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Abstract

We consider pure-jump transaction-level models for asset prices in continuous time, driven by
point processes. In a bivariate model that admits cointegration, we allow for time deformations
to account for such effects as intraday seasonal patterns in volatility, and non-trading periods
that may be different for the two assets. Most assumptions are stated directly on the point
process, though we provide sufficient conditions on the corresponding inter-trade durations for
these assumptions to hold. We obtain the asymptotic distribution of the log-price process. We
also obtain the asymptotic distribution of the ordinary least-squares estimator of the cointegrat-
ing parameter based on data sampled from an equally-spaced discretization of calendar time,
in the case of weak fractional cointegration. Finally, we obtain the limiting distribution of the
ordinary least-squares estimator of the autoregressive parameter in a simplified transaction-level

univariate model with a unit root.

1 Introduction

The increasingly widespread availability of transaction-level financial price data motivates the de-
velopment of models to describe such data, as well as theory for widely-used statistics of interest
under the assumption of a given transaction-level generating mechanism. We focus here on a bi-
variate pure-jump model in continuous time for log prices proposed by Hurvich and Wang [19, 20]
which yields fractional or standard cointegration. The motivation for using a pure-jump model is
that observed price series are step functions, since no change is possible in observed prices during
time periods when there are no transactions. Examples of data sets that would fit into the frame-

work of this model include: buy prices and sell prices of a single stock; prices of two different stocks
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within the same industry; stock and option prices of a given company; option prices on a given
stock with different degrees of maturity or moneyness; corporate bond prices at different maturities
for a given company; Treasury bond prices at different maturities.

Two basic questions that we address here are the asymptotic distribution of the log prices as time
t — oo, and of the usual OLS estimator of the cointegrating parameter based on n observations of
the log prices at equally-spaced time intervals as n — co. Most of the existing methods for deriving
such limit laws (see Phillips and Durlauf [27], Robinson and Marinucci [30]) cannot be applied
here because the continuous-time log-price series are not diffusions and because the discretized
log-price series are not linear in either an iid sequence, a martingale difference sequence or a strong
mixing sequence. Nevertheless, it is of interest to know whether and under what conditions the
existing limit laws, based, say, on linearity assumptions in discrete time, continue to hold under a
transaction-level generating mechanism.

In the model of Hurvich and Wang [19, 20] the price process in continuous time is specified by
a counting process giving the cumulative number of transactions up to time ¢, together with the
process of changes in log price at the transaction times. This structure corresponds to the fact
that most transaction-level data consists of a time stamp giving the transaction time as well as a
price at that time. In such a setting, another observable quantity of interest is the durations, i.e.,
the waiting times between successive transactions of a given asset. There is a growing literature
on univariate models for durations, including the seminal paper of Engle and Russell [16] on the
autoregressive conditional duration models (ACD), as well as Bauwens and Veredas [4] on the
stochastic duration model (SCD), and Deo et al. [12] on the long-memory stochastic duration
model (LMSD).

It is known from the theory of point processes (see Daley and Vere-Jones [8, 9, 10] or Nieuwenhuis
[25]) that the durations are stationary under a measure P° (known as the palm distribution) if
and only if the point process is stationary under a measure P which determines and is uniquely
determined by P, where in general P and P are different. Deo et al. [14] showed that, subject to
regularity conditions, if partial sums of centered durations, scaled by n~(4+1/2) with d € [0,1/2),
satisfy a functional central limit theorem under PY then the counting process N () has long or short
memory (for d > 0, d = 0, respectively) in the sense that VarN(t) ~ Ct?**! under P as t — oo
(with C' > 0), and they gave conditions under which this scaling would lead to long memory in
volatility. It is important to note that since P and P° determine one another, there is no need
to start with models for durations, as in most of the existing literature. Instead, as advocated by
Bowsher [6], it is possible to start by specifying a model for the point process of events of interest
(such as transactions). Such an approach appears to generalize more easily to the multivariate

case, since attempting to directly model multivariate durations as a time series is problematic as



they are not synchronized in transaction-time, e.g., the kth transactions of IBM and Apple occur
at different times, and this time difference is itself a stochastic process with respect to k.

Hurvich and Wang [19, 20] did not derive limit laws for the log price series or the OLS estimator
of the cointegrating parameter, but focused instead on properties of variances and covariances for
log price series and returns, and on lower bounds on the rate of convergence for the OLS estimator.
In this paper, for the model of [19, 20] but under assumptions that are more general than theirs, we
obtain the limit law for log prices for standard, weak fractional and strong fractional cointegration,
where the cointegrating error is integrated of order d,, with d,, =0, d,, € (1/2,1) or d,, € (0,1/2),
respectively, and for the OLS estimator of the cointegrating parameter in the case of weak fractional
cointegration only. In our result on the limit law for log prices, Theorem 4.1, we allow for a
stochastic time-varying intensity function in the counting processes. This allows for such effects as
dynamic intraday seasonality in volatility (as observed, for example, in Deo et al. [13]), as well as
fixed non-trading intervals such as holidays and overnight periods. We will also obtain the limiting
distribution of the OLS estimator of the autoregressive parameter in a simplified transaction-level
univariate model with a unit root.

The remainder of this paper is organized as follows. In Section 2 we write the model for the log
price series and state our assumptions on the counting process, the time-deformation functions, and
the return shocks. In Section 3, we explain how our assumptions on the counting process can be
related to corresponding assumptions on the sequence of durations (inter-arrival times), with focus
on some particular duration models that have been proposed in the literature. In Section 4, we
provide our main results on the long-run behavior of the log-price process, on the OLS estimator for
the cointegrating parameter under weak fractional cointegration (with some remarks on the strong
fractional and standard cointegration cases), and on the OLS estimator for univariate unit-root

autoregression. Section 5 provides proofs.

2 Transaction-level Model

In this section, we introduce our model and precisely state the assumptions made on the var-
ious model components. As in Hurvich and Wang [19, 20|, we consider a bivariate pure-jump

transaction-level price model that enables cointegration. We define the log-price process y =
(y1,y2) = (y(t): t > 0) by

Ni(t) Na(t1,ny (1)
vi) =D (ern+mp)+ Y, (Bean+gaman), (2.1)
k=1 k=1



Na(t) N1(ta, Ny (1))
()= (ean+mp)+ >, (0 err+giomp), (2.2)
k=1 k=1

where for i = 1,2, N;(-) are counting processes on the real line (see Daley and Vere-Jones [9],
page 43) such that, for t > 0, N;(t) := N;(0,t] gives the total number of transactions of As-
set ¢ in (0,t], and t; is the clock time (calendar time) for the kth transaction of Asset i, with
sty 1 St <0 <t1 < tipe--. The quantity Na(ty n,()) denotes the number of transactions
of Asset 2 between time 0 and the time ¢ y, (;) of the most recent transaction of Asset 1, with an
analogous interpretation for Ni(t2 n,()). The efficient shock sequences {e; 1 }72; model the perma-
nent component and the microstructure noise sequences {7; ; }3>; model the transitory component
of the log-price process. Efficient shock spillover effects are weighted by 6 and #~!, thus yielding
cointegration with cointegrating parameter 6, assumed nonzero, while the microstructure spillover
is enabled through the quantities ¢g12 and go;. A detailed economic justification for this model,
derivation of a common-components representation, as well as a comparison with certain discrete-
time models, is given in [19, 20]. We shall work in this paper with the following set of assumptions,
using the definition of Daley and Vere-Jones [9] (page 47) that a point process is simple if the

probability is zero that there exists a time ¢ at which more than one event occurs.

Assumption 2.1. (Counting Processes) Fori=1,2,

Nz(t) = Nz(t + fz(t))a

where under the measure P, ]\Nfl() 1s a simple, stationary and ergodic counting process on R with
intensity \; € (0,00). The f; are random or deterministic cadlag functions such that t + fi(t) is
nondecreasing with probability one, t=1[t + f;(t)] — i € (0,00) with probability one ast — oo, and

sup|fi(t) — fi(t7)| < C

>0
with probability one, where C € (0,00). Finally, N; and fj (i,j =1,2) need not be independent.

The functions f; are used to speed up or slow down the trading clock. To incorporate dynamic
intraday seasonality in volatility, the same time deformation can be used in each trading period
(of length, say, T), assuming that ¢ + f;(¢) has a periodic derivative (with period T' and with
probability one), for example, f;(t) = sin(27t/T). Fixed non-trading intervals, say, t € [T1,T5),
could be accommodated by taking f;(t) = T1 + fi(T1) — t for t € [T1,T5) so that t + f;(t) remains
constant for ¢ in this interval, and then taking f;(Th) > T1 + fi(T1) — T so that ¢ + f;(¢) jumps

upward when trading resumes at time 75. The jump allows for the possibility of one or more



transactions at time 75, potentially reflecting information from other markets or assets that did
trade in the period [T7,T%).

The use of the time-varying intensity function f; renders the counting process N; nonstationary.
We will show, however, in Lemma 5.1 below that /V; satisfies a renewal-type theorem. Since it is
possible that f; has (upward) jumps, the N; may not be simple even though the N are simple.

The counting processes N; induce associated sequences of durations {7;}?° __  defined by

Tik = ik — tik—1, thus yielding the duality

S
max {s : Ui < t}, uj1 <t
o = =

0, Uil > t,

u ti71, k=1.
k=
’ Ti,ka kﬁ > 2.

where

Similarly, N; induces associated durations {Tikt satisfying a corresponding duality relation.

—o0
Our approach here differs somewhat from the univariate duration-based approaches given in the
papers Engle and Russell [16], Bauwens and Veredas [4], and Deo et al. [14]. These authors
start out with the durations {7;;}?° _ and endow them with certain desirable properties such
as stationarity, mixing and ergodicity with respect to the so-called Palm distribution P° (see
Nieuwenhuis [25] for the definition). How these properties then propagate to the counting processes
under P has been addressed in the recent article Deo et al. [14]. By contrast, in the current paper
we typically start with assumptions on the counting processes N; rather than on the durations (see

Assumption 2.1 above). Nevertheless, we also provide, in Section 3, conditions on the durations

{ﬂ,k}%’:_ ~ that are sufficient for our assumptions on the counting processes NZ- to hold.

Assumption 2.2. (Efficient Shocks) The efficient shocks {e; ;;}7°, form independent, identically
2

distributed sequences of random variables with zero mean and finite variance o; .

Although many of our results would continue to hold if the iid assumption above were replaced
by a weak-dependence assumption (see Subsection 5.1 below), we maintain the éid assumption here
in keeping with the economic motivation for the model as provided by Hurvich and Wang ([19])
that in the absence of the microstructure shocks each of the log price series would be a martingale

with respect to its own past.

Assumption 2.3. (Microstructure Noise) The microstructure noise {n; ;}3, is a zero mean

sequence with memory parameter d, € [—1,0) that satisfies moreover one of the following conditions.



(A) WEAK FRACTIONAL COINTEGRATION: If dy € (—3%,0), then n;x = 5% bijCix—j where
b j ~ i1 as § — oo with C; # 0, and {Gret
is also required that E[|(;1]|*] < oo for some v > 1 satisfying the condition d, > V—iQ —
{nik} has spectral density g; () such that, for some 8 € (0,2], gin(A) = UZnCn)\*M"(l + O(\9))

holds as A — 0%, where C,, = {—4T'(—1 — 2d,)sin(n(d, + 1))}~ and 01'2,71 > 0 is the long-run

_oo U8 iid with zero mean and finite variance. It

%. Finally,

variance of {n; i}

(B) STRONG FRACTIONAL COINTEGRATION: If d, € (—1,—%), then mir = Qik — Pik—1,
k= 1,2,..., where pio = 0 and {p; }72, is a zero mean, strictly stationary long memory se-
quence with memory parameter d, = d, + 1 € (0, %) in the sense that its autocovariances satisfy
Cov (@i k, Pik+h) = K;h%*e=1 1 O(h?%=3) for h > 1 and K; > 0.

(C) STANDARD COINTEGRATION: If d,, = —1, then ni,, = &k — &ip—1, k = 1,2,..., where
&o = 0 and {& )52, is a zero mean, strictly stationary sequence with exponentially decaying

autocovariances, |Cov(&; k, & k+n)| < C’ge_Kﬁh for h >0 and C¢, K¢ > 0.

Assumption 2.4. The shocks {e1}72,, {e2k}721, {mrtie, and {n2x}72, are mutually indepen-

dent, and these are independent of the counting processes N;, i = 1,2.

Assumption 2.4 was also made by Hurvich and Wang [19, 20]. Since the trades of Asset 1 are not
synchronized in calendar time or in transaction time with those of Asset 2, it seems reasonable to
assume that the two efficient shock series are mutually independent, as are the two microstructure
shock series. Mutual independence of the efficient and microstructure shock series of a given asset
can be justified on economic grounds, and is often made in the econometric literature for calendar-
time models. See, e.g., Barndorff-Nielsen et al. [3].

We note that (N1, No) together with the sequences of return shocks comprises a marked point
process (see Daley and Vere-Jones [10], Nieuwenhuis [26]), where the shocks are marks. However,
because Assumption 2.4 states that the shocks are independent of the IV;, it suffices for most of
our discussion of point processes theory to focus on the non-marked point process (N1, No). Still,
it is worth mentioning that for the marked point process, the independence between (N7, N2) and
the return shocks holds under both the Palm distribution P° and the time-stationary distribution
P (see Nieuwenhuis [26]) of the marked point process.

The independence of (N1, N3) and the return shocks is restrictive. In particular, it implies that
there can be no leverage effect in the returns (for example, a correlation between a return in one
time period and a squared return in a subsequent time period). A transaction-level model yielding
a leverage effect was proposed (but justified only with simulations) in Hurvich and Wang [20].
Models where the point process need not be independent of the return shocks were discussed in

Prigent [29] in the context of option pricing with marked point processes.



Hurvich and Wang [19, 20] assumed f; = 0. They also assumed that the durations satisfied
the conditions of Theorem 1 of Deo et al. [12] which entails finite moments of all orders for the
durations under P°. The conditions stated in this section allow f; # 0 and also allow the durations

to have infinite moment of order 1 + ¢ under P°, for any € > 0.

3 From Durations to Counting Processes

Many existing transaction-level models start with assumptions on the durations {7} __ instead
of imposing assumptions directly the corresponding counting processes. Duration-based approaches
in econometrics have originally been used to examine the impact of past unemployment on current
levels in Lancaster [23]. The first attempt in modeling tick-by-tick data on the basis of durations
has led to the autoregressive conditional duration (ACD) model of Engle and Russell [16]. More
recent contributions in the literature include the stochastic conditional duration (SCD) model of
Bauwens and Veredas [4] and the long memory stochastic duration (LMSD) model of Deo et al. [12].
In this section, we first provide the general link between the counting-process-based assumptions
imposed in this paper and the duration-based modeling in the above mentioned papers, followed by
sufficient criteria for ACD, SCD and LMSD duration sequences to fit into the present framework
of Assumption 2.1.

Let N(-) be a counting process on R satisfying the conditions of Assumption 2.1 with time-
deformation function f = 0, (that is, for notational convenience, we will often suppress the dis-
tinction between N and N in the remainder of this section) and let moreover 7 = {m}2_ . be
the sequence of associated durations. Except for the case of a Poisson process, N and 7 are not
stationary with respect to the same measure. It follows from Iglehart and Whitt [21] that func-
tional limit theorems for counting processes and associated partial sums of durations are essentially
equivalent under P. If IV is stationary with respect to a measure P, then one can also construct
the so-called Palm measure P’ under which the durations 7 are stationary using for example the
results in [9, 10, 25]. In duration-based approaches assumptions are stated under P° and not under
P. In general properties holding under one measure do not translate one-to-one to the other (see
the discussions in [14]). We have, however, the following theorem whose proof can be found in

Baccelli and Brémaud [2].

Theorem 3.1. The counting process N is ergodic with respect to P if and only if the durations T

are ergodic with respect to the Palm distribution P°.

To validate the ergodicity part of Assumption 2.1 for the ACD, SCD and LMSD models, it

suffices according to Theorem 3.1 to establish sufficient conditions ensuring ergodicity of 7 under



P We do this in the examples below.

Sufficient conditions on a duration sequence (stationary with finite mean under P°) for the
corresponding counting process N to satisfy the conditions of Assumption 2.1 (i.e., stationarity,
ergodicity and simplicity under P), are that the durations are positive with P°-probability 1, and
that the durations are ergodic under PY. To justify this statement, we note that the positivity,
ergodicity, stationarity and finite mean of durations under PY implies that N , under P, is ergodic,
orderly and strictly stationary (by Daley and Vere-Jones [8], Theorem 12.3.1I) and the latter two
properties imply that N is simple under P (by Daley and Vere-Jones [9], Proposition 3.3.VI).

Since the ACD, SCD and LMSD durations are positive with P%-probability 1 and have a finite
mean under PV, it will follow that these models have corresponding counting processes N, stationary
under P, satisfying Assumption 2.1, as long as we can verify that the durations are ergodic under

P, which we do presently.

Example 3.1. The ACD model proposed in Engle and Russell [16] can be rewritten as

Tk = 1/%51@» sz)k = g(ek—lv Ek—2y-- ')7 ke Z7 (31)

where {e;}7° is a sequence of independent, identically distributed random variables under PY

—0o0

satisfying ¢9 > 0 PY-almost surely, and E%[eg] = 1 with EY denoting expectation with respect to

PY whereas g > 0 is a measurable function. It is clear that {m}2 is then strictly stationary

—00
under P° provided such a solution to the equations (3.1) exists. From Section 9.5 of Grimmett and
Stirzaker [17], it follows that stationary ACD durations are ergodic under PV if E°[r] < co. In a

simple and more specific form, one can let (see [16])
Y =w+atg_1 + BYp—1, k€L

where the parameters involved satisfy w > 0 and «,3 > 0. The P-strictly stationary solution
is then determined by ¢y, = w> 72, Hg;ll(aak,i + ) and exists if E[In(aeg + B)] < 0, following
arguments given in [5]. As in [1] one can derive that now E°[r] is finite if o + 3 < 1 which,
on account of Jensen’s inequality, is also sufficient for E°[In(agp + 3)] < 0 to hold. Theorem 3.1
consequently implies that the ergodicity part of Assumption 2.1 is satisfied for the ACD model, as
long as a+ (< 1.

Example 3.2. In contrast to the ACD model which is observation driven, the SCD model of

Bauwens and Veredas [4] is based on a latent variable. It is defined via the equations
T = Yrég, Inyp, =w+ Blnyp_1 + wg, ke Z, (32)

where w € R and || < 1. The sequence {e;}32 . consists of independent, identically distributed

random variables under P° satisfying g9 > 0 P%-almost surely, and E°[gg] = 1. This sequence



is P%-independent of {wy}?2 _ which is itself independent, identically distributed under P°. If
E%[In |wg|] < 0, then a strictly stationary solution to the i-equations exists and is given by the
series ) 2 B (w + wg—j). If wy possesses PO-finite moments of all order, then E[r] < oo and the
same arguments as in Example 3.1 imply here that the ergodicity part of Assumption 2.1 holds as

well.

Example 3.3. The LMSD model was introduced as an extension of the SCD model that can
capture long memory in the durations. Following [12], the LMSD is given by replacing v in (3.2)

with the linear process specification

0
T = Ibk&‘k, lnlbk = ijwk,j, ke Z, (3.3)
j=0

where {wy }32 are independent, identically distributed normal random variables with zero mean

—o0
under P, independent of {er}2 _,, which is assumed to possess all moments and to be positive
PY-almost surely. Long memory in durations is enabled through the coefficients bj ~C 741, where
C # 0 is a constant and d € (0,1/2). It is also possible to nest the short memory case within this
framework (see [14] for details). Deo et al. [14] have shown in their Lemma 3 that {7} ___ is
Tp-mixing and therefore weak mixing and ergodic under P° (see, for example, Choe [7], page 133).
It follows from Theorem 3.1 that the associated counting process is ergodic under P. Assumption

2.1 is consequently satisfied for the LMSD model.

4 Main results

4.1 The long-run behavior of the bivariate log-price process

With the assumptions made in Section 2, the long-run behavior of the bivariate process y = (y1,y2)
can be determined. The following theorem shows that the log-prices are approximately integrated.
Even though independence is assumed between the various shock series, the log-price process y =
(y(t): t > 0) exhibits a nontrivial variance-covariance structure which is determined by a complex

interplay of the model parameters.

Theorem 4.1. If Assumptions 2.1-2.4 are satisfied, then as n — oo,

(Jlﬁy(nu): u € [0, 1]> % By = (By(u): ue [0,1)),

where % signifies convergence in the Skorohod space D?[0, 1] and By is a biwariate Brownian motion

with 2 x 2 covariance matriz ¥ = (X; ;: 1,5 = 1,2) given by the entries

2

)\10‘
2 2 2 l,e
21,1 = )\10’176 + 6 )\20’672, 22’2 = 0

+ )\20376 and Y19 = + 9)\20%76 =1,



where \; = 5\1% = q.s.-lim; tilNi(t) is the asymptotic intensity of the counting process Nj.

Hurvich and Wang [19, 20] have in their Theorem 1 computed the long-run variances of y;(t)
and yo(t) which are given as 31 1t and X ot, respectively. Our theorem yields the variances as well
as the covariances in the limiting distribution of (t~1/2y(t): t > 0). More importantly, our theorem
provides the limiting distribution itself for the (normalized) log-price process y which, in turn, can

be used for asymptotic statistical inference.

4.2 The OLS estimator for the cointegrating parameter

In this section, we derive the asymptotic behavior of the ordinary least-squares estimator (OLS) of
the cointegrating parameter . To do so, we assume that the log-price series are observed at integer
multiples of At. We will work here, without loss of generality, with At = 1 in order to keep the
notation simple. Then (2.1) and (2.2) become

N1(5) Na(t1,nq (7))
yij= Y (ete+mp)+ D (Bexn + gaman), (4.1)
k=1 k=1
Na () Ni(t2,n(5))
Yo, = Z (€2, +m2k) + Z (0 1k + gram k). (4.2)
k=1 k=1
Regressing y1,1,...,Y1,n O Y2.1,...,Y2,, Without intercept, we obtain the OLS estimator for the

cointegration parameter € as
n
i D i—1 Y251,
DY Y P
J=1Y2

Hurvich and Wang [19, 20] have shown in their Theorem 6 that 6, is weakly consistent for # and

(4.3)

obtained a lower bound on the rate of convergence in the case of weak fractional, strong fractional
and standard cointegration. The exact limit distributions, however, were not given. We fill in this

gap next for weak fractional cointegration.

Theorem 4.2. Under Assumptions 2.1-2.4 with the restrictions that E° [TZk] < oo and f; =0 for
i=1,2, and d, € (—3,0),

il —g) 2 T BBl
n 1/2 r1
22,/2 o B%(u)du

(n — 00),

where z indicates convergence in distribution, o = )\%Ha%,l[l - 6912]2 + A%HU%72[921 — 9}2, Yo is
defined in Theorem 4.1, B = (B(u): u € [0,1]) is a standard Brownian motion, By = (Bp(u): u €
[0,1]) is a Type I fractional Brownian motion with Hurst parameter H = d,) + %, and B, By are

mutually independent.
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The result in Theorem 4.2 is similar to that obtained in Proposition 6.5, formula (6.8) of
Robinson and Marinucci [30], under their Assumption 6.1, for which a sufficient condition (their
formula (6.5)) was verified in Marinucci and Robinson [24] to hold for weak (but not strong)
fractional cointegration in the case where the process is linear with respect to iid innovations. The
restrictions in Theorem 4.2 that E° [Tzk] < oo and f; =0 for ¢ = 1,2 are needed only for proving
Lemma 5.4, which handles certain end effects. We conjecture that if the durations have infinite
variance under P° (holding the f; at zero), the limiting distribution of the OLS estimator under
weak fractional cointegration would be affected.

The reason we are currently unable to generalize Theorem 4.2 to the strong fractional cointe-
gration case is the same as given by Robinson and Marinucci [30] (page 963) for not covering this
case, namely that here the continuous mapping theorem cannot be applied, and that the process
with lower memory parameter cannot be approximated by a semimartingale.

We are also unable to provide conditions under which n(én — 0) converges in distribution in the
standard cointegration case. Phillips and Durlauf [27] establish in their Theorem 4.1 that n(én —0)
converges in distribution to a functional of a bivariate Brownian motion, under assumptions that
may not hold for the process {(v1,,925)'}j—1 given in (4.1) and (4.2). Inspection of their proof
suggests that in order for this limit result to hold, it is necessary that the bivariate process {z; }?:1
with z; = (y1,; — 0y2,5, y2,; — y2,j—1)" have the property that as n — oo,

1 [nu]

ﬁMsz: we 0,1 ] % B, = (B.(w): ue[0,1]), (4.4)

Jj=1

where M is a fixed 2 x 2 matrix and B, is a bivariate standard Brownian motion. We are unable
to provide conditions on the point process and other elements of our model such that (4.4) would

hold. In particular, we note that the first component of z; is

N1(5) Na(5)
Y15 — Oy, = > err —0 > €2k
k=N1(t2, Ny (5))+1 k=Nz(t1,n, (5))+1

+ & () H{NLG) > 0} = 0912 - &1 N, (1, ) LN (B2,35()) > 0}
=0 & Ny () IH{N2(7) > 0} 4 921 - &2 Na 2y, ;) T {N1(G) > O} (4.5)

In the special case where f; = 0, for i = 1,2 the {1} are iid with zero mean and finite variance,
the {7; 1} under P are iid and restricted to the positive integers, with a distribution in the domain
of attraction of an a-stable distribution with o € (1,2) and the {7;;} are independent of the
{& r}, it is known that (see, for example, Proposition 3.3 of Hsieh et al. [18]) the finite dimensional

11



distributions of E(n)*lnfl/ @ ZJLEJ &N, (j) converge weakly to those of an a-stable Lévy process as
n — oo for u € [0, 1] where £(n) is slowly varying as n — oco. Even though the {;;} are iid, the
fact that there may be long sets of contiguous integers for which &; y,(;) is constant, due to the
heavy tails in the {7; .}, leads to a non-Gaussian limit for suitably normalized partial sums of the
{&.n,(jy}- Thus, in view of (4.5) it seems that (4.4) would not hold in this special case. Barring
heavy tails in the distributions of the {7; ;} (as we do in Theorem 4.2) it is still not clear whether

and under what conditions (4.4) would hold.

4.3 The OLS Estimator for Univariate Unit-Root Autoregression

Consider a marked point process N(-) on R, with durations {7;}72 __ and marks (representing

[e.e]

weakly-dependent transaction-level returns) {uy}3> independent of N(-). We assume that the

—00)?
process is simple, stationary and ergodic with finite mean intensity A under the time-stationary
measure P (see Nieuwenhuis [26], page 686) with Efux] = 0 and Varui < co. We assume in this
subsection that the time-deformation function (f) is identically equal to zero. We also assume that

as n — 0o,
[ru]

1
Uj: U € [O, 1} i By, (4.6)
j=1

NG
where By = CW, C is a positive constant (the long-run variance of {uy}) and W is a standard
Brownian motion on [0, 1]. Sufficient conditions for (4.6) are provided in Phillips and Durlauf [27].
It follows from (4.6) and the proof of Theorem 4.1 that under the time-stationary measure P as

n — oo,
N([nu])

1 d
— > wujuel01]] 5B, (4.7)
where B = CAW on [0,1] and A = E[N(1)] = 1/E"[r}] € (0,00) is the intensity.

Define a discrete-time log-price process {y;}52, by

N(j)
yi= Y u,  j=0,1,2,...,
k=1

where N(j) = N(0, j]. Thus, yo = 0, and
yj:yjfl‘{'Uja j:1>2""7
where
N(j)
U= > u, JEL

k=N(j—1)+1

12



Note that {U;}2

32 oo Is strictly stationary under P. It follows from the independence of {uy} and

N(-) together with the assumption Varuj < oo that E[UJQ} < 00. Now consider the OLS estimator
of the AR(1) parameter (without intercept),

G > i=1Yi-1Yj _ > i=1Yi-1U;
E?:l ?/]2'71 Z?:1 3/32'71
Since
IS W S
- U] U, = y[nu]v
it follows from (4.7) that
[nu]
1 d
— > Ujiuelo,1]| 5B (4.8)
Vi 2

under P, where B = CAW on [0,1]. For k > 1, let Si = Z?Zl Uj and X, (r) = n_l/QSLmJ for
r € [0,1]. Arguing as in Phillips [28] (page 254), we have

1< 1 1~
;Zyj—lUj=§ Xn(l)_n;U

Since P is ergodic, {UJQ} is ergodic under P. It follows from the ergodic theorem that since
E[U jQ] < oo there exists an w? > 0 such that (1/n) YU ]2 — w? almost surely under P. It then
follows from (4.8) that

as n — oo, under P. This, together with (4.8) and the continuous mapping theorem implies that

o ) BdB + (0?22 — w2)

Jo B2(r)dr 9

n(a—1) =

Except for the constant A2, (4.9) is identical to the result (10) of Phillips [28] obtained under strong

mixing conditions.

5 Proofs

5.1 Properties of the efficient shocks and the microstructure noise

We provide some limit results for the partial sums of the efficient shocks and the microstructure noise

when the upper summation index in the partial sums is nonrandom. To this end, we introduce the
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relevant notation first. If (z;: k > 1) is a sequence of random variables, we denote in the following
by S, = (S.(t): t > 0) its partial sum process, where S, (t) = z1 + ...+ 2|4

First, we study the weak convergence of the bivariate partial sum process Se = (Se.1,S¢2). It
follows then from Assumptions 2.2 and 2.4 that, for any 1" > 0,
(\}ﬁse(nu): ue [o,ﬂ) L Be = (Be(uw): u € [0,T)), (5.1)
where B, stands for a bivariate Brownian motion with 2 x 2 covariance matrix ¥, = diag(ai o a%y .-
Observe that the components of B, are independent, due to the independence of (e : k > 1) and
(e25: k > 1) imposed in Assumption 2.4. The limit result (5.1) holds also under dependence, but
Y is in general not diagonal.

Next, we study the weak convergence of the microstructure noise. Let d,, € (—%,O) and set
Sy = (Sn,1,5,2). In the case of weak fractional cointegration, Theorem 2 in Davydov [11] implies
in combination with part (A) of Assumption 2.3 and Assumption 2.4 that

<ndnil/25n(nu): e [0,T]> 4 B, = (By(w): u e [0,T)), (5.2)

where B,, denotes a Type I fractional Brownian motion with Hurst parameter H = d,, + % € (0, %)
We have ¥, = diag(a7,,03,), in view of Assumption 2.4.

It is important to notice that, again in view of Assumption 2.4, the weak convergence results for
the efficient shocks in (5.1) and for the microstructure noise in (5.2) hold also jointly. We formulate

this as a proposition.

Proposition 5.1. If Assumptions 2.1-2.4 are satisfied and d,, € (—%,O), then
1 1
(\/ﬁSe(nu), Syl u € [0,T]> 4 Boy=(B,B,)  (n— o), (5.3)

where the Gaussian limit process B, possesses the variance-covariance matriz Xe , = diag(Xe, X)),
_ 1
and H = d; + 5.

Another approach to deriving the limit theorems of Section 2 is to start with prescribing the
joint convergence in (5.3), potentially allowing for dependence between the various shock sequences.
Then, the covariance matrices in the earlier displays (5.1) and (5.2) have to be adjusted accord-
ingly. Though technically feasible, there is no apparent economic explanation for using this more

complicated approach and we therefore focus on the set of assumptions given in Section 2.

5.2 Properties of the counting processes

In this subsection we collect several key results concerning the counting processes V;. By assump-

tion 2.1, we have that N;(t) = N;(t + fi(t)), where N; is stationary and ergodic. Therefore (see
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displays (12.2.3) and (12.2.4) of Daley and Vere-Jones [10]), N; satisfies the renewal theorem

N;(t)
t

— N a.s. (t — o0), (5.4)

The latter limit result translates as follows to the time-deformed counting processes N; used to

build the bivariate transaction-level returns (y(¢): ¢ > 0).

Lemma 5.1. If Ny(-), i = 1,2, are the counting processes of Assumption 2.1, then

Nit(t) — i = A\ P-a.s. (t — o0) (5.5)

Proof. Since N;(t) = N;(t + fi(t)), we obtain

Ni(t)  Ni(t+ fi(t)) _ Ni(t + fi(t) t+ fi(t)
¢ ¢ t+ fi(t) t

Since t + f;(t) — oo with probability one, the renewal theorem (5.4) implies that the first term on
the right-hand side converges with probability one to ;. The second term satisfies t [t f;(£)] — i

with probability one on account of Assumption 2.1. This is the assertion. O

The following proposition contains an auxiliary result needed to exchange asymptotically the
counting process value at a large enough time ¢, N;(t), with the corresponding average rate A;t.

We formulate it in terms of an arbitrary stochastic process (Z(t): ¢ > 0).
Proposition 5.2. Let (Z(t): t > 0) be a stochastic process satisfying Z(s) < Z(t) if s <t and the
renewal theorem t=1Z(t) — \ > 0 with probability one as t — co. Then,

Z(nu)

sup
0<u<l1

- )\u‘ —0 P-a.s. (n — 00).

Proof. Let € > 0. Choose § > 0 such that A\ < e. Now the monotonicity of the stochastic process

(Z(t): t > 0) implies that
Z(nu)
n

Z(nd)

—\u + Ao

<

sup
0<u<é

and therefore, taking the limit superior on both side of this equation and applying the renewal

theorem for (Z(t): t > 0), we get

Z(nu)

— A\u

limsup sup < 2M0 < 2¢ a.s.

n—oo 0<u<ld

In the preceding, we can choose é < 1 without loss of generality. In the following, we still need to

consider the limit superior of the supremum taken over u € [d, 1] to complete the proof. To this
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end, note that there is a random variable ¢y such that —et < Z(t) — At < et if t > ty. This implies
for n > ng =8 1tp and § < u < 1 that —enu < Z(nu) — Anu < enu and thus

—en < Z(nu) — Anu < en, u € [0, 1].

Since the lower and upper bounds are independent of u, the latter inequalities imply that

Z(nu
limsup sup (nu) —du| <e€ a.s.,
n—oo §<u<l n
which also completes the proof. O

Next, we will show that the processes IV; satisfy the assumptions of Proposition 5.2.

Lemma 5.2. If N;(-) are the counting processes of Assumption 2.1, then it holds with probability

one that
N;(nu)

n

sup —\u

0<u<l1

—0 (n — o00).

Proof. Since N; is a counting process and s+ f;(s) < t + fi(t) as long as s < t by Assumption 2.1,
we have with probability one that

Ni(s) = Ni(s + fi(s)) < Ni(t + fi(t)) = Ni(t), s <t.

We have shown in Lemma 5.1 that N; satisfies a renewal theorem, so that the assertion of this

lemma follows from Proposition 5.2. O

The definition of y; (t) and y2(t) also contains the quantities Na(t1 n, (1)) and N1 (g n,()) Whose
limiting behavior needs to be determined for the asymptotics in Theorems 4.1 and 4.2. Recall that

t; . denotes the clock-time of the kth event of IV;.

Lemma 5.3. If N;(-) are the counting processes of Assumption 2.1, then it holds with probability
one that N )
sup T2 LN Aou| = o(1) (n — o00).
0<u<l1 n

This statement remains true if the roles of the indices 1 and 2 are interchanged.

Proof. Since N; and N3 are nondecreasing in clock-time ¢ and ¢; j is nondecreasing in tick-time &,
we get that Na(ty n,(s)) < Na(t1,n, (1)) whenever s < t. Note that clearly ¢; ; — oo with probability
one, as k — co. Observe next that

| < Ni(ti k)

<— <14 % Ni(tiw + filtie) — Nit, + fl(t;k))] =1+0(1) as.
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as k — 00, using the definition of N7 and the boundedness requirement on the jumps of f; imposed

in Assumption 2.1. Hence, by Lemma 5.2,

tl’kwtli’kﬁi a.s (k — o0)
k Ni(ti k) A1 o ’

where a ~ by indicates that the ratio of a; and by tends to one as k — oo. Now we arrive at the

asymptotic relation

No(t No(t t Ni(t 1
2(tmw) _ N L) B ) Na(t) et — o as
t L1,Ny (t) Ny (t) t A1
The assertion of the lemma follows therefore again from Proposition 5.2. O

5.3 Proofs of Theorems

First, we separate the efficient shocks components from the microstructure noise and thus decom-
pose y = 1 + s, where the processes s = (s(t): ¢ > 0) and r = (r(t): t > 0) are, for t > 0, given by
s(t) = (s1(t), s2(t)) and r(t) = (r1(t), r2(t)) with

Ni(t) No(t1,n, ) Na(t) Ni(ta, Ny (1))
Sl(t) = Z €1,k +0 Z €2k, SQ(t) = Z € k + 971 Z €1,k
k=1 k=1 k=1 k=1
Ni(t) Na(ti Ny (1) Na(t) Ni(ta ny(t))
ri(t) = Z Mk + 921 Z M2,k ra(t) = Z N2,k + 912 Z M k-
k=1 k=1 k=1 k=1

To apply the weak convergence results collected in Proposition 5.1, it is necessary to replace the
random limits in the partial sums that define s;(t) and r;(¢t) with deterministic ones. These key

steps have been established in the previous subsection.

Proof of Theorem 4.1. The assertion that \; = 5\1%- = a.s.- limy NV;(t) is proved in Lemma 5.1.
In view of (5.1) we show first that the microstructure noise components are less persistent than the
efficient shocks components for all d,, € [—1,0), that is,
1
— sup |r(nu)| =op(1) (n — 00), (5.6)

\/ﬁ u€(0,1]

where |-| denotes Euclidean norm. The asymptotic behavior of y is therefore completely determined
by s. To prove (5.6), we start with letting d,, € (—3,0). Utilizing the weak convergence result (5.2)
and the Skorohod-Dudley-Wichura representation theorem (see Shorack and Wellner [31], page
47), we obtain that, for every n > 1 and T > 0, there exists a process B7(7n) € C?[0,T], the set of
stochastic processes in R? with a.s. continuous sample paths, such that Bf,n) L By, and

sup | Sy(nu) — B ()| =o(1)  as.  (n— o), (5.7)
wel0,T] | T



where H = d, + % We focus on r1(t) in the following. The same arguments provide a similar result

also for ro(t). Note that r1(t) = Sy 1(N1(t)) + g21Sy,2(Na(t1,n, (1)) and that consequently

1 B (n) ’
sup |—=7r1(nu Atu) + g21B, 5 (A2u 5.8
e | 1(nu) — [ i (M) + g21B, 5 (Mg )} (5.8)
1 B™ Ni(nu) (n) ( N2 (t1,N, (nu))
< _ _ - 7 B N
= ucon |7 ) [ i n ) B3 n )
(n) ( N1(nu) ) (Nt v ) \] [ (n)
+ s [Bm ( . ) + g21 B (711 ) [anl (Au) + g1 BY (Azu)}
=o0(1) a.s.

as n — oo, using display (5.7) for the first term and the continuity of the fractional Brownian
motion sample paths in combination with Lemmas 5.2 and 5.3 for the second. Since H < %,
(5.6) is established for the weak fractional cointegration case. In the case of strong fractional
cointegration (standard cointegration), we have that r1(t) = ¢ n, (1) + 92102, No (11, (1) and 7o(t) =
P2Ns (1) F J12P1 N (b5, 1)) (T1(E) = S0 (1) F 92182, Mo (11, (1) 20 T2(8) = Eo Ny (1) + 91281,V (9,5, 1))
are each the sum of two random variables and thus (5.6) continues to hold.

To complete the proof of Theorem 4.1, we now derive the limit for s(¢) and do so only for its first
component s1(t) = Se1(N1(t)) +0Se2(N2(t1,n,(1)))- The Skorohod-Dudley-Wichura representation
theorem and (5.1) yield that, for every n > 1 and T' > 0, there is a process B € ¢2 [0, T such

that B(n) B, and

1
sup |—=Se(nu) — B™M(u)| =0(1)  as.  (n— oo). (5.9)
u€[0,T]
Therefore,
1 n n
Sl[lp] %sl(nu) - {B;l)()\lu) —i—GB;Q)()\Qu)H (5.10)
u€(0,1
1 (n) Nl(nu) (n) N2(t1N1(nu)) :H
< sup |——=si(nu) — [Be +0B, ;) ( ——————
u€l0,1] \/ﬁ 1( ) ’1( n ) ( n )
(n) ( N1(nu) () (N2t v n))\ ] [ () (n)
+ s [Beyl( - )+GBe’2( - ) [B (Au) + 6B (Agu)]
=o0(1) a.s.

as n — 00, applying the same arguments as in (5.8) replacing display (5.7) with (5.9) and fractional

with standard Brownian motion. Similarly, one obtains that

sup

L el — [ngl;(m) + 9—1B§f§>(xlu)} ‘ —o(1) as.  (n— o). (5.11)
u€(0,1]

NG
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The distributions of By 1(u) = Bgll)(/\lu) + GBég)()\gu) and Bya(u) = ng()\gu) + H*IBéﬁ)(Alu)
do not depend on n and direct computations show that B, = (B, 1, By 2) is a bivariate Brownian

motion with covariance matrix ¥ as given in Theorem 4.1. This completes the proof. (|

To give the proof of Theorem 4.2, we need one further lemma which deals with the end effects.

Lemma 5.4. If the assumptions of Theorem 4.2 are satisfied, then

N1(j)

1 n
El(n) = W Zygd‘ Z €1k = Op(l) (n - OO),
j=1 k=N1(t2, Ny (5))+1

n NZ(J)
1
Es(n) := meYo] Zyg,j Z ear, = Op(1) (n — o00).
Jj=1 k=Na(t1,n, () +1
Proof: We only provide the proof of the first statement, the second follows analogously. First, we

estimate
n Ni(y)

i) < 2= max oyl 30| 3 ean| = Filn) - Fa(n)

n 1<;<
o 3= (k=N b2 0041
where the first term F(n) converges in distribution to 3o sup, | By 2(t)| by Theorem 4.1 and the

continuous mapping theorem. To complete the proof, it remains to be shown that Fy(n) = Op(1).

If we define
N1(j)

T = E €1,k>

k:Nl (t27N2(]))+1

then Fy(n) = %2?21 |zj|. Note that E[|z;|]] < CE[N1(j) — Ni(t2,n,(;))] with some C' > 0. So we
consider E[N1(j) — N1(t2,n,(;))], which is the expected number of transactions of Asset 1 after the

most recent transaction of Asset 2 up to time j. Let
Bg’j = inf{s >0: NQ(]) — NQ(] — 8) > 0}

be the backward recurrence time for Asset 2 at time j. Clearly, By j = j — t3 n,(;)- Exploiting the

P-stationarity of Ny and display (3.1.7) of Daley and Vere-Jones [9] we obtain
E[N1(7) = Ni(ta,ny ()] = E[=N(=Bz;)] = E[=N1(=Bao)]- (5.12)

In the right-hand equality, we have used that, since N» is a P-stationary point process, B ; has
the same distribution as B which does not depend on j (see pages 58-59 of [9] for a detailed
discussion). By Example 3.4.1 of [9], B2 2T 2,0, where T5 o denotes the forward recurrence time
for Asset 2 at time j = 0. By equation (3.4.17) of [9], E[I] = %A2E0[72270], which is finite by
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assumption on {7 }72 . Going back to (5.12) we find that E[N1(j) — N1(t2,n,(j))] < oo and

o

oo is @ strictly stationary process under P, an application

consequently E[|z;|] < co. Since {z;}
of the ergodic theorem given on page 209 of Dudley [15] implies that Fy(n) converges with P-
probability one to a random variable with finite mean. Hence, Fa(n) = Op(1). The proof is

complete. O

Proof of Theorem 4.2. Observe that

i g 2= %2515 — Oy)
n— Y = Zn ) .
i=1Y2,j

First, we consider the denominator part of én — 6. It follows from Theorem 4.1 that the partial
sum-type process ﬁyg(n -) converges weakly in D[0, 1] to E;’/QZB, where B = (B(u): u € [0,1]) is a
standard Brownian motion. Thus, the continuous mapping theorem and standard arguments imply
that
15y 1y (1 )292 /132(u)du (n — o) (5.13)
n2 ;yz] n ; \/ﬁyQ,] 22,2 A . .

As for the numerator part, we obtain from the definition of y; ; and y» ; in (4.1) and (4.2) that

A= 2y — Oy )

j=1

n n
= j(riy —Orag) + Yy (51, — 0s2)

Jj=1 Jj=1

n
=2 12(r15 = Orag) + 0¥ (Br(n) — OBx(n)).
j=1
Since 2 +d,, > 3/2, Lemma 5.4 first implies that n%/272=%(E;(n) — 0Ex(n)) = op(1). As indicated
above, Theorem 4.1 implies that ﬁyg(n) converges weakly in DI0, 1] to EégB. Relation (5.8)
and the corresponding statement for 72 yield moreover that the microstructure process n% [ri(n-)—
Ora(n -)] converges weakly in D[0, 1] to o By, where the variance parameter o2 is defined in Theorem
4.2 and By = (Bu(u): u € [0,1]) denotes a fractional Brownian motion with Hurst parameter

H =d, + 3. An application of Theorem 2.2 in Kurtz and Protter [22] leads now to

1 I~/ 1 1
A=) (\/ﬁyQ’j> <nH[7”1,j - 97“2,j]) +op(1)

J=1

1
2 52 / B(u) By (u)du, (5.14)
0
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as n — 00. By Assumption 2.4 and (5.6), y2,; and r1 j — 67 ; are moreover asymptotically indepen-

dent, thereby rendering B and By independent. In view of (5.13) and (5.14), the proof of Theorem

4.2 is complete. U
References
[1] Aue, A., Berkes, I. and L. Horvéath (2006). Strong approximation for the sums of squares of augmented

[11]

[12]

[13]

GARCH sequences. Bernoulli 12, 583-608.

Baccelli, F. and P. Brémaud (1987). Palm Probabilities and Stationary Queues. Lecture Notes in Statis-
tics 41. Springer-Verlag, Berlin.

Barndorff-Nielsen, O. E., Hansen, P. R., Lunde, A. and N. Shephard (2008). Designing realized kernels

to measure the ex post variation of equity prices in the presence of noise. Fconometrica 76, 1481-1536.

Bauwens, L. and D. Veredas (2004). The stochastic conditional duration model: a latent variable model

for the analysis of financial durations. Journal of Econometrics 119, 381-412.

Bougerol, P. and N. Picard (1992). Stationarity of GARCH processes and of some nonnegative time

series. Journal of Econometrics 52, 115-127.

Bowsher, C.G. (2007). Modelling security market events in continuous time: intensity based, multivari-

ate point process models. Journal of Econometrics 141, 876-912.
Choe, G.H. (2005). Computational Ergodic Theory. Springer-Verlag, New York.

Daley, D.J. and D. Vere-Jones (1988). An Introduction to the Theory of Point Processes (1st ed.).
Springer-Verlag, New York.

Daley, D.J. and D. Vere-Jones (2003). An Introduction to the Theory of Point Processes, Vol. I (2nd
ed.). Springer-Verlag, New York.

Daley, D.J. and D. Vere-Jones (2008). An Introduction to the Theory of Point Processes, Vol. II (2nd
ed.). Springer-Verlag, New York.

Davydov, Y.A. (1970). The invariance principle for stationary processes. Theory of Probability and Its
Applications 15, 487-498.

Deo, R., Hsieh, M. and C. Hurvich (2007). Long memory in intertrade durations, counts and realized

volatility of NYSE stocks. Working Paper, Stern School of Business, New York University.

Deo, R., Hurvich, C. and Y. Lu (2006). Forecasting realized volatility using a long memory stochastic

volatility model: estimation, prediction and seasonal adjustment. Journal of Econometrics 131, 29-58.

Deo, R., Hurvich, C., Soulier, P. and Y. Wang (2009). Conditions for the propagation of memory

parameter from durations to counts and realized volatility. Econometric Theory, to appear.

Dudley, R.M. (1989). Real Analysis and Probability. Wadsworth & Brooks/Cole, Pacific Grove, CA.

21



[16]

[17]

[26]

[27]

[28]

[29]

Engle, R. and J. Russell (1998). Autoregressive conditional durations: a new model for irregularly

spaced transaction data. Fconometrica 66, 127-1162.

Grimmett, G. and D. Stirzaker (2001). Probability and Random Processes (3rd ed.). Oxford University
Press, Oxford.

Hsieh, M. Hurvich, C.M. and P. Soulier (2007). Asymptotics for duration-driven long range dependent

processes. Journal of Econometrics 141, 913-949.

Hurvich, C.M. and Y. Wang (2009). A pure-jump transaction-level price model yielding cointegration.

Journal of Business and Economic Statistics, to appear.

Hurvich, C.M. and Y. Wang (2009). A pure-jump transaction-level price model yielding cointegration,
leverage, and nonsynchronous trading effects. Working Paper, Stern School of Business, New York

University.

Iglehart, DL. and W. Whitt (1971). The equivalence of functional central limit theory for counting
processes and associated partial sums. The Annals of Mathematical Statistics 42, 1372-1378.

Kurtz, T.G. and P. Protter (1991). Weak limit theorems for stochastic integrals and stochastic differ-
ential equations. The Annals of Probability 19, 1035-1070.

Lancaster, T. (1979). Econometric methods for the duration of unemployment. Econometrica 47, 939
956.

Marinucci, D. and P.M. Robinson (2000). Weak convergence of multivariate fractional processes. Stochas-
tic Processes and their Applications 86, 103-120.

Nieuwenhuis, G. (1989). Equivalence of functional limit theorems for stationary point processes and
their palm distributions. Probability Theory and Related Fields 81, 593-608.

Nieuwenhuis, G. (1998). Ergodicity conditions and Cesaro limit results for marked point processes.
Stochastic Models 14, 681-714.

Phillips, P.C.B. and S. Durlauf (1986). Multiple time series regression with integrated processes. The
Review of Economic Studies 53, 473-495.

Phillips, P.C.B. (1988). Weak convergence to the matrix stochastic integral fol BdB’. Journal of Mul-
tivariate Analysis 24, 252-264.

Prigent, J.-L. (2001). Option pricing with a general marked point process. Mathematics of Operations
Research 26, 50-66.

Robinson, P.M. and D. Marinucci (2001). Narrowband analysis of nonstationary processes. The Annals
of Statistics 29, 947-986.

Shorack, G.R. and J.A. Wellner (1986). Empirical processes with applications to statistics. Wiley Series
in Probability and Mathematical Statistics: Probability and Mathematical Statistics. Wiley, New York.

22



