definitions for diffusion models without jumps. Unlike
diffusion models without jumps, scale functions and speed densities may not exist
for jump diffusion models. However, when they do exist, they play exactly the same
roles for jump diffusion models as they do for diffusion models without jumps: the
scale functions transform jump diffusions into martingales and the speed densities
represent the invariant measures of jump diffusions. Moreover, the scale functions
and the speed densities fully characterize the asymptotics of the general additive
functionals and the martingale transforms of jump diffusion models, exactly as
they do in the case of diffusion models without jumps. Indeed, assuming that
scale functions and speed densities exist, we develop the additive functional and
the martingale transform asymptotics of jump diffusion models and present them
explicitly in terms of their scale functions and speed densities. They are applicable
for a wide variety of jump diffusion models including null recurrent as well as
positive recurrent jump diffusion models, and for a very general class of additive
functionals and martingale transforms. We also provide some sufficient conditions
for the existence of scale functions and speed densities for jump diffusion models.

Appendix A. Useful Lemmas

Throughout, we write f € RVy if f : D — R is regularly varying with index k at the
boundaries of D. The reader is referred to, for example, Bingham, Goldie, and Teugels
(1989) for the notion and properties of regularly varying functions.

A.1. Lemmas

LEMMA Al. Let Assumptions 2.1, 3.1, and 3.3 hold, and define B; = (X* oA_l)t with
dA; = [1/ms (th)]dt. Ifwe let BtT = Tleth and denote its local time as LT, where Ty = T

or T, =TV (+2) depending upon whether mg is integrable or regularly varying with index
r > —1, then there exists a standard Brownian motion B®° with local time L° such that
BT — 4 B° inC[0,1] and

sup sup LT (t,x) = L°(t,x)| —p 0
t€[0,K]xe[—K,K]

forany ) <K <ooas T — oo.
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LEMMA A2. Let Assumptions 2.1, 3.1, and 4.1 hold. Moreover, let X be regular with index
r>—1, and let W7 be defined as WT T_l/ZWT If we define VT as

TEry(Xy— Za) N ]
Ny (A (Xy— X,)d
t f/ |: ) (Xu) ( ¢ )) \/>( o

for v :D xR — R with sup,ep (m/v%)(x) < 00 jointly with WT, where vi(x) =
fR VK (x, 2)¢ (z)dz for k > 0, then vl —4 V° in C[0, 1] jointly with wT —>aWas T — oo,
where V° is a standard Brownian motion independent of W°.

A.2. Proofs of Lemmas

A.2.1. Proof of Lemma Al. Convergence of BT It follows from It6’s lemma and
(5) that

dX5 = —(vshs) (X)dt + 05 (X)W,

+ (s[s—1 X+ wos H(X) +(ros H(X)Z] —Xf_)dNt(Mx,_)), (A1)
where
Vs(x) = /R (F5' @+ wos ™ +(zos™Hwyz] —x)q)(z)dz.
‘We note that
dA;T = my(By)dt, (A.2)
and redefine W and N, up to the distributional equivalence, as

dWoA™ V) =4 A7 2aw, (A3)
dNoA™" (X oAl ) =g dN((msr) (Bro)). (A4)

Under the change of variable ¢t — A, ! the stochastic differential equation in (A.1)
reduces to

dB; = —(msvshs) (B)dt + (my! *o5) (Br)dW,

(s[5 B+ o5 T B + (rosT ) (B)Z ]~ Br )dNy((mss) (Br),
(A.5)

up to the distributional equivalence, due to (A.2), (A.3), and (A.4). Furthermore, we may
write the stochastic differential equation in (A.5) in terms of BZT as

1
dB{ = =T (myvsis) (T,B) )i+ (ms2a) (T, B )aW, + — (s[s*‘ (T,B])+ (vos™ ") (T,B[)
+(ros )(T,B )z - T,B,T,)dN,(TE (mghs)(T,BT)), (A.6)

again up to the distributional equivalence.
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Denote by A7 the infinitesimal generator of BT . To deduce the stated result, it suffices
to show that

1
Arf@) = 517 () (A7)
as T — oo locally uniformly in x € K for all f € C%(K), the set of twice continuously
differentiable functions vanishing outside K, for an arbitrary compact subset K of R. This
implies that A7 converges to the infinitesimal generator of standard Brownian motion (see,

e.g., Jacod and Shiryaev, 2003, Thm. IX.4.8 and Rem. I1X.4.13). However, it follows from
(A.6) that

1
Azf (%) = =T (msvshs) (Trx)f (x) + 3 (mga ) (Trx)f " (x) (A.8)

+ T2 (mshs) (T72) ]}% [ (7 o5~ T+ os™ )T+ (os™H Tr12]) ~f 0|6 @1z
onx e K forany f C2(K). Moreover, we have
f(Tfls[s’l (Trx)+wos™ )(Trx) + (v os*l)mx)z]) —f (A.9)

=1 (%) (T;1 s[s™ T + W os™H(T0) + (Tos™ ) (Tra)z] —x)
2

+ %ff w2 (77 5[5 T+ wos (@) + (2 os™H(T0] —x)
where
[ =f" |:x - 3T<Tis[s*‘ (Trx) + (vos™ ) (Trx) + (T os™ ) (Trr)z] —x>] (A.10)

for some 0 < 87 < 1. Note that we have

/R (T @)+ os™ )T + (T 05~ )(Tr0)7] = Trx) (e = vi(Tr)

5 (A.11)
/ (B @0+ os™ (T + (o5~ N(Tz] = Trx) " § (22 = 03 (7).
R
Therefore, we deduce from (A.8), (A.9), and (A.11) that
1
Arfx) = Ef " (%) + Ry (%), (A.12)

where
1 2
Ry (x)= 3 (ms3) (T,) fR [fy G —f <x>](s[s*‘(Trx>+<vos*1><T,~x)+<ros*1><nx>z] ,T,x) ¢ (2)dz

for any f € c? (K), from which (A.7) follows if we show that
Rr(x) —> 0 (A.13)

as T — oo uniformly inx € K for all f € CZ(K).
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To show (A.13), we write Ry (x) = (mghs) (Trx) (R17(x) + Ror (x)), where
1 2
Rir(x) = 5 /R et [ @2 —f"(x)](s[s‘l(T,x>+<vOs—l)(Trx)+(ms—l>(Trx)z]—Trx) ¢ (2)dz,

Rar(v) = - [ o= @](s[s (T +@os™ HN(Trx)+(Tos™ ) (Trx)z] —Tyx oz
2

—c,c]

for ¢ > 0.
We first consider (mgsis)(Trx)R17(x). Due to the boundedness of f** on K, there exists
M > 0 such that

sup  sup |fy (x,2) —f ()| < M (A.14)
zeR\[—c,c]xeK

for any given ¢ > 0, any given f € C%(K), and all large T. Moreover, we can find M, > 0
such that

(msw?2s)(Tyrx) < M (A.15)

uniformly in x € K for all large 7. Therefore, for any £ > 0, we can find a large enough ¢ > 0
such that

1 -1 -1 -1 2
S @) [ (s[5 T ves™ T ros T (T ~Tr) B0 <o
2 R\[—¢,c]

(A.16)
uniformly in x € K for all large T. Consequently, it follows from (A.14) and (A.16) that, for
any ¢ > 0,
|mshs)(Tr0)R T ()| < Mye (A.17)

uniformly in x € K for some M > 0 and all large 7.
For (mgsAs)(Trx)Ro1(x), recall that we have s_l(x) € RV for k > 0, and v(x) € RV,
and 7(x) € RV, for k1,k2 < 1. Therefore, we may deduce that

ST (vos™N(Trx)  (Tos™H(Trx)
s—1(Ty) s—1(Ty) s—I(Ty)

— xf (A.18)

as T — oo locally uniformly in x € R for any given z, due to the local boundedness and
the asymptotic monotonicity of v os~!and ros~!, and the uniform convergence property
of regularly varying function with positive index (see, e.g., Bingham et al., 1989, Thm.
1.5.2). Moreover, due to (A.18) and the uniform convergence property of regularly varying
functions, it follows that

s[s~ T x0)+@os™ W(Tx)+(ros™ ) (Trx)z]

T,
_ Gos (@) sls™ @) +wos™ H(Tr)+(ros™ (Tl
T (sos~ (7)) )

as T — oo uniformly in x € K for any given z. This implies that for any £ > 0, we have

sIs™ (Tr0) +(os ™) (Trx) +(tos ™) (Trx)z]
sup —x|<¢
xeK Tr

(A.19)
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uniformly in z € [—c, c] for all large T. Therefore, from (A.10), (A.19), and the continuity
of f** on K, we obtain that for any ¢ > 0,

sup sup |fy (x.2)—f"(x)| <& (A.20)

z€[—c, clxeK

for any given ¢ > 0, any given f € C%(K), and all large 7. Consequently, we deduce from
(A.11), (A.15), and (A.20) that for any ¢ > 0,

|(mshs) (Tr0)RyT ()| < (msw?rs)(Trx) e < Mpe (A.21)

uniformly in x € K for some M, > 0 and all large 7.
Now (A.13) follows from (A.17) and (A.21), which establishes (A.7) from (A.12). The
proof is therefore complete.

Convergence of LT Let BT —, B° in C[0,1] by changing the underlying probability
space if necessary. Due to the Meyer-It6 theorem (see, e.g., Protter, 2005, Thm. IV.70), we
have

t
LT (t,x) = |BI —x| — |BY —x| - / sgn(B!_ —x)dBT (A.22)
0

- [IBZ—xI—IBZ_—x|—sgn(B,f_—x)AB£]

O<u<t

for > 0and x € R, where sgn(x) = 1{x > 0} — 1{x < 0} and AB! = BT —BI_. Clearly, we

have
B] —x| —q.s. |B) —x| and [BS —x| —a.s. |By—x| (A.23)
as T — oo locally uniformly in # > 0 and x € R.
Write
t t
/ sen(BI_—x)dBT = / sgn(BS —x)dBl +RT (x), (A.24)
0 0
where

13 t
R (x) = f sgn(B!_—x)dBT — f sgn(BS — x)dBY! .
0 0
It follows from Theorem 2.2 of Kurtz and Protter (1991) that
t t
/ sgn(BS —x)dBL — ), / sgn(BS — x)dBS (A.25)
0 0

as T — oo locally uniformly in 7 > 0 and x € R. In fact, we may readily show that BT satisfies
C2.2(i) of Kurtz and Protter (1991). We use their notations for Y, §, J, M, and A, and let
Yr= BT . If we choose § = 0o, then Js(x)(#) =0 for all x € R and ¢ > 0, and consequently,
Y? = Y7. Moreover, we have A‘ST =0, since Bl isa martingale. Also, since E[BT]; =t for
all # > 0, we may deduce that

E[M3]; =E[Yr], =E[BT], =1 <00

for all ¢ € [0, K] uniformly in 7 > 0.
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Now we show that RtT (%) in (A.24) is asymptotically negligible locally uniformly inz > 0
and x € R. Note that it is a martingale, and

t
o 2
sup  sup [RTWl;= sup  sup /[sgn(BZ—x)—sgn(Bu—x)] d(BT1.,
x€[—K,K]t€[0,K] x€[—K,K]te[0,K]/0

K
<4 sup / 1sgn(BL —x) # sgn(BS, —x) }d[B” ..
xe[—K,K1J0

However, since BtT —a.s. Bf uniformly in ¢ € [0, K], we can find a sequence ar — 0 such
that

[sgn(B,Z—x);ésgn(B;—x)] C {IB;—xl < aT}

for all large T. Moreover, since [BT |, — p tlocally uniformly in # > 0, we can find a sequence
br — 0 such that

K K
/ l{|B;—x| <aT}d[BT]MS/ 1{|BZ—x| <aT}du+bT
0 0

for all large T. Therefore,

K K
sup / 1{sgn(B£ —x) # sgn(B;, —X)}d[BT]M < sup / 1 {|BZ —x| < ar}du—l—br,
xe[-K,K1J0 xe[-K,K1J0

where ap — 0 and by — 0 as T — oo, and upon noting that
K
sup / 1{IB,—x| <ar}du<Mar| sup L(K.x)+cr
xe[-K,K]1/0 xe[—K, K]
for a sequence ¢ — 0 and some M > 0, we may deduce that

sup sup [RT0)] —as 0 (A.26)
xe[—K,K]t[0,K]

locally uniformly in # > 0 and x € R. Consequently, it follows from (A.24), (A.25), and
(A.26) that

t t
/ sen(BL_ —x)dBT — .. / sgn(BS — x)dBS (A.27)
0 0

uniformly in 7 € [0,K] and x € [-K,K] as T — ooc.
Last, we show the asymptotic negligibility of

sTo=—Y [|35 —x|— BT —x|—sgn(BL_ —x)ABﬂ.

0<u<t

Let ar and b7 be increasing sequences of 7 such that ar SUP/c[0, K] |BZT —B?| —q.5. M1 and

brsupse(o, k) |ABtT| —>a.s. My for any K > 0 and some M{,M > 0 as T — oo. Then we
have
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S{0) <2 Y |AB|1{IBI_—x| <|AB|}
O<u<t

T
<2 sup |ABI| /0 1{IBS_ —x| < 1/ar}dNy(T? (mshs)(TBI)), (A.28)

O<u<t
where the second inequality is due to
{IBT —x| <|1ABL|} < {1BS_ —x| < 1/ar}

for all u such that ABZ # 0 and all large 7. The number of jumps in {BtT} on a unit interval
t € [0, 1] is increasing at an order smaller than or equal to b%, since otherwise there arises a

contradiction to the local uniform convergence of BT, — p t. Therefore, we have

T
/ {IBS_ —x| < 1/ag JdNy (T} (ms)s) (TrB) ),
0

that is, the number of jumps of {BtT} onte {v DBy — x| < l/aT}, is of the order
O(b2 2""8) uniformly in x € [—K,K] as T — o0, due to the uniform convergence order of

BT — . B° and the modulus of continuity of B°. We also have SUPQ <y <t |ABZ| = O(b;l)
as T — oo, and by /aT < oo for all large T. Therefore, it follows that

sup sup  ST(x) a5 0 (A.29)
te[0,K]xe[—K,K]

as T — oo.
Consequently, we deduce from (A.22), (A.23) (A.27), and (A.29) that

t
LT (t,x) > as. |BY — x| — By — x| —|—/ sgn(B;, —x)dB;, = L°(t,x)
0
as T — oo locally uniformly in # > 0 and x € R. This completes the proof.

A.2.2. Proof of Lemma A2. Let Tt be an integer for notational simplicity, and write

1 Tt v(Xy—,2Zy) fvl
vl = —/ [7dNu Yo om X,)d }
C= T o | Tty e () =~ Gy

Tt i
1 ! Xu—.,7, A
- Z/ [Mdzvu(x(xu,)) _ Y u:|
NGE = Ji-1 LV (Xu-) V2
It follows from Jeanblanc et al. (2009, Sect. 8.8.4 and Prop. 8.8.6.1) that

E/l [MdNM(A(Xu—)) - Q(Xu)d“]
i—1

vy (X o
" A:)zf( Z)) Vi 2 (430
V(Ay—, Ly AV]
E M Rum ) N (X X)du|) =1
(/i_l[w*vzm_) (%)) =~ G ”D

for all 1 <i < Tt. Furthermore, we may also deduce from Jeanblanc et al. (2009, Sect. 8.8.4
and Prop. 8.8.6.1) that
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i a2 2 ) 2
E(/ [MdNu(k(Xuf)) —du]) :E(fl Mdl\/u(ﬂ&#))) -1
i—1L ) (Xu—) i—1 (Av2) (Xy—)
=E/l wdufcﬂi/l : du
i—1(v5) (Xy) i—1A(Xu)

for all 1 <i < Tt and some ¢ > 0. Moreover, note that 7~ 1+¢ Sup;e(o, T]E(I/A(X,)) <
oo for some ¢ > 0 and all large 7, due to Assumption 4.1. Therefore, it follows from the
Burkholder-Davis—Gundy inequality that

1 LT v(Xues Zy) Vv D“
~E U N (M (X)) — X,)d
T (/i—l[v?wvz(xu—) (%)) V2 (K

i 2 2
< lE(/l MdNu(k(Xuf)))
T \Jim1 () (Xy—)

¢ i 1
- ?E(/H A(Xu)d”> 770 (430

as T — oo forall 1 <i < Tt and some ¢ > 0. Consequently, we obtain from (A.30), (A.31),
and the functional CLT in, for example, Theorem 4.1 of Hall and Heyde (1980) that

vl >, ve, (A.32)

where V° is standard Brownian motion.
To show the independence between W° and V°, let

T 1 Tt
M; = — P,dw,
t \/T./(; uadWy

for an arbitrary bounded predictable process P. We have E(M, ,T )2 < 0o and ]E(VtT )2 < oo for
all T > 0 and ¢ € [0, 1], due to Jeanblanc et al. (2009, Section 8.8.4). Therefore, we deduce
from the covariance extension of the It6 isometry that

Tt
EM] V) =EMT v, = E% /0 P d[W.V], =0 (A33)

forall T > 0 and 7 € [0, 1], where

! v(Xu—,Zy) \/XVI :|
Vi= | | =22 N, (X)) — X,)du |,
' /O[M(xm (A Ku) = K

since [W, V]; =0 for all # > 0. Consequently, the independence between W° and V° follows
from (A.32), (A.33), and Exercises 1V.2.22 and V.4.25 of Revuz and Yor (1999), which
completes the proof.

Appendix B. Proofs of Main Theorems

For f,g : D — R, we redefine f ~ g if g(x)/f(x) — ¢ for some ¢ # 0 as x approaches
the boundaries of D. Moreover, we write f > g if g(x)/f(x) — 0 as x approaches the
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boundaries of D. If either f > g or f ~ g, we write f = g. We also let T = T/ +2) and
G = [ [s(r— () — 1(02) — 50 ¢ (2)dz for k > 0.1

B.1. Proof of Proposition 3.2

To avoid unnecessary complications in dealing with the case of D # R, we let all functions
in this proof take zero values outside of D, and we also let 0/0 = 0.
Let s be a solution to the integro-differential equation

000+ % (50D (x) = —A(x) /R (sTr+ v+ 1012] =50 ) @)z (B.34)

Changing the order of integrals, we have

00 pxtvx)+T(x)z 00 o0
I s = [ [, 5000
X X TX)

[eofime (=)
x T(x)

o
= r(x)/o s (x+ v(x)+ r(x)y)(l — (D(y))dy. (B.35)

Similarly, we may deduce that

0 X+Hv(x)+7(x)z 0
f_ ) / 5 0)dyp@)dz = —1(x) /0 5 (v £ TN PGy, (B36)
Therefore, we may rewrite the integro-differential equation in (B.34) as
(s () + %(028“)()6) = —(f/\)(X)/RS' (v +T(0)2)p(2)dz (B.37)
due to (B.35) and (B.36).

Forf: R — R, let s (x) = exp[F(x)], where F(x) = f * oo/ (2)dz. The integro-differential
equation in (B.37) reduces to

1
n(x)exp[F(x)] + E(sz)(x) exp[F(x)] = —(TA)(x) /R exp[F(x+v(x) + t(x)2)]p(2)dz
(B.38)

if we replace s°(-) and s°"(-) with exp[F(-)] and f(-) exp[F(-)], respectively. Dividing both
sides of (B.38) by exp[F'(x)], we have

1, X+v)+T1(0)z
(M + 59 f) ) =—(1) ) /RGXP (/ f(y)dy)tp(z)dz. (B.39)
X

Therefore, we may see that there exists a strictly positive solution s° to (B.37), as long as
there exists a solution f to (B.39).

17Note that we have L(x) = @2 (x).
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To show the existence of a solution to (B.39), define a functional operator A as

21 2TA XHv()+T ()2
AN = —ﬁ(X) - ?(X) /R exp < / f (y)dy)w(z)dz. (B.40)

Clearly, a fixed point f of A, that is, f satisfying f = Af, is a solution to (B.39). We define F,
as a space of functions that are bounded by ¢ > 0 in absolute value, that is, sup,.cg |[f(x)| < ¢
for ¢ > 0. Also let F. be endowed with the sup metric p. For any f € F., we have

[F(x+2) = F®)| < clz] (B.41)

for all x,z € R, due to the mean value theorem. It follows that

x+v(x)+7(x0)z
/ exp( / f(y)dy>(p(z)dz
R X

which yields, together with |(/L/0'2)(x)| <o, (TA/UZ)(x) <7y, and iy +f)_ch, 5,7 <
¢, that sup,cr [(Af)(x)| < ¢ for all f € F. Therefore, A is a well-defined operator on F.

Due to the contraction mapping theorem, it suffices to show that there exists 0 <« < 1
such that

Suﬂg |(AfD ) = (AR W] = pAfi.AR) < ap(fi.f) =« Suﬂ% Ifi(x) =20 (B.42)
xXe xXe

sup
xeR

= /ReXP [c®+7lzD]le(@)ldz = Pe5. 7,

for any f1,f> € F¢. It follows from the mean value theorem that

x+v(x)+7(x)2Z x+vx)+1(x)z
A [exp ( / fi (y)dy) —exp ( / b (y)dy)]w(z)dz B.43)
x+v(x)+7(xX)z X+v()+T ()7 _
[/ (h —fz(y))dyeXp( [ f(V)dV>¢(Z)dz

for some f € F, such that f;+v(x)+r(x)zf(v)dv takes a value between f;Jr”(xHr(x)Zfl ()dv

and f;JrU(x)Jrr(x)Zfz(v)dv. Furthermore, we have

o0 pxt+vx)+T(X)z XV +T(0z
/ / (1) — o)) dyexp ( / f(v)dV>¢(Z)dz (B.44)
x+v)+T(z
/ (X6)) fz()’))ﬁ . UHGXP(/ f(v)dv)w(z)dzdy
o) .

* Fx+v()+
/ (i0-£0) [, oxp (Pt v +T02) oo,

o exp(F(x)

o exp (F
_ t(x)/(; (h (x-Hv )+ () —fz(x+v(x)+r(x)y))/ exp ( (x+v(x)+r(x)z))¢(z)dzdy’

y exp(F(x))

where F(x) = ffoof(z)dz. Therefore, it follows from (B.40), (B.43), and (B.44) that

Af1 —AfR) ) =

2y
5~ () / (fix+v@ + 1@y —HE+ 1) +T(X)Y) Y (Y)dy,
R
(B.45)
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where

o0
Wy(y) = 1{y > 0}/ exp [F(x+v(x) +1(x)z) — F(0) | (2)dz
y
y - ~
—-1{y< 0}/ exp [F(x—|— v(x)+ t(x)z) — F(x)](p(z)dz.
—0o0

Since F satisfies the Lipschitz condition in (B.41), we have |W,(y)| < |V (y)| forall y e R,
where W(y) =P 5,7 1{y >0} — fioo explc(V 4 71z])1|¢(2)|dz. We also have that

sup [fi x4+ v(xX) + T(0)y) — L x4+ 1) +T(X)Y)| = sup Ifi ) — o ()] (B.46)
xe

xeR

for all y € R. Therefore, we deduce from (B.45) and (B.46) that

Suﬂg |Afi —Af2l(x) < 25210/]1;|‘1’(Y)| Suﬂg i (x40 () +T()Y) =2 (x+ () + T (X)) |dy
R4S Xe

)

=270 sup|fi () —f(0)] / [¥(y)dy = 282 R Qc, 5,7 sUp |1 (X) —f.(x)
xeR R xeR

which yields (B.42), since 27234 Ocvz < 1.

B.2. Proof of Lemma 3.3

We consider the following cases separately:

i) 0% = W2+ 73N, and p = VA,

(i) o2~ W2 +1H)r, v2 <12, and p < v2,
(i) 02> (V2 +1H)A, and 0 < VA,

@iv) 0% < (v2+r2)k, vZ =72, and > VA,

V) 062 < (2 +1HA, 02 <72, and p = VA,
i) 02 < (W24 1HA, 02 <12 and < A,
i) 62 < (V2412 v2 =12, and pu < vA.

Here, we only provide the proofs of Cases (i), (ii), and (vii), since the proofs of other cases
are analogous.

Proof of Case (i). In this case, we consider the differential equation

(5" (x) + %(s"azxx) = —(sVA) () — %[s" W2 +HAI), (B.47)

which is a simplified version of the integro-differential equation in (5) ignoring the
remainder term A(x) f]R s )[vx) + r(x)z]3¢(z)dz, where X = x + az[v(x) + T(x)z] for
some «; € [0, 1]. We will show that the solution to the differential equation in (B.47), which
is given by

/X 2(n+vA)

= (wdu ),
w 02+(V2+12))\(u) ”)

s"(x) = exp (—
indeed guarantees that the remainder term is asymptotically negligible, in the sense that it

is of smaller order than all four terms appearing in the differential equation in (B.47) at the
boundaries of D.
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To compare the asymptotic orders of (x) fR s X)vx) + r(x)z]3d>(z)dz and (s" ) (x)
at the boundaries of D, we consider their ratio
A(x)
(5" w)(x) Jr
_ w+1o)A . x5 (x) x5 (x) 5@ )+ TP
Iz 570 st JRSTO) 20+

s @) + 1@ (2)dz

¢ (2)dz. (B.48)

Similarly as in (B.61) and (B.67), we can show that

.. e~ 3
x5 (x) N x5 (x) e, /Rs ) [v(x) +7(x)z7] $@)dz— 0 (B.49)

57 (x) s (x) s 241>

as x approaches the boundaries of D. Moreover, we have u(x)x = (IZA) (x), since otherwise
we cannot have s* € RV, for r > —1, due to the Karamata representation of regularly varying
functions. Therefore, it follows from w(x)x = (rZA) (x) and x > 7(x) that

1) = (TA)(x). (B.50)
Therefore, we deduce from (B.48), (B.49), and (B.50) that

)»(X)/RS'"(J?)[V(X) + 1P P(@)dz < 5w (x) (B.51)

at the boundaries of D.
To compare X (x) fR s () [vx) + r(x)z]3¢ (z)dz with (s"az)(x), we look at their ratio

2 2 ez 3
W +THr . /R 57 (%) [v(x) +1(0)z2] $@)dz (B.52)

o2 5t ) (2 +12))
_ 0T xst @ 5@ ) Tl
B o? 57 JrR ST 202 +12)(x)
It follows from (B.49) and (B.52) that

¢ (2)dz.

() f s ®E) + 7@ P (2)dz < (57 02) () (B.53)
R
at the boundaries of D. The asymptotic negligibility of A (x) fR sT@[vx)+T (x)z]3¢ (2)dz
relative to the other terms (s'vA)(x) and [s"(v2 + rz)k](x) is easily obtained from (B.51)
and (B.53), given that p > vA and o? = (v2 + ‘K2)}». Therefore, the proof for Case (i) is
complete.
Proof of Case (ii). For this case, we consider the differential equation

%(s"a%(x) = —(sVA)(x) — %[s" 02 +12)AW), (B.54)

whose omitted remainder terms are A(x) fR ST [vx) + r(x)z]3¢>(z)dz and (s'u)(x). The
solution to the differential equation in (B.54) is given by

s'(x) =exp| — ' 21)7)L(u)du . (B.55)
w 02+ W24+t
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To compare the asymptotic orders of A(x) fR s @) + r(x)z]3¢(z)dz and [s“(v2 +
r2)k](x), we consider their ratio

e 3 e 3
/R 57X v +1(™)7] _ x5 v +T()z] )z, (B.56)

570 (V2 +12)(x) Pade= 57 () JrRs @) x(2+12)(x)

This ratio is asymptotically negligible due to (B.49), from which we deduce that
A(x) fRs"'(fc)[v(x) + r(x)z]3¢(z)dz =< [s"(v2 + rz)A](x). We may similarly show that
200 [y s OV + @D P (2)dz < (s702) ().

To show A(x) f]R s () [vx) + r(x)z]3¢(z)dz < (s'vA)(x), note that we cannot have
s € RV, for r > —1 if v(x)x < rz(x). This is because, if v(x)x < rz(x), then
(v)»)(x)x/[a2 + (v2 + r2)k](x) — 0 as x approaches the boundaries of D, which implies
that s(x) = fvf s (2)dz is slowly varying. Therefore, we may conclude that v(x)x = rz(x),
from which it follows that A (x) fR s [vx) + r(x)z]3¢(z)dz < (s'vA)(x). Similarly, we
should have

s o2 =svA and s”(v2 + ‘[2))» =S VA, (B.57)

since otherwise, we cannot have s° € RV, for » > —1. Therefore, we may deduce that s o>

s" 0 and s"(v2 + ‘[2))» > 5" from (B.57). Furthermore, s'vA > s*u directly follows from
vA > w, from which the proof for Case (ii) is complete.

Proof of Case (vii). In this case, we consider the differential equation
. 1 . 2 . Lo, 2,2
(s"m) () + E(S 07)(x) = —(svA)(x) — E[S (V7 + 1)),

whose omitted remainder term is A (x) f]R s )[vx) + 1'(x)z]3 ¢ (z)dz. The solution to this
differential equation is given by

X 2(u+vAa
s'(x):exp<—/w %(u)du).

For s(x) = fv"fs (z)dz to be regularly varying, we must have [v)»/(vzk)](x)x — ¢ for some
|c] < co as x approaches the boundaries of D, due to the Karamata representation of
regularly varying functions. However, this is impossible due to Assumption 2.1(c), which
implies v(x)x > vz(x). Therefore, Case (vii) does not arise under our assumption.

B.3. Proof of Proposition 3.4

By the mean value theorem, we have

? B 5@ ) + 1@z L[ s72@ e +r@zl!
s-z(v2+r2)(")_l+/w(x) e ¢(Z)dz+1/n§s'2(x) P O
— 1R () + Ro(0) (B.58)

with X = x4 az[v(x) + 7(x)z] for some 0 < oy < 1.
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We will show that Ry (x) is asymptotically negligible as x approaches the right boundary

of D. Define
@ +Twa?
T = e

and rewrite R (x) as

x5 (x) s (x)
Ri(x) = — f( ,2)¢ (2)dz. (B.59)
st (x)
However, since
2 2)
0= - W - 250 /}R (sTr+ v + 702] = s ) (212 (B.60)

and s*, i, 02, A, v, and 7 are all asymptotically monotonic, s** is asymptotically monotone.
Therefore, due to the monotone density theorem (see, e.g., Lamperti, 1958, Thm. 2), we
have

X8 (x)
57 (x)
as x approaches the right boundary of D, if s* € RV at the right boundary of D.

Sy (B.61)

Let v € RV, and © € RV, for some «y,xk; < 1, and d)(t3) < 00. In this case, we may
write

‘/ S, 2P (2)dz
R

<gW) /R 2P (2)dz

for some function g such that g(x) — O as x approaches the right boundary of D, and
therefore, it follows that

/];Q fx2)¢@)dz— 0 (B.62)

as x approaches the right boundary of D.

For s € RV, _1 with k — 1 < 0, it follows immediately from (B.59), (B.61), and (B.62)
that R (x) — 0, since s** is bounded. Therefore, in what follows, we will only consider the
case s € RV, _q withk —1>0.

By a change of variables, we have

/ Lf(x 2)¢(2)dz
/s (x4 xu) ( xu—ozzv(x)> <xu—azv(x)>
X, ¢ du
azt(x) s (x) oz T(X) 7T (X)
/oo s x(1+u) f<x, xu—ozﬂ(x))(p(xu—aﬂ(x))dw
ozzr(x) s (x) ozT(x) ozT(x)

x5 (—x) =1 g (—xIl—{—uI)f(x’xu—azv(x)) (xu—azv(x)>du

aT@Ws (@) oo (=) () T ()

(B.63)

Lets" € RV, and s" € RV)_ at the right and the left boundaries of D, respectively. Then,
due to the Karamata theorem, we have s € RV, _j and 5" € RV,__ at the right and the
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left boundaries of D, respectively, from which we deduce that
s (xu) s (—xu)
S"(.X) S"(—X)

for some ¢ > 0, any u,e > 0 and all large x. Therefore, the sum of the last two terms in
(B.63) is bounded by

/oo (C+(1+M)K++8_1)f(x, xu_aZV(X))d)(xu_azv(x))du
—1

o, T(x) azT(x)

(c+11 +“|K7+S_l)f(x, xn—azv(x))d)(xu —aﬂ(x))du

oz T(x) 7T (x)

K_+e—1

<c4yi+tel <c+u

)

o7 T(x)
B.64
X8 (—x) -1 ( )

azT(X)s" (%) J-o0o

for some ¢ > 0, any ¢ > 0 and all large x.
Using a change of variables again, we may write (B.64) as

(e8] K++8—1
/ (c+ (1 + M) )f(x, 06z
—[x/az4+v(x)]/T(x) x

(= —[x/oz+v(x)]/7(x)
) Aol <C+’1+05z[V(X)+f(X)Z]
S..(x)

X

K_+e—1
)f (x,2)¢ (2)dz.

(B.65)
It follows from (B.63), (B.64), and (B.65) that

</, 1+ - JEUCE
c N o
[x+v(x)]/7(x) xl—ketky | ok

Cs"(—x) —[x+v]/Tx) - |Z|k— i(p( y
57(x) ey A
(B.66)

‘ / 7f(x )P (2)dz

for some ¢ > 0, any k+ > k4 — 1, any k— > k_ —1,any 0 < k < 1 —kp V k¢, and
all large x, since v € RV), and © € RV, for some ky,k; < 1. Moreover, we have
f]R 2]+ Ve-—1+8 4 (7)d7 < oo for any small ¢ > 0. Therefore, the right-hand side of (B.66)
is bounded by

s’ ( x) [V ®1/TE)

B 1 <a+bs"(—x)¢<_x+v(x)))
T xl—kyViee—e 5 (%) 7(x)

1 <a+bS"(—X)¢(_x17K,+e)) 50

yl—KyVir—e 5 (x)

for some a,b > 0 and any ¢ > 0 as x approaches the right boundary of D, where
®(x) = [T #(2)dz, from which it follows that

s (x
/ Lf (. 2)¢(2)dz — 0 (B.67)
R 57 (X)
as x approaches the right boundary of D.

As was to be shown, we obtain from (B.59), (B.61), and (B.67) that Ry (x) — 0 as x
approaches the right boundary of D. The asymptotic negligibility at the left boundary can
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be shown similarly. The proof of the asymptotic negligibility of R, (x) is entirely analogous,
and therefore, it is omitted.

B.4. Proof of Theorem 4.1

The proof is omitted, since it is essentially the same as the proof of Theorem 4.4(a).

B.5. Proof of Proposition 4.2

Write XI = BT oAT, where
Tt
AT =172 / 1/m(X,)du
0

and BT is defined in Lemma A 1. As in the proof of Lemma A1, we may assume without
loss of generality that BT — . B® as T — 0. To derive the stated result, it suffices to show
that

sup —4s. 0 (B.68)

te[0,K]

t
ir / m(T,BL)du — / m(x)LO (t, X)dx
0 R

r

as T — oo for any K < oco. Once (B.68) is established, we have AT -, A, where

A; :inf{v

/ m(x)L° (v, x)dx > t},
R

as shown in Lemma A.1 of Kim and Park (2017).
To derive (B.68), we write

t
T%’ /0 m(T,BL)du — /R m(x)L° (1, x)dx
1! . "m(T,BS o

= ﬁ./(.) [m(TrBMT)—m(TrBM)]dM-F |:/(; %du—/l;m(x)L (t,x)dx] =PtT—|—Q,T.

As shown in Lemma A.4 of Kim and Park (2017), we have sup,¢[o, k] |QtT| —as. 0 as
T — oo for arbitrary finite K > 0.
To obtain the asymptotics of PtT, define for any given € > 0

m(Trx)
T

mip(x) = x| > €} +mr ) 1{|x| < €},

where we let m7 be a nonnegative and differentiable function such that

+eT, Trm (LeT,
iy (£e) = M and i (te) = w
r
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for all T, and SUP x| <¢ [mr(x)| < Me, SUP || <¢ [m3(x)| < Me for some Me > 0 and all large

T.'% Then we have from the occupation times formula that

1
Pl = — <p!T 4 p2T 4 pT

T

/ m(Tr)[LT (2,x) — L°(2,x) |dx
R

where

1
PllT = sup |LT(t,x) —L°(t,x)|fr/ m(Trx)dx,
T; |x|<e

[x|<e

’

t
77 = | [ oy 1)~y B e

P = sup |LT (t,x) — L°(t, )| T (x)dx.
|x|<e |x|<e

For P,2T, we obtain from the mean value theorem that

il <t sup |B; —Bj

(Tr sup|jege.m | (Tr)|
uel0,t]

- + sup | (x) |> (B.69)
Ty [x|<e
for some M > 0 such that sup,,¢[q, 7 |1B};| < M. Moreover, we have

Ty supjyjege, my [ (Tr)|
<00
77
for all large 7, due to the monotone density theorem (see, e.g., Soulier, 2009, Thm. 1.20).
Therefore, we obtain from (B.69), (B.70), Lemma A 1, and the uniform boundedness of ﬁi'T,

(B.70)

that SUPse[0, K] PIZT —as 0as T — oo.
For Py, 7 and P3; 7, we have from Lemma Al that

sup sup [LT(1,0) = L°(t,x)| = a5, 0
te[0,K] |x|<e
for any K > 0 and all large T. Also, we have
— m(Trx)dx — m(x)dx < 0o
Tr Ji=e i <e

as T — oo, due to the Karamata theorem and the Potter theorem (see, e.g., Soulier, 2009,
Prop. 1.18). Therefore, we deduce that sup;[o k] PIT -5 0and SUPse[0, K] P,ST —>as. 0
as T — oo. Consequently, we have (B.68), and the proof is complete.

B.6. Proof of Proposition 4.3

In the first part of the proof, we show the joint convergence to X°, W°, and J°. In the second
part, we further decompose J° into N° and Z°. For clarity, here we put the superscript and
subscript “s” in X, m, m, 02, wz, and A, and write them as X%, my, g, crsz, a)%, and Ag,
respectively.

18The existence of such mf, is guaranteed by the regular variation of m and the monotone density theorem.
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Joint Convergence to X°, W°, and J° Rewrite the SDE in (A.1) as

X} = 0 X)W, + (w52 ) X )VTdly7. (B71)
where

T_L/Tt|:S[Xu—+V(Xu_)+I(Xu_)Zu]—s(Xu_) Cll\l /2 ]

i = JT (@72 (X ) ANy (A (Xu=))— (X, du

(B.72)

Multiplying m% /2 (X]_) on both sides of (B.71), we have

LTty Y LR R NG
i /0 md2(X5_ydxs = /0 (my/%a5) (T, xD)aw? + [0 (my 2 wsng! ) (T xT_)dIL.
(B.73)

It follows from Lemma A2 that JT —; J° as T — oo for some Brownian motion J°
independent of W°. As in the proof of Proposition 3.4, we may show that (¢4/ {22)(x) <M
for some M > 0 and all x € D, which is required in Lemma A2. Moreover, we have

(msff ) @) ~ pelix = 0} +gcl{x < 0},
(msws)hs)(x) ~ (1 =p)H{x = 0} + (1 —gc) 1{x < 0}

as x approaches the boundaries of R, and m sosz andm Swszk s are locally bounded. Therefore,
it follows that

t t
/0 (mi*o5) (T, xD)aw! —4 /O (m1{x° > 0} + /ge XS < 0})dw;;,
V- IR T 0T ! o o o
| (o) @ ar] —a | (‘/l—pcl{X > 0)+y/T—qc1(X; < 0))dJ

(B.749)
as T — oo for ¢ > 0. See the proof of Theorem 4.4(b) for more details.
Now we show that
/ iy > XTI )dx] —4 / s (X)X (B.75)
0 0
as T — oo. Let
/ A2 xT axT = / w2 xeyaxT + U7, (B.76)
0 0
where
_1/2 _l 2
vl = fo [l 2Ty — b (xe)y Jax?.
We have
/ iy (X)dXT —4 / s (X)X (B.77)
0 0

as T — oo, due to Jacod and Shiryaev (2003, Cor. IX.5.18).
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As before, we may assume without loss of generality that X T 5 .5 X°. Note that U7 is
a martingale whose quadratic variation is given by

vans /0 [ 20y — b o) X, B.78)
Moreover, it follows from (A.1) that

dix’], = —a 2(T,xTdr

+ % (s[s“<TrX,T,>+ wos T, X)) +(tos N (T:X[ )7 —TrX,T,)QdNt(TAS(TrX,T,))

T 1 VT
= dt+ — (Lash) (T X H)aVT, B.79
T,z mS(T,X,T) + Trz (;45 s) ( r- [7) t ( )

1

where {45 = ¢4 05 " and

,1 T o —1 T ° —1 T T
vf:/(([ (T, X1 )+ @os )T XI_)+(ros )T, X1 )Z,|-T: X! )dNu(“ 1,xT)
0

VT (Gash) V(T XE)
VTP (TX]) du)
(Cask) V2(T,XT)
T (5[ Xy () T (X Z] 5 (X))
_T/ ( ()2 (X,0)

2,1/2
dNu()»(X,k)) Md>

(X))

Therefore, we have

wh,=prr+0f, (B.80)
where
T (12 _1/2 2 1
Pl == / XDy — iy’ * (X)) ————d
t 2 [ms ( u) m_& ( u)] ms(TrX,{) u
f _
of = [ 2D — s (X (@agh) V2@ XI)avT
from (B.79).

For PT, we have
r

t T
PT:/ a2 (xTy — )2 _
= J, Do -y (XD

du=0

172,90y = 1 /2 w0
_’d/o[ x2) g2 x)]? )
as T — oo for all # > 0. See the proof of Theorem 4.4(b) for more details. For QT, we
may readily establish that Q,T —p 0as T — oo for all # > 0. In fact, we may show that
(¢g/ §42)(x) < M for some M > 0 and all x € D, similarly as in the proof of Proposition
3.4, and therefore, it follows from Lemma A2 that yT — 4 V°as T — oo for some standard
Brownian motion V°. Also, we note that {4 is locally bounded, due to the local integrability
of s and the local boundedness of s~1, v and 7, and deduce from Assumptions 2.1(c), 3.1,
and 4.1(b) that {g4hs ~ [5'4(1;4 + 14)A] os le RV}, for some k < —r+2 as in the proof of
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Proposition 3.4. Therefore, {45As satisfies the conditions in Definition 4.1, and as a result,
it follows that

((ah) /2T, /0 [ 2 &T ) —ind? (x) Pgasi) V2T, XT )aRT

1/2 0 —1 2 ov12 o o
—d /0[ P xg) iy > (X)) h((cashs) /2 X2)dRG = 0 (B.81)
as T — oo for t > 0. See the proof of Theorem 4.4(b) for more details. Furthermore, we
have
JT
?K((Qs)\s)l/ 2T,) =0 (B.82)

7

as T — 00, since {44As € RV} for some k < —r+ 2. Therefore, we deduce from (B.81) and
(B.82) that QtT —p0asT — ooforallz>0.

The asymptotic negligibility of PT and QT implies that U, ,T —p 0as T — oo, from which,
together with (B.76) and (B.77), we establish (B.75). Consequently, we obtain (16) from
(B.73), (B.74), and (B.75).

Decomposition of J° into N°and Z° In this part, we further decompose J° into N°
and Z°. Write

slx+vx)+t(x)z] —sx) = (sv)(X)+ (s T)(x)z+7r(x, 2), (B.83)

where r(x,z) = s[x+v(x) +1(x)z] —s(x) — (s'v)(x) — (5" T) (x)z. Then it follows from (B.72)
and (B.83) that

JF=prl+0f +R]. (B.84)

where

T 1 Ttgy 1 12 Ttgy
P, =7/ 7(Xu7) mdNu()»(Xuf))—)» (Xu)du =/0 7(Xu )dN )T

Tts .[ Z Tt
of f/ Xu— mdNu()»(Xu ))—/0 L X )dMu/r,
])\.1/ 1/2

Tt l/2 FXues Za) Tty
[ f/ = (Xu- )[mdlvu()\(xu—)) 1/2 (Xu)du] :‘/0 —“— Xy )dV u/T>

where in turn rq (x) = fR r(x,2)¢(2)dz =1 (x) — (s'v)(x), r2(x) = fR r2(x,2)¢ (2)dz, and

/Tf[ rXu—Zo) () — A1/2(X )du]
Kl el Az

To derive the asymptotics ofPT, QT, and RT, we first show that (s t/w) os~! ,(s'v/w)o 51
and (r;/z/w) os~! satisfy the conditions in Definition 4.1. For (s't/w) os~1, we have from
Proposition 3.4 that

5272 Tz
2 O a0 d=p) iy z 034 (1 =g Hx < 0) (B.85)

as x approaches the boundaries of D. For (s'v/w) o s1 we may similarly show that

(s'v/a))z(x) ~ p:1{x > 0} 4+ g;1{x < 0} as x approaches the boundaries of D. Moreover,
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(s't)/w and (s'v) /w are locally bounded from w (x) > O for all x € D and the differentiability
of s, v and t. Therefore, (s't/w) o s~ and (s'v/w) o 571 satisfy the conditions in
Definition 4.1.

For (r,"" /@) os™ !, we write

(%) 1 vt 461272 —|—4z3vr3 +z4r4
(5"'2(1)4—{-1'4))()6) T4 vh 44

(x) +r(x), (B.86)

where

r(x>—1/ <1s"'2<5c> @+’ 5@ b el
T6rR\65200) t+th s 0+ thw)

) ¢ (2)dz,

k= fR *¢ (2)dz for k = 3,4, and X = x~+az[v(x) + T (x)z] for some 0 < ar; < 1. It follows
from (5) that

(s s 1 2o e
(s l/«-lz-SI/« )(x)_ 570 (x)_iz(x)/ <s[x+v(x)+r(x)z]—S(x))¢(Z)dZ
o (e R

S0 = —

20 ‘ . .,
_?(’C)/R(S [0 +7(02] =5’ () p (D)2

2

VA 2T
5 (x)/s‘ [x+v() +T(0)z]p (2)dz —
o R

o

ZL (x) / s [x+v() +T(0)z]2 (2)dz.
R

Due to the differentiability and asymptotic monotonicity of s*, s**, u, o, A, v, and T, we may
deduce that s is locally bounded and asymptotically monotone, which implies that r(x) is
asymptotically negligible as x approaches the boundaries of D (see the proof of Proposition
3.4 for the details). From (B.86) and the asymptotic negligibility of r(x), we deduce that
ry ~ cs2(v* + %) for some ¢ # 0 as x approaches the boundaries of D. Therefore, we
have ry/>/w < f for some f : D — R such that f € RV; with k = max{a — 1,b— 1},
where a and b are constants such that |v| € RV, and |t| € RV}, due to the monotone
density theorem. Moreover, we deduce that r," ' /w is locally bounded from  (x) > 0 for all
x € D and the differentiability of . Consequently, (r;/ 2 Jw) os~! satisfies the conditions
in Definition 4.1.

Now, we derive the asymptotics of PT, QT, and RT . For RT, we note that (r4/ r%)(x) <M
for some M > 0 and all x € D, where rq4(x) = fR I (x,2)¢ (z)dz, which can be shown as in
the proof of Proposition 3.4. Therefore, VI —; V° as T — 0o for some standard Brownian
motion V°, due to Lemma A2. However, since vl - 4 V° as T — oo, and we have already
shown that (r;/ 2 Jw) o5 satisfies the conditions in Definition 4.1, we may deduce that

2

1 t t oo
R,sz(s,T,)m/O %(XTM,)dVMT:o(l)</(; h(E,X)VE +o,,(1)> =op(1)
(B.87)

as T — oo fort >0, where & = (ré/ 2 /) os™ 1. See the proof of Theorem 4.4(b) for details.
For PT and QT, we first deduce from Lemma A2 that N7 —,; N° and ZT —, z°

as T — oo. Moreover, we have (s'7/w) os_l(x) ~ J1—p1{x >0} + /1 —¢g;1{x < 0}
and (s'v/w) o 51 () ~ /Pz1{x = 0} + /g 1{x < O} at the boundaries of R, and we have
already shown that (s't/w) o s~land (s'v/w)o 571 satisfy the conditions in Definition 4.1.
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Therefore, we have

t
Pl —>d/ (VP211X5 2 0+ /11X, < 0})ang,
0 (B.88)
Of —a [ (VI=pettx; = 01+ VT=ac11x; < 0))az;,

as T — oo for t > 0. See the proof of Theorem 4.4(b) for the details. Now it follows from
(B.84), (B.87), and (B.88) that

t
I = /0 (@1{;{" > 0} + /pr (XS < 0})d1v;; (B.89)

t
+/0 (VI=pel X3 = 0)+/T= g1 (XS < 0))dz

for all # > 0. Consequently, the statement of the proposition follows from (B.73), (B.74),
(B.75), and (B.89), which completes the proof.

B.7. Proof of Theorem 4.4

Proof of Part (a). In the sequel, we provide the proofs for the three asymptotics
presented in Part (a). We let T\, = T1/(+2) in what follows.

Proof of First Asymptotics. We deduce from a change of variables and the occupa-
tion times formula that

1 r r ! T T
Tr/o f(Xt)dl‘:Tr/O F(Tr(B" 0A")s)dt

A7
=1, [ o]
0
= f (mf) (LT (A'f i)clx, (B.90)
R T,
where
AIT = inf{u 5/ LT<u, i)m(x)dx > t} = inf{u / LT(u,x) m(Trrx) dx > t},
T R Tr R Tr

and LT is the local time of BT. As before, we let BT —, B°. We already obtained
in the proof of Proposition 4.2 that AlT —>as. Al as T — oo. Moreover, due to
Lemma Al and the continuity of L°(f,x) in both + > 0 and x € R, we deduce that
SUDse[0, a] SUPxe[—a, a] LT (t,x) < oo for any a > 0 uniformly in all large 7. Therefore,
we obtain from (B.90) and the dominated convergence theorem that

1 T _
T fo f&Xpdt — 4 L°(A1,0)my(fy) (B.91)

as T — co. Note that we have L°(A},0) =; KE'/"*2)_due to Remark 3.5 of Kim and Park
(2017). Therefore, we obtain the first asymptotics of Part (a) from (B.91).
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Proof of Second Asymptotics. We deduce from a change of variables, (A.2) and
(A.3) that

1 T 1 1
e fo gl(xu)dwﬁ—ﬁ /0 1 (T-BT 0 AT),)awr,
r r

T (A T T o—IT
= 7/(; g1(TyB)d(W" ocA™ ")y
;

A7
=4 VT /O (m'/2g))(T,B)dW, (B.92)

for all T > 0, where BT and W in the last line are defined in (A.6).
Then, we define

t
M =T, fo (m'/2g))(T,BL)aw, (B.93)

and B,lT =m(gq g’1 Yy~ 12yt o ps, where p; = inf {u|LO (u,0) > t}. ‘We deduce from a change
of variables, the occupation times formula and Lemma A1 that

Pt
BT, =m(g1g) VT, fo (mg18)(T:BY)dum(g,¢})~1/?

=m(gigy) /2 /R(mglg’l)(X)LT<pt, Ti)dxm(glg’l)_l/2
r

—p L2(pr, O)m(g1 )~ 2m(g18)m(g1 ) ~V? =il (B.94)

locally uniformly in # > 0 as T — oo, where I, is the identity matrix which has the same
dimension as g1. Therefore, we deduce from (B.94) that

B'T -, B! (B.95)

as T — oo, where B! is a standard vector Brownian motion which has the same dimension

as g1.
Next, to show the independence between B! and B°, we first deduce that

| a'TBT)e | = /T,

uniformly in # > 0 as T — oo for some ¢, ¢ > 0, where the equality is obtained from (A.6),
(B.93), Section II1.5 of Protter (2005) and the covariance extension of the It isometry, and
the inequality from m = 1/(0%+w?1) and the integrability ofmglg/l. Then, we may deduce
that

t t
/0 (mog)(TBDydu|| < /T, /0 (|1TBL|+1)""**du  (B.96)

t t
T,1/2+€/O (|T,B§}+1)‘1/2‘5du—>d/0 1BoI =Y /2 ¢ (B.97)

as T — oo locally uniformly in ¢ > 0, from the uniform convergence of BT and the
asymptotic homogeneity of a function (|x| + 1)_1/ 2-e (see the proofs of Theorem 3.5 of
Jeong and Park (2013) and Theorem 4.4(b) for more details). Therefore, we obtain from
(B.96) and (B.97) that
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', BT) || —p 0 (B.98)

uniformly in ¢ > 0 as T — oo.

Due to (B.98) and Theorem 1.4.2 of Jacod and Shiryaev (2003), M IT and BT are strongly
orthogonal in the limit as 7 — oo. This implies that BT and BT are also strongly orthogonal
in the limit, since arbitrary time changes of strongly orthogonal martingales are also strongly
orthogonal, due to Exercise 1V.2.22 of Revuz and Yor (1999). Therefore, Bl and B° are
independent of each other, due to the strong orthogonality between B° and B!, and Exercise
V.4.25 of Revuz and Yor (1999).

Since the law of L°(A;,0) is solely determined by B°, and B° is independent of B!,
we deduce that L°(Ay,0) is independent of B Consequently, due to (B.92), (B.93), the
independence between L°(A;,0) and B!, and L°(A},0) =4 KE'/+2) | we obtain that

g1XdWy =g M'T 0 AT = m(g1¢)/?B' T o L°(AT,0)

1
VTr Jo
—am(g1g)"?B o L°(A1,0) =4 m(g1 g V/*B" o (KE'/F2))

as T — oo, which complete the proof of the second asymptotics of Part (a).

Proof of Third Asymptotics. We deduce from a change of variables, (A.2) and (A.4)
that

v(Zy)
) (X,-) [mdm (A(Xuo)) — ¢(u)k'/2(xu)du] (B.99)

=d

= f o2y 7. >[% AN (12 (8L ) 20 ) BT)du:|

where BT, Z and N(T2(m1)(T+BT)) are defined in (A.6). We let

1 t
M7 = Nip /0 (ma)'2g2)(T+BI_)x

|: v(Zy)
(mM)V/2(T.BI)

AN (T2 (T, BT) - 2 M”"’(Terdu}
T— l 2

(B.100)

and B[ZT = m(gzg’z)\)fl/2¢(vz)7l/2MZT o pr, where p; = inf {u|L°(u, 0) > t}.

To show B2T — d B2 as T — 0o, where B2 is a standard vector Brownian motion which

has the same dimension as g, we write
(B°T), =Pl +0]. (B.101)
where
Pt
PF = migaghn) T, /0 (mg255%) (T B dum(g2852) /2

)12

of = m(gaghn ( / (8285) (T+BL_)v*(Z4)dNy (T (m)(T,BL_))

T</>< 2)

—Trp(v?) /O (mgzggx)(ﬂBZ)du)m(gzgaA)—”z.
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To show the asymptotic negligibility of QtT, let

1 AT AT
RI =7< | (8285)(T,BL_)v*(Z,)dN, (T} (mr)(T,BL_)) — Trp (v?) A (mgzg’zmTrBl)du).

Then RtT is a martingale whose quadratic variation is bounded in the sense that

T

At
|RT):| < % fo & (B, )v* (Zu)dNu (T} (mA) (T;B_)) (B.102)

r

for some locally bounded g> : R — R such that ||g2(x)|| < g2(x) for all x € R and
m(gﬁx) < 00. We deduce that

1 AfT _2 T 4 2 T ¢(U4) ! =2 T
B fo BB v Z)dN (T2 ma)(T,BL)) = L2 2 /O @30 (T XD)du

T,
(B.103)

_ 9

U4) t T
3 IE/ c(14|7:X, |)du — 0
Tr 0
locally uniformly in 7 > O for some ¢ > 0 as T — 0o, where we obtain the equality from a
change of variables, (A.2), (A.4), and Section 8.8.4 of Jeanblanc et al. (2009), the inequality
from the integrability of mg’%)\, and the last convergence from Assumption 4.1(b). Due
to (B.103) and the Markov inequality, we deduce that [RT]; — p 0as T — oo locally
uniformly in # > 0. Then, we deduce from this asymptotic negligibility and the local uniform
convergence A-IT —as. A‘l, which is already shown in the proof of Proposition 4.2, that
[RT10A 1T o ot —>p 0as T — oo locally uniformly in 7 > 0, which implies that QtT —p0
as T — oo locally uniformly in 7 > 0.

We may also deduce similarly as in (B.94) that P,T —>p tlg, as T — oo locally uniformly
in > 0, where g, is the identity matrix which has the same dimension as g,. Therefore,
we obtain that

B* ), =PI + 0 = PT 1 0,(1) — tl, (B.104)

as T — oo locally uniformly in # > 0. Consequently, we deduce from (B.104) that BT
B2 as T — oo, where B2 is a standard vector Brownian motion which has the same
dimension as g5.

For the independence between B2 and B°, we deduce that

| (M?T,BT),| = 7 < /0 A (s[5 TBI)+wos™(T,BI)+(ros™ )(T,B])Z,]~T,B]_) x
&2(TvB]_)v(Z,)dN,(T} (mx><TrBZ_))>
t
t t
5\/ T, (v?) [0 (ma?))(T,BI_)du /0 (mg3A)(T,BL_Ydu —, 0 (B.105)

as T — oo locally uniformly in # > 0, where we obtain the equality from (A.6), (B.100),
Section III.5 of Protter (2005), and the covariance extension of the Itd isometry, the
inequality from the Holder inequality and Section 8.8.4 and Proposition 8.8.6.1 of Jeanblanc
et al. (2009), and the last convergence from m = 1/ (02 + wzk) and the integrability of
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mé%k. Therefore, we obtain the independence between B? and B° similarly as we obtained
the independence between B! and B°. Consequently, we deduce that

M?T o AT = m(gaghm) 2 (vH)/2B*T o L°(AT,0)
—am(g28N)' PP (W) 2B 0 L°(A1,0) =4 m(g2852) > (v*)!/2B* o (KE!/ "))

as T — oo.
For the independence between B! and B2, we deduce from the covariance extension of
the 1t6 isometry and [W, V]; = 0 for ¢ > 0, that

t t
E(M}T /0 PudMgT’) = JTAE( /0 (mg18522) (1B Pud[W, V]u> =0 (B.106)
for all r > 0, all large T and any bounded predictable process P, where

1 f( v(Z)

Vi=— [ (— 2%
"1 Jo \ma2)(1,BT )

dNy (T (mr)(T+BI_)) - ¢(u)T1r2x1/ 2(T,B,{)du>.

Therefore, from (B.106) and Exercise 1V.2.22 of Revuz and Yor (1999), we obtain the
independence between B! and B2, which completes the proof.

Proof of Part (b). Below we provide the proofs for the three asymptotics presented
in Part (b).

Proofs of First and Second Asymptotics. Note that the asymptotics in (B.91)
follows from (B.90) because we have

/ ()L (AT, 1) de=1L" (47.0) [ (mf) (W + 0p (1) =4 L° (A1,0) f (mf) ()
R Ty R R

for m-integrable f. Clearly, these asymptotics do not apply to m-nonintegrable f. For m-
nonintegrable f, we require m-asymptotic homogeneity so that

FOx) =k (£, Mh(f,x)(1+0(1))

for large A and uniformly for all x in any compact interval. Then it follows that
1 1 T 1 1
o . T /(‘) f&Xpdt =« (f,Ty) /(‘) fXrpdt

1
=k, T~} f FT,xdr
0

1 1
=/ h(f,XT)dt + 0, (1) —m/ h(f.X?)dt,
0 0

where X° is the distributional limit of X7 = (X]) with X! = 7' Xz, for 1 € [0, 1].
Subsequently, we develop this and other related asymptotics more rigorously.

The proofs of the first and second asymptotics are exactly the same as the proof of
Theorem 3.5(b) in Jeong and Park (2013), except for the weak convergences in (B.71) and
the equation right before (B.82) in their paper. Therefore, we only need to establish these
two weak convergences.
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For the first weak convergence, which is given by
Al Al
/ mBOR(, B ydt — 4 / m(B2)h(f, BS)dt (B.107)
0 0

as T — oo in our notation, we use the Vitali convergence theorem. We let BT —q.s. B as
before. To apply the Vitali convergence theorem, it is required to establish the pointwise
convergence and uniform integrability. The pointwise convergence is easily obtained from
BT —4.5. B®. On the other hand, the uniform integrability follows from

Aq B B
/ m(B;)h(f, BY)dt :/ mh(f,x) LT (A, x)dx < / m)h(f,x)L°(Ay + 1,x)dx < 0o
0 R R
for all large T, where we use the local integrability of m(-)h(f, -) and Lemma A1. Therefore,

(B.107) follows from the Vitali convergence theorem.
The second weak convergence is given by

A _
fo h(g1. BAWT oA™Y, -y fo

as T — oo in our notation, and we write

A )
h(g1,B)d(W° oA~ 1), (B.108)

A _
/O h(g1. BN AW oA™"); = Pr+0r, (B.109)

where

Al T T -1
PT:./O [h(g1.B; )—h(g1,B))|d(W' 0cA™"),,

Ay _
or = fo hg1, B)dWT oA,

which will be analyzed separately below.
For Q7, note that

E[wloA™!] =EA; ' = ]E/Rﬁl(x)v’(t,x)dx <0
for any given ¢ > 0 and all 7, since in particular WT is a Brownian motion for all 7. Therefore,

the condition C2.2(i) of Kurtz and Protter (1991) holds, and it follows from their Theorem
2.2 that

Ay _
or —nzfo h(g1,B)d(W° o A™h), (B.110)

as T — oo. For Pr, we may readily deduce that it is a martingale whose quadratic variation

Al
[ ol B = a1 57 lhten 57— e, 0] a (B.111)
is asymptotically negligible (see the proof of Theorem 3.5 of Jeong and Park (2013) for

more details), which implies that Py —, 0 as T — oo. Consequently, (B.108) follows from
(B.109) and (B.110).
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Proof of Third Asymptotics. 'We deduce from a change of variables that

1 T
—=k (Vg2 )~ 1/0 82 Xr-)d[v(Z)Nt(MX1—)) — ¢ (VIAX)dr]

JT
1 1
= ﬁx(ﬁgz,n)—l /O 82(TrBT o AT),_)d[v(Zy) N1 (M(X71—)) — T (VA (X7y)dlt]
AT
= k(g2 T ™'\ ¢ w2 /O ag)(T,BL)d(vT 0A™'T),, (B.112)

where

VT v(Zy)

1 Tt
o \/T¢(v2)-/(.) [k‘/z(Xu)

Furthermore, we write

ANy (A(Xu—)) = p )21/ 2(Xu)alu].

AT
K (aga, T /O (Vrg) (T,BT)d(VT 0A=1T), = Pp + 0. (B.113)

where
Af

Pr= / h(Vaga, BL)d(vT oA~ !T),
0

AT
Or= /(; 1 (K(\/XgZ,Tr)*l (\/ng)(TrBtT_) _h(\/xg2vBtT_)>d(VT OAilT)h

which will be analyzed in the sequel.
For P, we write

Pr=Pir+Por, (B.114)

where
1
Py = /0 (hWrg2. X)) —h(v/rg2.XP))dV],

1
Pyt =/0 h(/2g2. X7)dV] .

Note that P17 is a martingale whose quadratic variation is

1
fo (h(Vng2, XL ) — h(Vag2, X)) (h(v/2g2, X1 ) — h(v/Ag2, X)) d[VT 11,

and we may readily establish (see the proof of Theorem 3.5 of Jeong and Park (2013) for
more details) that Py7 = op(1) as T — oo.

The weak convergence of P, follows Theorem 2.2 of Kurtz and Protter (1991). To show
that the required condition C2.2(i) holds, we use their notations Y, J, é, A, and M, and let
Y7)r = V,T. We set 6 = 00, so that J5(x)(¢#) = 0 for all x and # > 0. Then we have Y? =Yr
and A’ST = 0. However, we may deduce from Jeanblanc et al. (2009, Sect. 8.8.4 and Prop.
8.8.6.1) that
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Tt UZ(ZM)
Tow?) Jo A(Xu-)
for all 7 € [0, 1], uniformly in 7 > 0. Therefore, it follows from Lemma A2 that

IE[MT]z =E[Yr] = dN, (A (Xy-)) =t < 00

1
Pyt —4 /0 h(Vrg2, XP)dVy (B.115)

as T — oo.
Next, we show that Q7 = 0p (1) as T — oo. Note that Q7 is a martingale whose quadratic
variation is

AT
| e/ 1) Ve 0B =V, BT )

1 dNy (T2 (ma)(T+BL))
T2 (mA)(T,BL_)

(e (Vg2 T ™" /g2 (1B ~h(/3g2, BL))

and we may deduce that it is asymptotically negligible, as in the proof of Theorem 3.5 of
Jeong and Park (2013), if we establish the stochastic boundedness of

Al fBI)
Rr=| —2 = aN/(T?>(mr)(T,B B.116
T /0 Trz(m)»)(TrB,T,) (T7 (mA)(TrB;_)) ( )

for all large T, where f : R — [0, 00] is a function, which is locally bounded on R\{0} and
also locally integrable. In what follows, we let f be unbounded at the origin.
To show the stochastic boundedness of R7, we write

/ > Bl )1t € Tkimy.ky)dt, (B.117)
iel
where #; for i = 1,...,Np(A(X7)) is the ith jump time of BT, ST =D ier 1/(Tr2(mk)
(T;BF)), T ={1,...,Np(\(X))}, and

1
k= I —
! g;i 72 (m)\)(Tngf)

Note that the partition

{0.k1.ka. kv x| (B.118)

is used in (B.117), instead of {0,71,12, ..., In,(1(x;)) | that is, the partition defined by the
actual jump times of BT. We let BT —q.s. B° as before.

First, we show that the partition defined in (B.118) and the partition defined by the actual
jump times of BT converge umformly to each other. To be more specific, we let f) = kg =0,
and define 7 = #,n5, (1 (x;)) and ky = kuny(n(x7)) for u € [0,1], so that 7, and ky are the
uNT(M(XT))th N7 (A(XT))-quantiles of {t;} and {k;}, respectively. To simplify our proof,
here we let uN7(A(X7)) be an integer. Then we may deduce that

sup |t —ku| —a.s. 0 (B.119)
uel0,1]

as T — oo. This will be shown below.
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To establish (B.119), note that N (T (m)(TBT)) = N o (Ti(T/)HT), where

1 t
HI = M(TrBL)du, B.120
’ T{A(n)/o(m YT 120
since T2 = T/T?. Also, let ¥ be the ith jump time of N(TA(T})), and let k = i/ (TA(T}))
fori=1,...,N7(A(XT)). Then we have
sup !fu—icu|: sup ‘(;OH_ITOHT)M—(/;oH_lToHT)u
uel0,1] uel0,1]

= sup |(FoH"),—({*oH"),|
uel0,1]

(B.121)

where 7 = £, ki =K%, for Dr = Np[A(Xp)1/H] , and Hy ' = inf {u|H] > }.

Due to (B.121), it suffices to show that

sup |7 — k| —as. 0 (B.122)
uel0,c]

as T — oo for any 0 < ¢ < 00, and

sup |HI —H;| = a5 0 (B.123)
te[0, c]

as T — oo for any 0 < ¢ < 0o and some continuous nondecreasing process H, to establish
(B.119). We may readily obtain (B.123) similarly as in the proof of Proposition 4.2. For
(B.122), we let uDt be an integer for simplicity. Since {t;‘} is a set of jump times of
N (TA(T,)), which is a constant intensity Poisson process, we have

uDr
8 Dr 1 - Dy
= C= — i k= :
"= T 2= Ty Dr 2;6’ “ T T

i=1 i=

uDt

(B.124)

where {e;} is a sequence of i.i.d. exponential random variables with rate parameter 1.
Moreover, we have Dy — oo and

Dr N(TAMTy) oHT 0 AT HoA
—

= 5 = (B.125)
TM(Ty) TA(T)HT “

as T — oo. Therefore, (B.122) follows from (B.124), (B.125), and the functional central
limit theorem for i.i.d. random variables. Consequently, we obtain (B.119) from (B.122)
and (B.123).

To show the stochastic boundedness of Ry, we decompose Ry into two parts: one
consisting only of locally bounded parts of f and the other involving locally unbounded parts
of f. To be more specific, we let ar be an increasing sequence such that ar sup,¢o, 1 [T, —

kul = as. C1 for some C1 > 0 as T — oo. Also, we let b7 be another increasing sequence
such that by sup,¢(o, 1] |BZ —BZ| —>qa.5. Co for some Cy > 0 as T — oo, and define

cr = min {alT/2_8,bT} for some small ¢ > 0. Then we write

Rr =Ri7+Ro7, (B.126)
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where
er—/ S GBI re 1.k,
ieM\Q
fBr)
Rop=Y"— 20"
T iEXS:ZTrz(mA)(TrBZf)

Here, we let Q = Qo U--- U Qg, where

1 1
Qj:{liil‘ie|:(Sj—f,5j+fi|}fOl‘j:O,...,K,

cr cT
8 =0,
8_mf{t t>§ 1,B =0 or sgn( )#sgn( )}for]_l K,

Ej:inf{t:tzsz,BtT;AO,38>Ost inf |BT{>Oforallt<v<t+s}f0rj_0 ., K,
uev,t+¢]

and K is the total number of §;’s such that 0 < §; < Al
For Ry7, we let

1 A7 1 5 -
Sr= 7:/ —————————dN(T? (mi)(T;B)) = Gr(AT).

iezr THmA(T,B ) Jo THem(T:B) " " t

(B.127)
To show the stochastic boundedness of S7 = GT(AIT), we deduce that

c
E sup Gr(u) <E / — _ aN(T?(ma)(TB)) =c < 00 (B.128)
uel0.c] 0 T2 (mA)(T-Bl.) ¢ 5i))

for all large T and any ¢ > 0, see Section 8.8.4 of Jeanblanc et al. (2009). However, it follows

from (B.128) and the Markov inequality that Gy (1) = Op(1) as T — oo locally uniformly

inu > 0, which, together with AT — ;5 A}, implies that G7(A]) = S7 = Op(1) as T — oo.
Furthermore, we may deduce that

> B 1 e ki 1k)}<co<|t\_1+8+2|t ¢ |—1+8+1> (B.129)
iel"\Q j=1
almost surely for all 0 < ¢ < S7, all large T, and some ¢,cq,...,cg > 0, due to the

definitions of ar and b, the modulus of continuity of B°, the shrinking speed of each
Qj forj=0,...,K, and the local integrability of f. Therefore, we obtain from (B.129) and
ST = Op(1) that

St K
ergc()/ (|r|—1+€+Z\z—cj|‘1+£+1)dt=0p(1) (B.130)
0 :
j=1

as T — oo.
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For Ry, we have

1
Rop < Z <maxf(Btl ) Z MTBT)). (B.131)
] 0 r ti_

Define

1

Dy = max (BT._) and Dy; = -
1y ieSij l =2 T2(mi) (T,BT_)

iGQj
forj=0,...,K. Note that Dzj is the length of the interval given by Qj forj=0,...,K, and
therefore, Dp; = Op(1/cT) as T — oo by the definition of €2;, for j =0, ..., K. To analyze
Dyj, we let 7j be the jump time of BT closest to gjforj=0,....,K. As T — oo,f(Bg_)
becomes the largest value among { f(BZi;) }i cQ; forj=0,...,K. By the definitions of 1/ar

and 1/b7 and the modulus of continuity of B°, we may therefore deduce that there exists a
subsequence of BT such that szf converges to zero at the speed of 1/c7 forj=0,...,K. For

such a subsequence of BT, it follows from the local integrability of f that f (sz_) diverges to
infinity at a rate slower than c7, which implies that D; = Op(ct) as T — oo forj =0, ..., K
Consequently, we have

Rt = 0p(er)Op(1 /c1) = Op(1) (B.132)

from (B.131) as T — oo.

Now it follows from (B.126), (B.130), and (B.132) that Ry = Op(1) as T — oo.
Therefore, we may deduce that Q7 is a martingale whose quadratic variation is of order
op(1) as T — oo, which implies that Q7 —p 0 as T — oo. Finally, we may deduce from
(B.112), (B.113), (B.114), (B.115), P17 — 0, and Q7 —p O that

1 (7 ! oy 0
) /0 22X )d[VZIN (X)) —p (WAX L] =4 /S (W2) /0 h(Vrgo, X2)dV;

as T — oo.

Covariances of Limit Brownian Motions. Write

()
Vo (v?)

where v.(z) = z—¢(tu)v(z)/¢(u2) and

ZT = 2yl 4 JpdHUT, (B.133)

B /Tf[ v(Zy)
VT Jo LAV2(Xu)

ve(Zy)

1 Tt
- /Td,(vg)-/o |:)Ll/2(Xu—)

ANy (A (Xu=)) — p(Inl/ 2(xu>du],

(B.134)
uf

ANy (M(Xu=)) — ¢ (we)r! 2(Xu)alu].
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We have VT —; V° and UT —, U° as T — oo from Lemma A2, where V° and U° are
standard Brownian motions. Moreover,

t t 2
IE<V;T/ PudUZ>:1E/ Pu<¢(tv)—w>du:0
0 0 o (v2)

for any bounded predictable process P and ¢t > 0, due to Section 8.8.4 and Proposition
8.8.6.1 of Jeanblanc et al. (2009). Therefore, V° and U° are independent of each other,
due to Revuz and Yor (1999, Exers. 1V.2.22 and V.4.25). Furthermore, we have ¢(UC2) =
1— ¢(tv)2 / ¢(U2). Consequently, it follows from (B.133) and the independence between

V° and U° that EZP VP = t¢p (1) /v/ ¢ (v2).

To complete the proof, we write

o)
Vo)

NT = VIieye@du’,

where v(z) = 1— ¢(v)v(z)/d>(u2), and VT and UT are defined as in (B.134), from which
we may easily show that EN? VP = t¢p (v) /+/ ¢ (v?) similarly as above.

Appendix C. Continuous Time Approximation

Here, we present the proofs of the continuous time approximations used in Section 6, and
provide the precise conditions required for their validity.

Assumption Al. (a) u, 02, v, rz, and A are piecewise infinitely differentiable and
regularly varying at the boundaries, and they and their derivatives are asymptotically
monotone at the boundaries and bounded by locally bounded regularly varying functions

- 1/k
with index p > 1, (b) supseqo, 77 1X:| = Op(T9) as T — 00, (¢) supseo, 7} (]E|Xt|k) k
O(T?) as T — oo for some k > 4p, (d) VAT 5 0as T — oo and A — 0.

LEmMMA A3. Under Assumption Al, we have
n T
AY X% = fo X2dt+ 0y (AT
i=1

as T — oo and A — 0.

Proof. From It6’s lemma, we have

- 2 T 2 . ia 2 2
A X2\ =/ det—Z/‘ (X7 —X(i_1yn)dt
i=1 0 i=1 Y =DA (C.135)

T
:/ X?dt — Ap — By — Cr,
0

https://doi.org/10.1017/50266466624000069 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466624000069

902 MINSOO JEONG AND JOON Y. PARK

where

A = / / Fa (Xs)dsdt,
Z (i—DAJ(E-1)A :
Br = / / f(Xs)dWidt,
Z (i—-HAJ@E-1A * :

t
Cr= Z-/(z A ‘/(iil)A(f[Xsf+U(Xs7)+T(X57)Zs] _f(Xsf))st()\(Xsf))dl

and f(x) = x2, f4(x) = (f* +02f/2)(x) and f(x) = (of ) ().

For A7, we have

nA2
Ar = == sup [fa(Xp)| = O, (AT?PITT)
0<t<T

as T — oo and A — 0, and for By, we have

EB2 < cnA® sup EfZ(X,) = O(A2THIH)
0<t<T

as T — oo and A — 0 for some ¢ > 0, from which we deduce that By = OP(ATZP‘H]/z).
Readers are referred to the proof of Lemma A1 in Jeong and Park (2013) for the details. For
C7, due to Jeanblanc et al. (2009, Prop. 8.8.6.1), we obtain that

E|Cr| <IEZ/

t
/ gX)A(Xy)dsdt = O(ATHIF)
(i—DAJG-1)A

as T — oo and A — 0, where

g = /R [f (x4 v () +1(0)2) —f () |p (2)dz,

from which we deduce that Cy = OP(ATzl’q‘H). Therefore, we obtain
n T

AN X7 :/ XZdt+ Op(AT?PIT1)
- 0

as T — oo and A — 0, which completes the proof. (]
LEMMA A4. Under Assumption Al, we have

n T T )
3 (Kia — Xp1ya)? = /0 o (X,)dr + /0 (VX )T VZ) 2N, (X)) + Op (VAT
i=1

as T — oo and A — 0.
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Proof. We first write that

n
Z(Xm _X(i—l)A)2
i=1
iA

iA 2
= Z(/ M(Xt)dl‘-i-/ o (Xp)dW; +f (V(Xt—) + T(Xt—)Zt)dNt()\(Xt—)))
(i-DA (-1A (i-DA

=Ar+Br+Cr, (C.136)

where

n
Ar=Y)_ (
i=1
n

BT=Z(

i=1

iA 2
/ U(Xz)sz> ,
(i—DA

iA 2
/(.. 1)A(V(Xt—)+T(Xt—)Zt)dNt()»(Xz—))> ,

and

" oria in
CT=Z(/( (Xt)dt) +2Z/ " (Xt)dz/(_ I)AU(Xt)dW[

i—A

iA
+22 / M(X)dt/ A (v (Xr-) + T (=) Z2 ) dNy (M (X))

+2Z/

iA
o (XpdW; f (v(X1=) + T (Xi=)Zt) AN (M(X;-) ).
i-DA i-nHA

To obtain the leading term of A7, we write that

iA 2 T
/ a(x,)dw,) = / o2(Xp)dt+ Ry 7,
(i—hHA 0

n
i=1 (
where
n iA 2 iA ’
Ri7 = Z[(/ a(x,)dw,> —[ o (X,)dt].
(i-DA (i—DA

i=1

Due to It6’s lemma, we have

22 / Ui
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where U; ; = f(tl-,l) A0 (Xs)dWs. Then we obtain from the Holder inequality and the
Burkholder—-Davis—Gundy inequality that

ER?, = 4E Z / o2 (XU dt

(i—DA
<Z/

(i—-DA

! 2\ 1/2
<c Ei_pact(X)E;_ [[ o2(X )ds] ) dt
Z/l 1)A< (i-DA DEG—1A N s

for some ¢ > 0. We further deduce from (C.137) that

E(z HAT (Xz)E(l 1)AU4> (C.137)

172
ER? <c / (IE o (X )E / / o (X )o (X )drds) dt
1T Z (—D)A @i-nHa t)EGi-1)A i—vaJi-na r s

(C.138)

as T — oo and A — 0, from which Ry7 = Op(\/KTP‘H‘I/Z) follows. Consequently, we
obtain that

n

>

iA 2 T
/ a(X,)th) = / o2 (Xp)dt+ 0, (VATPIT1/2) (C.139)
i=1 \( 0

i—1)A

as T — ooand A — 0.
For the leading term of B, we write that

i—DA

n iA 2 T
Z( /( (v(xt_>+r(x,_>zt)dNt(x<x,_>)) = [ (et e () N (%) + R
i=1

where

n

-5

i=1

iA 2
/ (vX—) +T(X—)Z)dN; ()»(Xt—))>
(i—DHA

iA
—/(_ 1)A(V(Xt7)+T(X17)Z;)2dNt()\(X,7))i|.
‘We have

Ryr=2) / 1y )+ TEZ) V(X))

where V;; = f(ti_l)A(v(Xs_) + 7(X5—)Zs)dNg(*(Xy-)). Furthermore, using analogous
techniques as in (C.137) and (C.138), we obtain from the Holder inequality and the
Burkholder—Davis—Gundy inequality that

n iA
ER3; = 4IEZ / '—1>A((V2+T2)A) (Xt)Vgtdz — O(AT*Pat1y
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as T — oo and A — 0, from which we deduce that Ry7 = Op (VAT?P4+1/2) Consequently,
we obtain that

n

iA 2
Z( /( (VX + r(xt_>z,)d1v,(x(xt_>))

=1 DA (C.140)

T
= /0 (v(Xr—) +T(X—)Z) ANy (M(Xi—)) + Op (VATPI+112)

as T — oo and A — 0.

Finally, we may readily show that C7 = O, (WAT4H1y as T — 0o and A — 0, simply
by repeating what we did to establish (C.139) and (C.140). Therefore, it follows from
(C.136), (C.139), and (C.140) that

n T T
Z(Xm —Xi-na)? :/ gZ(X[)dt—l-/ (V(XI_)+t(Xt—)Zt)sz[()»(Xt_)) +0,,(«/XT3M+1)
Py 0 0

as T — oo and A — 0, which completes the proof. |
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